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ABSTRACT

Purified, degassed samples of eight organic liduids-—isopropyl :
chloride, isopropyl alcohol; isopropyl benzene, isobutyronitrile,
isobutyric a01d, 1sovaler1c acld methyl 1sobutyl ketone, and isopropyl
acetate--were 1rrad1ated with h8-Mev helium ions and with gamma rays
\from.alcobalt-60 source. The volatile radiolysis products were separated
and analyzed.1;Formationlof these products is explalned by free-radical
reactlons and by molecular rearrangements of the-type i- C H7X HX + C5H6'
The dlfferences in respectlve product ylelds between the two types of

:fadlatlon were in accord with thejproposed decompos1tlon patterns. Prod-
ucts considered to be formed by nadical-radical reactions were found in
larger yleld 1n the more densely 10n1z1ng helium-ion irradiations; cobalt 60
,lrradlatlons formed larger amounts of products considered to result from
'radical-molecule reactions. - Molecular rearrangement'to form HX plus
propylene occurs in these radiolyses. Fof several of the compounds studied
it is a major source of radlolytlcv product. The extent of rearrangement

in any given compound depends on the electronic nature of the molecule

and on,the mechanism by Wthh the rearrangement occurs.



INTRODUCTION ..
Radiation chemistry is: the study of the chemical effects .of
ionizing radiation.. It is related to photochemistry, which is the study

of the. chemical effects of much less energetic radiation. .In photo-

" ¢hemistry, molecules aré excited,to one of a limited number of-electronic
; , r . :

- excited states. This excitation,ﬁormally occurs. randomly throughout an

irradiated substance, although intensity gradients can exist in stfongly

- absorbing substances. " In radiation chemistry, molecules are ionized or
“are excited to any of their possible excited states by the radjétion.

< The ionization and excitation are not random, but occur. along the tracks

of the ionizing particles which transfer energy to the irradiated sub-

‘gtarice:,

. The radiation chemistry of many organic and inorganic substances

“has been investigated. . Gases, liquids, and solids have been irradiated,

both in the pure state and as mixtures. The field of interest of this

work is. the radiation chemistry of some pure organic liquids. ,

Some workers have attempted, in studies of the radiation chemistry
of organic liquids, to investigate the initial interaction. of radiation

with the. substance studied. Electron magnetic‘resonanQe spectra and

" optical spectra of the radicals initially produced by radiation have
‘been investigated. Another technique is to add'chemicals such ?s iodine,
“'nitric oxide, ethylene,'and-diﬁhenylpicrylhydrazy; to organic liquids,

in order to scavenge free radicals produced by ipradiationuof the system.

The initial ions produced by electron irradiation. of gases are studied -

by organic mass.spectrometry.



Most studies, however, adopt the method used in this work. The
stable products formed during.irradiation of an organic ligquid are
measured, and their mode of formation may then be inferrea. Often
sevéral organic compounds of a generic series--a series of alcohols, for
example, or of aliphatic acids--are studied in order to determine the
effect of c¢hain branching and chain length,onvthe-ménner in which the
ﬁolééuies decompose."In this investigation a series of compouhds with
a similar carbon framework (thé»isopropyl group) but with different
functional groups was studied. The specific compounds chosen.were
isopropyl chlpride, isopropyl alcohol, isopropyl benzene, isobutyroﬁitrile,
isobutyric acid, isovaleric acid, methyl isobutyl ketone, and isoﬁropyl
acetate.

The goal of the work was (&) to determine how the pattern of
radiolytic decomposition varied among these sﬁbstituted compounds, (v) to
investigate the effect of changing radiation type on these decomposition
patterns, (e¢) to find out erther certain'molecular rearrangeménté,oc—
curred in the decomposition of the different molecules, and (d) to learn
how the nature of the substituent group affectéd the relative importénce
of these rearrangements. .

The isopropyl groﬁp was chosen as the common carbon framework
for se&eral reasons. Radical reactions in the radiolysié<of larger
compouﬁds would have become intolerably complex; because no ethyl
radicals are produced during the irradiation of isopropyl compounds,
the yiéld'of ethane céuld be ﬁsed as a measureﬂof_radical—combination
reactions; many chemical rearrangements proceed through B hydrogens,
and there are six of these in. isopropyl compounds; the isopropyl
compounds have physical properties well suited tb the experimental

techniques available in this Laboratory.



The substituents were chosen to span & wide range. of electronic
bpreperties and to exhibit'tractability toward the experimental fechniques_
employed. Methyl isobutyi ketone and isovaleric acid, which mey enly-
indirectly be considered substituted isepropyl eompounds; were irradiated
rbecause evidence from photolysis and maes spectrometry ‘indicates that
molecular rearrangement should be an important process in the decomposi- -
tion of these molecules. .

The teehnique ugsed in this work was as follows. Purified, degassed
‘samples of the‘organic liquide were irradiated in nggé with 48-Mev helium
-ions and.with 0060 v rays. The volatile prodﬁcts were separated and wefe
analyzed by meaﬂs of mass spectrometry and vapor-phase chromatography.
Yields of fhese products are reported in terms of G values--the number
of molecules of product formed ﬁer»lOO electron volts of energy absorbed
by the sample. | 7 |

Once these product yields are‘determlned a decomp031tlon pattern
‘ may be proposed for each compound. These decomp051t10n patterns fulfill
fhe first goal of thie work. In order to achleve the second goal, the
extent of molecular rearrangement must be determined. This is.accompllshed
by use ofvthe differences:in yield between He++‘irradiations and Co6o
irradiat;ons. The contribution to the formation of certain products
from molecular rearrangement may be separated from the contribution
from radicai-radical reactions by means of these differences in yield.
: in the pages that follow, the techniques 6f purification,
1rrad1at10n, and analy31s are described in detall Next the experimental
results are presented, and the effect of experimental condltlons on

these results is dlscussed The processes by which ionizing radiation

causes chemical decomp051t10n are outlined, and in succeeding sectlons
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a decomposition pattern for each compound is derived from product yields.

' Finally, the effect of molecular structure on the extent of molecular

decomposition observed in these compounds is discussed.

v



EXPERIMENTAL PROCEDURE -

Starting Materials and Purification

General

Most of the organic chemicals used in_this Work Were'purified by
ffectional'dietiilation; Where applicable, a vacuum-jacketed column 6
feet long and packed.With Poabielniak No. 3013 stainless steel helices
was used f@f the dietillétiOn. Its efficiency when operated at total

reflux was 8L theoretical plates. Some compounds decomposed when distilled

on the stainless steél packing of this column. These compounds were dis-

tilled in a-siﬁilar, shorter column of 36 theoretical plates, packed with

3-mm gless helices.

In either case,wthe'progress of the distillation was monitored.

l-with a Leeds'énd Northrdp recording resistance thermometer. This thermo-
meter, calibrated againet a thermometer calibrated by the National Bureau
of Stahdardé, made it possible to measure the temperature of the vapors

at the top of the column to within 0.002°.

The caeic.procedureVWas the same for all distillations. The
crudelmatefial.to be.dietilled was added to'the'pot and blanketed with
a floﬁ.cf dry nitrogen. The liquid was heated to its bQiling point. and
the columhrwas operated at total reflux until the’temperature at the top
of the column feached eﬁ equilibriumvvalue. A few milliliters of the
equilibrium mixture atAthe columc head, consisting mainly of low-boiling
iﬁpufities, was colleécted. This caused an abrupt rise in-the recorded
tempefature.'.Further cperation at total reflux caused the tempetature
to decreese”elowly tc a new equilibrium*value. Another small sample -
of 1mpur1t1es was collected and the process was repeated until the

removal of product caused’ only a small change in the vapor temperature
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Then the column was operated at a reflux ratio between 1000/1 and 100/1
until the vapor temperature ﬁas not affected by the reflux conditions
‘under which the column operated. At this time fhe product collection
was started.
 The. composition of the liquid being delivered was monitored'

continually by vapor-phase chromatography . The chromatographic columns
‘used were constructed of 5-mm Pyrex tubing andrﬁere either 2 or U4 meters
long. The choice of stationary phase ﬁas dictated by the nature of the
sample and of the impurities'it-contained.v For general purposes, dinonyl
phthalate or General Electric silicone fiuid 96L0 adsorbed on 40-60 mesh
§i1-0-Cel firebrick was found to be adequate. For high-boiling liquids,
Fluorolube HG 1200 from the Hookgr-Electrochemical Co. was also used as
the stationary liquid. A stationary phase of dinonyl phthalate absorbed
on 40-60 mesh Fluoropak 80 of the F1uorocarbon Co. was found to give
excellent results in the detection of water: more sensitive and less
laborious than the cbnventional Karl Fischer titrations.l Helium was
,gsed as the carrier gas. vColumn temperaturesvranged'from room tempera-
~ture tb 1550 c, erending‘on_the re@uiremgnts of the analysis.

So as long as constancy of boiling temperqture and the absence
of extraneous peaks in chromatograms of samplés indicated delivery of
a pure product, the compqund was distilled at a reflux ratio of approxi—
mately lO/l. - If :the vapor température began to rise, or_if chromatograms
‘indicated the presence of a higher-boiling,impurity in the product, the
distillation was stopped. . It was_otherwgsé continued gntil approximately
10% of the original charge was left undistilled. This procedure yielded
high recoveries of extremely pure_product. The boiliﬁg ranges of the
purified compounds are indicatedlby the standard deviétions listed in

Table I (page 11).
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" of anhydrous CaCl

‘The purity of the”product was measured cryoscopically by the
method of Glasgow, Streiff, and Rossini.- The freézing ‘curve of tempera-
furefversus time was measured with a platinum resistance?théimometer,

and the purity was calculated from the slope'of the<freezing curve.

The freezing'points and'pufities determined in this way are listed in

Teble T. Also listed are the refractive index, and the purity as measured
by vapor-phase éhromatography,_fdr'each'compound.
The. specific purification procedure used for each compound is

described below.

Isopropyl Chloride -

Tsopropyl chloride was purified by a modification of the method

- 'of Cowley and Partington;B. Two iiters of Eastman Kodak White ILabel
. isopropyl chloride was washed with 250 ml of 5% Na2C05 solution and

. then with 750 ml of water. The chloride was fhen shaken with 150 g

o for 40 min. It was allowed to stand over 150 g

PO overﬁight and was then fractionally distilled on the glass column.

25

Isopropyl Alcohol

Two liters of Baker and Adamson 98% isopropyl alcohol was shaken
for 40 min with 75 gbof Drierite (anhydrous CaSou), and filtered into
é flas£ containing 5.4 moles of CaO which had beeﬁ ignited for 12 days
at élOo C;n The mixture was refluxed for 16.days in a system protected

from atmospheric moisture. The dry isopropyl alcohol was filtered quickly

and distilled on the stainless steel column. Oﬁly traces  of water

>

remzined in the pot ‘charge, and these were removed in the distillation.

Isopropyl Benzene

Two liters of Phillips Pure Grade:isopropylrbenzéne'wés refluxed

over sodium for 2 days and then fréctionally distilled from the sodium
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on the stainless steel column. Pure product was obtained,.but it
developed impuritiés upon standing. in contact with the atmosphere.
The purification was repeated, uéing the same procedure, and the
product was degassed within 12 hours of collection. It was sealed
~in ampoules under vacuum and stqred in. the dark. Subsequeﬁt tests

showed no detectable impurities after months of storage.

Isobutyronitrile

“Pyo liters of Eastman Kodak Xelldw Label isobutyronitrile was
éistilled on the stainless steel column without pretreatment. Water was

L

removed as the azeotfopé containing 23% water and boiling at 82.50 C.

Iéobutyric Acid

© My first attempt to purify isobutyric acid ﬁas by the procedure

of Schall and Thieme-Wiedtmarékter.5v This method uses the mixed anhydride
of an érganic acid and boric acid as a/dehydrating agent. The mixed
~anhydride is refluxed with the acid, and any water present reacts with
the gnhydride to give boric acid plus the orgaﬁiC'acid.

The mixed anhydride used in this attempt was tri-isobutyryl
‘boron, prepared according to- the method describedﬂby Pictet and
Geleznoff:6 2 moles of boric acid and lOA moles of isobutyric anhydride
were heated to 1500 C for an hour and then cooled in anvice bath. The
resulting precipitate was filtered, wéshed with isobutyric anhydride,
and recrystallized from an isobutyric acid-ether mixture. One mole of
pure crystalline tri-isobutyryl boron was obtained.

In this first attempt at purification, twe liters of Eastman
Kodak White Label isobutyric acid was refluxed for a day with 220 g of
the tri-isobutyryl boron, and then distilled on the stainless steel

column. Chromatograms showed that impurities were present in the
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" iterature value is 15L.70° C.

product throughout the distillation. The boiling point of the wvapor

fluctuated, reaching lSh.25o C at the highest rate of delivery. The
; ‘

This behavior indicated decomposition:

" of the acid on the stainless steel packing of the column.

Another distillation on the glass column, using the mixed

' anhydridevas a dehydrating agent, again yielded impure product. Less

decomposition occurred in:this distillation, and the boiling point at

" the highest rate of delivery was l5h.5ho C. ‘A-third distillation without

the'miied anhydride showed the same behavior.

Pure acid was finally obtained by a reduced-pressure distillation

of Matheson, Coleman, and Bell isobutyric acid ‘on the glass column.

Pressure during the distillation was maintained at 10 * 1 mm of Hg by

~two Carte51an divers connected in series to a mechanical. forepump. The

mixed anhydride was not used because it caused bumping, but water was

n
almost completely removed as the azeotrope.  The collected product was
“ ghown on analysis by VPC (vapor-phase chromatography) to contain onlyr

1 0.06 mole % water. It has been established that product yields measured

in aqueOus'solutions of acetic acid and extrapolated to lOQ% acid are the

‘same as’ product yields measured in dry acetic acid 8 Therefore'the small

amount of water in the 1sobutyric acid should be unimportant

Isovaleric Acid

Analysis of Bastman Kodak White Lebel isovaleric acid (B-methyl

butyric acid) by VPC indicated 1% water and 1% 1sobutyric acid to be

the'only impurities-present. Cryoscopic tests on the a01d however,

indicated‘the presence of more than lO% of an unidentified impurity.

!
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Analysis on different VPC columns and at different temperatures failed
to resolve this impurity, showing thét‘it had essentially the same
boiling point and adsorptive characteristics as the isovaleric acid.
It was décided that the impurity must be o-methyl ﬁutyric acid, whose
boiling point (176.50 0)9 is the same as that of the isovalefic acid.lo

‘The radiolyses performed by Johnsen indicate that the behavior
of these two acids under irradiation can be assumed to be similar.ll
The chemical separation of the two isomeric acids‘is_difficult and
unpleasaﬁt. It was avoided by estimating how much of th¢ measured
product yields actually came from the isovaleric acid, and how much
came from the impurity. (Table VIi‘wiil show how this procedpre was
applied.)

Water waé removed as the azeotrope during degassing. Analysis

by VPC showed no detectable water in the degaésed liquid,

Methyl Isobutyl Ketone

Braun-Knecht-Heimann methyl isobutyl ketone was shown to be
pﬁre by VPC and by cryoscopic analysis. 'It wag dried by contaét for
L2 hours with Na SOLL which had been heated in vacuum to 5500 C for
16 hr. The last traces of water were removed as the azeotrope during
.the degassing.

Isopropyl Acetate

Two liters of Eastman Kodak Yellow Label isopropyl acetate was
"~ purified according to-the method of Haggerty and Weiler. 2 The ester

was shaken with 400 ml of 10% Na,CO, solution, then with LOO ml of 10%-CaCl,

5
solution, and again w1th 400 ml of 5% CaC12 solutlon It was allowed
to stand overnight with 300 g of anhydrous CaSOu. It was then filtered

and distilled on the stainless steel column. Water was removed as the

azeotrope containing 10.6% water and boiling at 76,6o C.
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Degassing

Dissolved air was removed from the liquids by refluxing ﬁnder
vacuum as described by Newton.zl. T%e apparatus is shown in a éeﬁefalized
form in Fig; 1. The.liquid to be degassed was added to the‘fiask f,
which contained a Teflon-covered magnetic stirring bar. The Dewar
'fijacket above the flask was filled with a‘céld béth at a temperéture
somewhat above the freezing point of tﬁe ligquid. A slush bath of dry
ice in trichlorethylene was commonly used. ' .

The flask was then precooled to prevent bumping, and the‘system_
was gradually evacuated through stopcocks A and B until the liquid began.
to boil. The vapor then condensed on the cold walls of the tube} .While
the liquid'thus refluxed, dissolved gases.were released and pumpéd away.
Pumping and refluxinéﬁcontinued ﬁntil the pressure in the manifoid system
beyoﬁa stopcock A showed no'change when the stopcocks were closed for
15 minutes and then reopenéd.

Théccooling«bath was hext_remoyed froﬁ the Dewar jacket abqve
. the fiask and 5 or 10 ml of liquid was distilled into the trap T.__Fbr
isovaleric acid and the ketone, which had not been distilled prior to
¢.dégaséing, more thanv25 mliof 1iqﬁid Was allowed to collect inrthe trap.
Then stopcoék B was closed, and the veséélé aftached to the maﬁifoid
could be filled one at a time wiﬁy the desired amount of liquid by 
coolipg them with arsuitabl; slush bath. Aftér each was filléa,;tﬁe
fiask F was cooled and the vessel was séaled off. TFor the alcohél,
ester, and ketone there was no danger of contamination with stopcock

greasé_(wh;éh is not soluble in them). Therefore a stopcock between
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To vacuum ——1

Ampoule .

for purity Gamma- Helium -ion

. sample _ prradiation . irradiation
ce

MU.25831

Flg 1. Apparatus. for degassing a ﬁarge’d liquid and
loading it into.irradiation cells.
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the flask F and the vessels was used to eliminate the necessity of

cooling F while sealing off each vessel.

Target Vessels

Two types of target vessel Were used, depending on the type.of
radigtioh employed. For helium-idn irradiations, the target vessels
'were;quificationslof~those desqribedvby:Garrison; Haymohd, and Weeks.22
';Ohe.suéh vessel is pictured in Fig. EA and'shown schematically in Fig. 1.
It consists 6f atéOO-ml Erlénmeyer_fiésk with a concavé window blown
into its side  for entry of the beam of helium ions.

| Each vessel was prov1ded with two outléts Oné of these was

closed with - 8 hook seal whlch allowed\access to the contents of the
flask after irradiation. The other was a sidearm which was used to fill
the vessel to a level above the top of the beam windoﬁz and. which was
seéled'off aftér'filling. .An expansion volume fof‘gaéeous products was
left above the level of the liquid.» After filling, the vessels contained
110 to 140 ml of 1t§uid, and the free gas voluhe was 30 to 50 ml.

The.vessels uéeé'fof gamma. irradiations were cylindrical Pyhex
ampoules l in. in diameter and’5 in. tall. Each was fitted with a
hook seal, and w1th a constrlcted openlng through Wthh it was filled
bw1th~approx1mately 18 ml of ligquid. An expan51on volume of approx1mately
12 ml reméined.above the liguid. One such vessél is pictured ih Fig. 2B;

and is .shown schematically in Fig. 1.
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Fig. 2. TIrradiation cells. ‘
(a) For cyclotron irradiation.
(b) For cobalt-60 irradiation.
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Irradiation Sources

Helium Tons

The external beam of the 60-inch Crocker Laboratory cyclotron
was used for helium-ion irradiations. The beam energy was slightly less
than 48 Mev. The helium ions were degraded in energy by passage through
(a) an aluminum foil window which isolated the cyclotron vacuum from the
. atmosphere, (b) the air space between this foil and the target vessel,
and (c) the glass window of the target vessel. The energy loss caused
by passage of the helium ions through these absorbers was calculated,
’ and the energy of the beam impingent on the llquld was calculated for
each target vessel. 23 This energy was between 40 and 43 Mev for the
vessels.used Helium ions of this energy have a range of 2 to 3mm in
these liquids, and so were completely absorbed in the target. 23

The total energy 1nput was determined by measuring the accumula-
- tion of.charge in the target vessel. While the beam was off, the target
vesselvnas isolated electrically from its Surroundings. When the beam
Was on, the column of ionized air which it produced created a conducting
path from the target vessel to the cyclotror: snout. The snout was
connected to 1ntegrat1ng meters which measured thevtotal charge input.

Most of the samples irradiated in tnls work received absorbed

doses of between'ExlOeo and lO><lO20 ev/ml absorbed in the liquid. Higher

~

Jdoses werexreouired;toﬂform enough product for accurate measurement from
certain compounds,‘in_particular'isoprOPyl benzeneAand isobut&ronitrile.
] The beam current was kept below 0.35 pa for most irradiations. | |
The target was shaken vigorously during oombardment‘to reduce

localized heating and to prevent local accumulation-of radiolysis

products. - The shaker assembly used. for this purpose is shown in Fig. 3.
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Shaker assembly used in cyclotron irradiations.

Fige 35«
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The temperature of the target liquid was maintained near room temperature

by an air blast during irradiation.

Gamma JTrradiations

The 2000-curie (nominal) cobalt;60 source deécribed by Tolbert
et al. was used for the gamma irradiations.eu fhe source consists of
a group of parallel "pencils" of Co6o, each 1.5 in. long and 1/8 in. in
dlémeter These are arranged in the shape of a cylinder 2 in. in diameter.
The 1rrad1atloﬁ ampoule was placed in the center of this cylinder. The
reiatlve oflentatlon of the target vessel and the Co6O during irradiation
was fhat of;a barrel partly full of llquld, surrounded by a circular
pickéﬁffénc%. A croés-séctiohal drawing of the source and vessel is
shown, in Eig.vh.

The energy iﬁput was measure@_ﬁith the Fr;cke dosimeter described
by'Weiss, Allen, and Séhwartz.25 _Tﬁ§ vﬁlﬁé éf GFe+++ which these workers
.reported was 15.45. Thé dose rate iﬁ fhe 0.8 N HQSOlL solution used in

the Fricke dosimeter was found to be 2.08x10l8

ev/ml/min for a liquid
volume of 18 ml. The variation bf'dpse“rate"With.liQuid volume was also
meaéured,fbecause the voluﬁe of the 1iquid'§émp1es irradiated in this
work varied from 17 to 20 ml.

Most samples were irradiated for 5 to 15 hours, corregponding to
an absorbed dose of between MXlOZO and lEXlOeO ev/ml. Radiation-resistant
compounds required longer irradiations. Compounds for which certain

prdducf yields showed a strohg dependence on energy. input were irradiated

for shorter periods of time.
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Brass target
holder —™|

Cobalt - 60
pellets

Irradiation cell

MU-25832

Fig. 4. Cross-sectional drawing of cobalt-60 source
and target cell.
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Analysis of Products

Separation of Gaseous Products

After irradiation, gaseous products were separated from the

irradiated liguid by a method siﬁilar to that used for the degassing.

!
The apparatus is shown schematically in Fig. 5. It was composed of,
from left to right, (a) a flask for refluxing the liquid under vacuum,
(b) a system of traps to separate the gaséoﬁs products into fractions
accordingvto-their volatility,'(c) a Toepler pump to transfer these
gases to (d) a gas buret, thermostatted at 25.00,'where the pressure
and volume of each fraction were measured, and (¢) a sample bulb, into
which the gases were forcedvafter measurement. |

The target vessel’was.sealed onto the system as shown and the
whole system was evacuated. The reflux Dewar was filled.with an appro-
priate slush bath near the freezing point of the irradiated compound,
and the stopcocks D and E were closed. The hook seal on the target
vessel was broken with a gold-plated iron hammer, and the liquid in
the vessel drained into the flask F. With liquid nitrogen traps at
A and B, stopcock D was opened, and a portion of the gaseous products
entered A and B. D was closed and E was opened, and the gases Volatile.
at -196O were pumped into the gas buret with the Toepler pump. Conden-
sable gases remained in the traps.

After several repetitions of this procedure the pressure in the
flask was reduced to a level that allowed the liquid to reflux under
vacuum. Dissolved gases were released, and were collected in the traps
wheﬂever D was opened. These steps were continued until no more gas

could be pumped through the liquid nitrogen traps. The pressure of -



-21- . .

TO VACUUM

TO VACUUM(&
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MU-5457 °

Fig. 5. Apparatus for separation of the volatile
products from an irradiated liquid.
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- the gas in the gas buret was measured at several volumes. After measure-
"ment this fraction was pushed into the detachable bulb by raising the
mercury in the gas buret. The bulb was saved for_analysis of the gases.

The liquid was allowed to reflux for several hours with stopcock
E closed. Stopcock D was opened intermittently to remove gaseous products
from the flask as they were released from the liquid. The liguid nitrogen
trap was removed from B, and all the product gases condensed in A.

The condensablé‘éaées were then further fractionated by putting
an ethyl bromide slush bath (about -120°) at trap B with D closed and
B open, removing thegliquidvpitrogen trap from A, and placing it at C.
- The gases with appréciable ﬁapbr pressure at -1200 were pumped through-
B-into C, While‘the higher-boiling gases condensed in B. Stopcock E
was thén.closed ana the products in C were warmed and pumped into the
gas bﬁfetl Meanwhile the condensed products were returned tobA so that
the prbqéss might be repeated.. As soon as all the gases»in»this fracfion
were:éé}lécted, the'gas in . the bﬁret was measure@ and then pushed.into
a new bulb. | |

A third fraction, usually of gases volatile at dfy ice -temperature,
was then collected in a similar manner. The liquid that would not pass
through the 002 trap was transferred to a graduated receiver attached to
the system by a standard taper Jjoint. The receiver was removed, capped,
and saved fpr.analysis. The liquid left in the flask was poured into a

bottle and saved.

HC1l Analysis

A modification of this process was necessary in the separation

of the products of isopropyl chloride. The HC1 formed in the irradiation
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-is collected in the -120° fraction,gbutveannot_be analyzed with the other
- gases because .it ie.strongly adsorbed in the mass spectrometer inlet system.
A'method descfibedvby Futrell forvthe determination of HC1 was
‘ employed;26 The -120° fraction was colleeted.in a bulb equipped with a
“sidearm whieh'was-filled wifh:KOH_pellets»prior‘to evacuation. = After the
‘gases were added to this bulb, it wes_removed.from the system and the
pellets were shaken. from the Sidearm;into the,main'portion of the bulb.
.The bulb-was then set aside dur 1ng the rest of the separation (from 1 to
3 hours). A

Then the bulb was ettached,to the manifold and its contents, with
the HC1 removed by reaction with. the KOH, were pumped into the gas buret.
Water was removea by passing the gaseS'through a trap at‘-78o,C. between
. the bﬁlb and the gas bufet} The new volume and pressure of the gases were
' measured, and the gases transferred to a'new bulb. The difference between
the amount of ges before and after the‘KOH treatmegt was a measure of the
HCl formed in.fhe irradiation. Gravimetric analysis for Cl” - in the KOH
left in the bulb was used as a check on the gas measurement The values
for HC1 formatlon as determined by the. two methods agreed w1th1n 1.5%

for all determinations.

Instrumental Analysis

A1l ‘analyses were performed on a Consolidated Engineering Corpora-
'tion modei 21-105A‘mass*spectrometer. Whenever these analyses were
ambiguous or were insensitive to certain constituents, an aliquot of
~the gas was analyzed by vapor-phase chromatography. The apparatuerused

is described above .under "Purification'.



-0l

In the VPC.analyses, the mixture of gases was separated into-its
constituents on the'chrqmatoéraphic column. -Each constituent was collected
- in @& separatéifrap‘when;it emerged from the end of the column. These
collected ffoducts were then identified by analysiS'df ﬁhe contentsvof
© each trap on ‘the mass spgctrometer.' The identification of a-constituent
was verified'by its -elution-time. ! For subsequent analyses of gases:.from
+ other ‘irradiations of the samg-compound,’therconstituenbs.were characterized
only by ‘their elution time.

Analysis of the mass spectral records and of the'chromatogramé
uwgives.theﬂpérCentage of each constituent of~the:mixture.‘ The total
" number of millimoles of gasvin each fraction-is calculated from the

measured -pressure and volume at the given temperature.. -
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EXPERIMENTAL RESULTS

Yields of volatile products are 1is£ed in Tébies II:through.IX.
(Data from work performed"by~other-inveé@igators‘aré“liéfed'in the =
appropriate table for comparison With thisvﬁork;) ?éértain ﬁfqdﬁcts
were only partiélly collected in the separation prééess. Although -
the detection of these produétskislnotediiﬁ‘thé Tables,‘G va;ﬁés for
their»formation are not repofted. Dependence of the yield%iof'the more
imporfant products on fotal energy input.is presented graphically‘in
Figs. 6 through'lS. Table X sﬁmmarizes?the data fdf:all‘the.combounds

studied. o o

Calcﬁlation of. Yields

' Product yieidsvare féported in terms éf G valﬁes: %hé'nﬁmber‘of
,molécules of each froauct formed pér«lOd»eiectron volts absorbed by fhe
target iiqﬁia.‘ Théyraw?éa%a,frogAtgé aﬁély;;s arebihifhe form ofumilli—

‘Amoles of each prodﬁct formed; To 6btain G_Qalues the energy’inputtinto ‘
" each sample must be determined. _ F

For the ﬁe++ ifradiations,“this-is a direct_pfocess.‘ The.number
of microcoulombs of charge accﬁmulated'in the target was mea?uredT This
is equivalent to a certain ngmﬁer of ‘electronic charges,\and_therefore
to 6ne-half that number of ﬁeliﬁm,ions. The eneréy of each helium ioh

impingent on the liquid.is also knownv(seg Irradiation Sources), and

the total energy input is easily calculable:

¢ - millimoles X (6.023 x 10°0)/(energy input in units of 100 ev).
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Fig. 6. Product yields as a function of total energy
input from the.irradiation of isopropyl chloride.
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input from the irradiation of isopropyl alcohol.
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For-theAgamma_irradiations,,the energy input depended on'the length
' of irradiation,. the volume of the li@uid,sample, andvthe:electron.density
of the liquid. The dose rate was- known, in ev/ml/min, for different
volumes of the Fricke dosimeter. The energy input,for each sample was
calculated by multiplying the volume of liquid in the ampoule by (a) the
“dose rate, in ev/ml/min, for»thatvvolume of Fricke solution, () the
duration of irradiation in.minutes, and (c) the ratio of the electron
,density of the targetfliquid»to»that of the 0.8 N stdu solution used

in the dosimeter} When this energy input is known, the G values may

-

"be. calculated by the above formula.

Reliability of Data

In this work_no measurementS»were repeated»with all the experimental
conditions remaining the same. There is therefore no way to assess the
reliability of the results statistically Possible sources of error are
voutlined below, and their effects on. the accuracy of the data are estimated

For the cyclotron irradiations, the measurement of energy input
was very reliable Fluctuations of beam energy and errors in the measure-
ment of charge depos1tion are estimated to be less than 2% in the irradi-
ations performed for this work.

For the gamma irradiations, the measurement of eneréy input is
less'precise , However, errors stemming_from inaccurate measurement of
sthe volume of the target liquid and from failure to reproduce the
physical orientation of the target liquid with respect ‘to the Co6O source

from one irradiation to the next, are unlikely~to exceed 5%._



“hlhye

In the separation process the possible source of error lies in.
failure to collect all of & given product. Consideration of volatility
and of the consistency of product yields among several samples indicates
ithat'there is probably no significant error-from.this source in -the
listed G values. . N : S

The measurement of the.pressure-and volume of the gas in each
’ fractlon is quite accurate except. for the small amounts of gas produced
in the very short irradiations. -The assumption of 1deal gas behavior
‘Quring measurement is reasonable at the low. pressures -involved (usually
~less than a feu centimeters of Hg). Additivity of partial pressures |
is assumed dn calculating the percentage of each constituent.in a mixture
of gases. |

Mass- spectroecoplc analysee yield very accurate results for a
product that is present in reasonably high yield and has a distinctive

ragmentatlon‘pattern. For products that border on trace amounts the
uncertainty of analysis is mucnilarger,’but ie normally not in excess

of a'factor of two. When a mixture of prOduCts contains gases whose
fragnentation{patternsbresemble one another; anvuncertaintyfis'introduced
into the relatiuehyields of:tneSe products; In these cases the ambiguities
were resolved by supplementing thevmass spectroscoplc analyses with vapor-
phasevchromatography, as descrlbed 1n the sectlon on Instrumental Analysis.

Severallproducts showed dependence of yield on total dose. The

rellablllty of the extrapolatlons made in ‘these cases is discussed. in

the next section.
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Effect of Total Energy Input.
It has been established that G valﬁes can show a marked depend-
ence on total energy‘input.a7 There are two possible mechanisms for

':'this_effect. Either the products formed during irradiation are capable

of de-exciting éxcited states of the solvent molecule which would

,othefﬁise lead to the formation of measured products, or the products
':feact-readily with the unstable,intermédiates produced‘by‘decomposition
of the solvent molecules,. thereby preventing them.from forming measured
products. The experiments-in this work were not designed to distinguish
between’ﬁhese mechanisms. It seems sigﬁificant, however, that substanées
' 28,29 29

CH,CHO,*

1:0030’51 —-- are the only products whose G values show a strong depend-

- that are known to react readily with‘radicals—-C5H6,

ence -on:total energy input.

In the He++ irrédiations-the effectrof changing energy input is
small. For products whoée yields decrease as the energy absorbed in tﬁe
saﬁple inereases, thé G values measured for several values of absorbed
energy are extrapolated to zero energy input. (SeelFigs.46 through 13.)
This’extraboléted yield is considered to be the fundamental product yield,
unaffected by sedondary reactions, and is reported as such,iniTable X.
When there- . is no-éystematic effect'of total enérgy,ihput on product yield,
the average of the values obtained is cons&dered to be-the fundamental‘
Guvalﬁe.

In the gamma irradiations the effect of total energy input on'G
~values is much more proﬂounded. For the yields'of products capable
of acting.as radical séavengerS, the change of G value With'total:dosé

is so high. in some cases as to make the extrapolation to zero dose
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difficult andfsubjectvto inagcuracies. It is not clear why the effect
of total ‘energy input should be so large in the gamme: irradiations and
~relatively small in the helium-ion work. |

o If the difference between He++ irradiations and’Co6ovirradi-
ations weré -small, and Qere the same fpr all the substances irradiated,
it could be explained by the fact that in the He++'irradiations fewer
-radicals escape from the particle track into solution'whére they may
- react with dissolved products. Another possible explanation for a
small ‘and uniform difference in the effect of total énergy input is
that the shaking of the cyclotron targetg permits rapid escape of
radicai;ééavengingiproducts into the -free volume.above the 1liquid,
while in the Co6'O targets equilibrium between dissolved gaseous
products and the expansion volume is mbre slowly attained.

‘The effect of. increased dose is .so pronounced in the gamma

irradiations that these explanations are inadequate. In addition,

"4t will be-seen from Figs. 6 through 13 that there is a rough cor-

. relation between the volatility of: the substance being irradiated

“‘and the effect of.total'enefgy inpuf on the yield of the affected
‘products. The decrease in, e.g., GCBH6 with- increasing energy input
is most severe in isopropyl chloride.(vapor;pressure at room tempera-
ture ¥ 50. cm of Hg) and least important in isopropyl,benzeneland the
acids (vapor pressure at room tempefature <1l mm of Hg). This is’
evidence of~radiationvinduced reactions taking place in the gas volume
in the. gamma cellé.- , ST

The energy absorbed. in the gas volume is much less than that

absorbed in the liquid, owing to the smaller density of the gas and
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to the smaller radiation flux at 1arger‘distances from the cobalt pellets
(see Fig. k4).. This is counteracted,vhowever,'byrthe faq@_thgt the
concentration of scavenger -is much higher-in_the‘gas Volumejﬁhan in the
1iguid.

A1l the effects observed could be accounted for byﬁhigh—efficiency
radiation-indﬁcgd reactipns.in,phé gas volume. Chain reactiqns, involving
molecules of the starting material and molecules of the.producfs that
show the'strongvdependencévon total_energyvinput, would caﬁse all the
effecﬁs observed. - Another poésibility.is the occurrence'of_ion—molecule
+ reactions. The crosgléectionsAin‘the gas;phasg for some of these
reactions exceed the collision. cross section betweén molepulgas.52

Precedenté for these‘types of reaction:are not_lacking. With
fespect;to'thé’prdductsgfromaiéoﬁfopyiAChloride; forzéxamplé,:thé gés-
@hase photo—addition of HC1l to ethylene at_room_tempergture was found
-by‘Raley, Rust; and Véughan'té-occur_ieadilyiby;@ chainiprocess.éi The
gas phase radiation;inducéd addition_pf HBr to ﬁropylene was found by
. Armstrong and Spinks to occur with high efficiengy;'they proposed that
chain;processés and .ion-molecule reactioné were responsible-for the
3k '

_-addition} Analogous processes may be postulated to cause disappearance

of products in the other,substances affected. r
.These- gas-phase reactions would not be important in the He
irradiations. In these experiments thevbeam,of_particlesuis completely
absorbed in the liquid, and the‘radiatioﬁ flux to whiéh thé gas volume
is exposed is negligible. . o

.Whatéver the cause of this change of G value with total energy

~input, the problem reémaing of establish}ng the fundamental G value,
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unaffected by secondary reactions. It is not certain that extrapolating
,the obéerved values to zero energy input gives reliable values when
zthe effect is so 1a£ge as_it’ié in several gamma irradiations. This
is the_only method available, however, and it is the one adopted. The
ieifrapolaﬁeer values are listed in Table X.
The'data preéented graphically in Figs. 6 through'l5 are shown

~on semilog plots so that a wide range of G values may be displayed
' togéther.' Valid extrapolations may not be made on logarithmic plots
'fér curves whose slopes differ appreciably from zero, and in ?hese
cases the extrapolated values in Table X are not obtained from the
piOts in Figs. 6 through 13. instead, the extrapolatiqn is made by
plofting millimoles/ml of product against energy input in ev/ml. A
typicalﬂéxampie is shown in Fig. 1h. If there were 1o change of G
value with energy'input;"fhe'plot would be a straight line and its
slope would be proportional. to the G value. "If the G value depended
on total dose, the plot would bé a curve and its initial slope would
:b% pro?ortional to the initial G value;-the value unaffeéted by
seéondary feactibns. The advantage of this method of éxtrapolation
is that an extra point is added to the measured points: &t zero dose
the number of millimoles of prdduct formed is, of coursé;.zero}

'The.reliability‘of these extrapolétions depends on tﬁe extent
to which the'curvé’depafts from .the initial slope.  For products only
mildly affected by the.total energy inpﬁt, the accuracy of the extra-
polations should be within the limits of efror imposed by other uncer-

tainties in the experiments. When product yields were severely affected
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by energy input, extra irradiations at lowbdoses were performed to make
the extrapolation more reliable. -This was the case with.isoprdpyl
alcohol and isopropyl acetate. The extrapolatiéns of yields for these
compounds are probably valid. In the case of the +y-ray irradiation of
isopropyl chioride, the concentration of prbpylene reached a steady
state in the 1onger-igradiations. The extrapolation.depends only on .
the two values corresponding to the lowest absorbed energies. It

should be considered to yield only an approximate G value.



-51-

DISCUSSION
I. General

The-nature.of the radiafion-induéed decomposition,of each'compdund
studiediin this work-is determinéd.by méasuring £he:gtébie‘products formed,
énd inférring,from these products the.primary bond cleavdges and rearraﬁge-
ments that occurred undef-thefinfluence of the radiation.‘ The decomposi- |
tion patterns of the eight compounds studied,‘as detefminéd by this
vprocedure, are presentédhin the éuccéeding sections. In order to
illumine the principleé,that govern the ihferpretationtof the experi-
ﬁental‘results, the possible processes by Which.idnizing;radiation

.can cause -chemical change are first outlined in this section.

Interaction of Radiation -with Organic Liquids

' Ganma Rays

_Essentiallyvthe only interaction of Co6'O v rays with these
” 35

‘organic - liquids is the production 'of Compton electrons.”” 'These primary
Compton electrons are produced at the same rate in all_ﬁérts of the
irradiated liquid. At the dose rates used in this work the Compton

electrons are formed at the rate‘of‘apprOXEBXlo;e e /ml/sec. The

‘

primary electrons are high-energy electrons, with a mean energy of

35

about. 750 kev. They excite and. ionize molecules and in these liquids

36

excitation occurs about twice as often as: ionization. When ionization
occurs secondary electrons are produced. These secondary electrons are
mainly -of low energy, and are capable of ionizing or exciting only a

few more molecules. Their path lengths are very short, and. the result

is a series of clusters--called "spurs'--of ionization and excitation



along the path of each. Compton electron. At the beginning of tne path
of the average primary electron,_the average distance ‘between spurs

is about 5000 A.55- As the Compton electron loses energy the density
of 1on1zat10n along its path grows larger, and when the average
Compton electron has expended 99% of its orglnal energy the distance

35

between spurs~is approx,280 A. In .these 11qu1ds-the average path
‘length of the Compton electrcns-is‘apprOx;h‘mm.

A feW‘of the secondary electrons (< 5%) are formed with an
energy greater than lOO ev v These hlgher energy secondaries (called
delta rays) branch out from the original path formlng a new series
of spurs The average dlstance between these & rays is approx lO5 A
at the start of the path of the average Compton electron. 55

‘The energy dep05ited.1n the liquid by the 7y rays.is spread
throughout the liquid by the . Compton electrons and the'8 rays. The
result is that the whole liguid during irradiation is laced with paths
which consist of a succession of small clusters of ionization and
‘excitation. |

Helium.ions

. Helium ions cause.ioniZation'and excitation.direcﬁly, and do
S0 almost contlnuously along. thelr path. The secondary'electrons
produced in the ionizations cause small clusters of ionization and
excitatien; Just as.in the gamma irradiations. The densely ionizing
heliun.idns, however, prcduce these spurs about 20 A apart at the
'beginning of a]track;'and‘even'more closely at the end of a track.55
Because a typical spur just after formation has a diameter on.the
26

order:cf iO'AQ the cdusfers are formed:'so close to one another

that they begin to overlap.
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Again a few secondary electrons possess”anﬁenergy‘greater thén
100 ev."These ® rays branch out from‘the~track, forming more spurs,
at an average spacing .of about lOOC A.55 The-resulf is that the track:
.of’eaéh heliumfion consists of a continuous column of ionizatidn and
excitation which. is extenaed-perpendicularly'tQ:theatrack by the b rays.
The shape of the track véry_closely resembles, therefore, the volume of

revolution of a feather.

Reactions of Species Formed by the Radiation

Tons

‘Magee and. Samuel h;ve éalculated that most Qf the ions produced
by irr.adiat.’ion of water are neutralized. within 10713 gec.?! _Itt‘is‘ widely
Buﬁ not cdmpletely aécepted that,Ato.qﬁbté Burtohglin organic liquids
"it is uniikely,thétu..ﬁhe‘ions can survive asAlong as-10_13"sec."58_
The neutfalized molecule possééses a large eiéitatidnfénérgy,'and under -
goeé;the same reéctions as mqlecules,that expérienée this high degree
of excitation from direct -interaction with the radiation.

'If ions escape rapid neutralization_théy may decomposevinfo
‘ionized and uncharged fragments,‘of-may‘react with molecuies of the
-starting matérial. In_the-irradiation'bf gaseé;these-ion-mblecule
‘reactions (e.g.; CH5f + CHM»='C2H5f;¥'H2)-are observéd.directly;in,the
mass spectrometer.39 However’, such reactions seem.unimportant or
unneceséary to éccount for the formatioh of products in certain gas-
phase’fadiolysés.uo The results éf»this work .can. be explained with a

.system of free-radical reactions and molecular rearrangements. Possible

contributions from ion-molecule reactions are not considered.



+ and are summarized briefly here.
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Exclted molecules

Somevbf the excited molecules produced during,the.irradiatipn lose
~their excitation>énergy‘byxprocesses.not invglvingidecomposition. In
- other excited molecules dissociations occur. ,Thesé are complex processes,
‘and:their detailed examination is beyond the scope of this disgussion.
Simple heterolytic bond cleavages occur, producing free radicals. In
the liquid phase, a cage is formed by the solvent molecules surrounding -
the free radicals,,promoting recombination of the radicals.ul Another
décomposition that éan occur'in excited moléctles is fearrangement into
mo;eculgrgproducts.

Reactions between two exgitedvmglecules are éometimes'proposed~
»to explain radiolysis products; in generai,_this typg‘of reaction .is not
:necessary}tobexplain the products formea in thié wofk, and 1is disregarded.
rTriplet exgited states are diradicals, howevgr, and the possibility exists
that triplgt states formed by the raaiation may participate.in reactions

with normal free radicals.

. ‘Radicals

The reactions of free radicals are the subject of several reviews,
29,30

Radicals react with other radicals by combination (e.g., 02H5'

H*® =.n- i i ti .g. H-+-+CH_* =

+ 02H5 n CMH10> and by disproportionation (e‘g., C2 5 s
GéH6 + CgHﬁ), Most combination reactions have essentially no activation
energies; theractivation energies of disproportibnation reactions are
small . Dispr0portionationAreactions_are_interpreted_as head-to-tail

encounters between radicals,?9v The ratio of dispropprtionation to



_55_

combination is known for the encounters of many radicals in the gas

phase. The ratio is higher for energetic radicals than fof rédicals.
of thermal énergies.29
Radicals react with molecules by abstraction reactions

(e.g., CH," + C Ho = CH + CH ) and, if the nature of the molecule

5 3 3 7
permits, by addition reactions (e.g., CH5 + C5H6 =€) 9-). Abstractlon
.reactions require activation energies, usually in excess of 5 kcal/mole.
Addition reactions also reqﬁire activation energies, but these are
usually smaller than the activation energies required for competing
. 29 |
abstraction reactions.

Radicals can undergo thermal decomposition, or can deéompose
because of energy carried over from the primary process in which they
are formed. Several unstable radicals are produced.from the compounds
studied in this work, and decomposition of these radicals probably
occurs. For example, decomposition of i—CBH7CO and of i-CBH7COO radicals
is a possible source of CO and COz.produced in the irradiation of
1-CH,_COOH.

37
The hydrocarbon radicals produced: from these,qompounds are
: : . 30,kLke ‘s , - .
stable at room temperature. Decomposition of hydrocarbon radicals
because of energy retained from the process of formation cannot be
‘ignored;v Energetic hydrocarbon radicals formed by-otﬁer means have been
found, however, to be de- exc1ted by collisions before decompos1tlon can
L

occur, even when they are formed in the gas phase 5 An upper -1imit
may béfplédéa—éﬁ_gﬁéféi%én%’BTfﬁ;aaﬁé%“Ed§mation by decomposition of

hydrocarbon radicals. The isopropyl radicals may decompose -in two ways:
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24

C.H," =  Cilg + H, E

A 3 ot 38 kcal/mole;

124

.C H_-: f CEHM + CH,: E

C5Hy 500 By 20 kcal/molep.

T
\

Ethylene is produced.by other processes in these'lrradlatlons, yet its
-yleld is stlll small for all the compounds studled If decomp051t10n of
)1sopropyl radlcals produces only small amounts of C Hh’ 1t can produce
only smaller amounts of C H6 | Because the stability of- 1sobutyl radlcals

.30

is similar to that of 1sopropy1 radlcals, their decomposition also is
disregarded as a source-of C H6'
Isomerlzatlon of free radlcals has been observed in some work

and not in other work For a summary of radlcal 1somer1zat10ns see

-reference hh. No 1somerlzatlon was. observed in this work For example,

PR P

3.7

produced was all (w1th1n the llmlts .of error of the analy51s) 2,5~

_the C6 lh measured 1n the radlolys1s in whlch j-C_H_ radicals were

dimethyl butane.

Determination of Decomposition Patterns

-Formation of‘tne.obserued'productsfcan be explained{py,decom—
~position of. the starting-maﬁerial_to~form molecular products‘and to .
produce -free radicals which then react with one another and uith molecules
-of thebstarting material to yield observed_products.' The original frag-
mentation of a molecule in radiation.chemistry_can'involue!any.bond in
’the molecule. The.relative-1ikeldhood_of bond cleavage at different

locations in the mOlecule_canbbe inferred from decomposition of the
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moletule by other forms“of.eXCitatioﬁ. This information maj be gleaned
from thermochemical and. photochemical investigations, and from mass
spectrometric cracking patterns. Subsequent reactions of most of the
free radicals thus formed also can be inferred from other sources.

The difference in yield between Co6O and He++_irradiati3ns
may be used to confirm .the source éf the observed products. The
highvekcitation‘&ensity in the H&' " irradiations meané that radical-
--radical reactions occur more,ofteh in these irradiations than in the
Co6.O irradiations. Products formed by combination and disproportion-
ation reactions between radicals should show‘iarger~yields in the
1heliumAionwirradiations} . These reactions,occur in the track between
radicals from the same sol&ent cage or radicéls producéd‘from neighbor-
ing molecules. In the’Co6O irradiations there is little interaction
- between radicals produced in -different spurs, and the combination
-and disproportionation reactions'that occur in the spurs should be
less important .in these.irradiations. The radicals that are formed
" .are therefore more likely to escape immediate reaction and to -diffuse
into the body of the liquid. Products formed by abstraction and

60

- addition reactions should:therefore sh6w~lafger yieldé in the Co
irradiations. o

Table X shows that this is generally the case. Methane, pro-
* duced by abstraction réactipns“of methyl radicals, shows a higher v
yield in. the Co-60 irradiations 1n every case. . Ethane, produced from

++
combination reactions of methyl radicals, is -higher in the He

irradiations. - Addition reactions always lead to products that were
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not measﬁred in this work, and it cannot be proved_thgt they are
_favored in the Co6O irradiatioﬁ5a

The probability of one radical's encountering-another-in. the
Hé++ irrédiatioﬁswexceeds‘fhat in thé Co6q”irrédiations,by a certain
.ratio. The ratié ofvthese probabiiitiesvshould bé-the.same in each
-of‘thé'compounds-studied, UﬁleSS»the difference -in diffusion coef-
-ficients.between.lérge and small radicais_causes>deviations, it is to
be expected. that for products formed exclusively by. radical-radical
reactions, .G ++/QC €0 should be- the same for the formation of thése

o2"

He
“products from .each of the compounds studied.

- Certain-prbaucts may. be aSsumed'to~result only from combination
of radiecals: CéH6;_iJCqud from compound; producing methyl and isopropyl‘
radicals but né- isobutyl radicalsj i-C5H12 from compounds producing

_methyl.and isobutyl radicals . but no~isopéntyl radicals. These assump-
tions are not contradicted by,the_a&ailable evidence. Ethane formed
~in the radidlysis'of parfially,deuterated acetone or ﬁethyl acetate
has. the~iso£opic distribﬁtion.of ethane produced only from .combination

of methyl‘radicals;us’u6

Dilution of these substances with different
solutes causes changes in.the radiolytic yield of ethane and in.its
isotopic distribution which would?be expected if efhane.Were formed
.in the spurs. by radical cpmbination.15

- Isobutylene may be assumed-to resultvonly from disproportiona-
“tion .reactions when it’iS~formediin,the radiolysis of compounds which
produce*i-CuH9 radicals. and. in which moleculér rearrangement gives

other products, rather than isobutylene. Thérevislno experimental

evidence bearing on this assumption.
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For all these products which‘are‘putativelyvproduced;only by
radical-radical reactibne'end whose yields are reiiable.enough to give
valid’ comparisons, one finds G- ++/G 60 = 1.8+.2.

, He Co

Molecular rearrangements are normally independent.of the type of
radiation employed. The rearrangement of an excited molecule in a
:ﬁnimolecular-process should be unaffected by the surroundings of the
eXeited molecule. .There'is'an exception when the’excited state is
‘suscéptible to quenching by radicals or by other excited species before

it can undergo rearrangement. In this case less quenching and more

N , 60 | o
redgrrangement occurs in the Co- ~ irradiations.

Reeetiene Oeserved ih This WorkA

| The deeompesition patéerne obtained by applyingvtheee principles
- to the observed date consist:ef'(a) a set of primary aecompositions' |
yielding radieals‘and moleculer products, end (b) a set of secondary
reactions'whieh the radicals ﬁndergo. VA lrst of these reaefgons for an
idealized compound and a description of the characteristics of each
reaction are‘given here so tﬂaf they need not be repeated for each

individual compound studied.

" Primary Reactions .- -

1 : R2

Reaction (1-1);“ o 1-0537x—fyy——> H + (eHB-ng-CHE- or CHB-CX-CHB)'
. There.are more primaryQC?Hvbends to break, but the secondary

.C-H bond .is weaker. There is no- information from the experiments

presented here that determines w_hether__Rl Orng is predominantly formed
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~ from a given compound.. Thefhydrogen-atom, aswthe,smallerﬂfragmént, is
-apt -to carry off most of the dissociationvenergy;~which_app¢ars'a;
translational energy of the fragments. In addition,_sincg;the energy

~ s translatiohal,'the.hydrogen atom loges:it siowly. The small,
energetic:hydrogen atom thus readily escapes from thelsolVent“cage.
The obsé?vations that (a) abstraction by hydrogen atoms to give H2

. in the: radiolysis of acetone and of'methyi acetate. is only’slightly

.. diminished: by addition of radical scavengers,%’w and that (b) ‘the
“.isotopic ratio‘of the hydrogen produced in.the radiolysisAof.partiallyl
deuteréted écetone or methyl acetate corresponds to éhe ratio from

43,48 support the probability that many

athermal‘ébstraction reactions;
of the hydrogen atoms produced in these”radiolyées:unaergo reaction
while they still possess considerable energy.

Reaction (I-2): 1-05H7x——/Vv—> CH,: + CH.-CHX-

3 3
| "3
‘Reaction ___(:,-5); o ’if_c5ﬁ7x—4\4re> CH}-‘CH-CHBE.HH_- X

If X is a single atom,. I-1 through IQB are the only bond cleavages
that can occur. If X is a complex polyatomic group, other- bond cleavages

can occur in the functional group.

Reaction (I-4): i-CBH7).(——/Vl/—‘>VCBH6 + HX

" This reaction has been observed in the pyrolysis, photolysis,
:fﬁahﬁ'ﬁasslspéctfometfy of some of the compounds studiéd, and has been
‘"poétﬁlétedfihnradiolyses.‘ Sée ‘Section X for a detailed outline of

the occurrence of this reaction.
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Reaction (I-5): 1-05H7XF—/Vﬂr-4> H, + product
Reaction (I-6): i- C H ——/$4f—%> CH), + product

Since this work was begun, strong,new evidence has been presented

h9

that these processes are of 1mportance in gas-phase radlolyses It was
already known that productlon of H2 by a molecular process occurred in
the gas—phase radloly51s of acetone but apparently not in the llquld—

b5

phase radloly51s This work does not dlstlngulsh among. these ‘and

_ other processes yleldlng the same products, and molecular ellmlnatlon

of these products is not considered.

_Secondary Reactions

Reaction (I 7) H--+-1-03H7x = H2:+»(Rl or 32), -
. Resction (I-8):  H- % i- C,H.X = addition product

"Tﬂé hot hydrogenhatoms.woulddhe expected to undergo these reactions
;readily,‘although I-8luill.notftake placevunlessvthe'molecules of starting
materialvallow.the addltlon of#hjdrogen'atoms.' Activation energies for
abstraction from an alkane by a hydrogen atom are approx 9 kcal/mole.29
Thermalized nydrogen atoms would be eXpected'to:giVe R2 as a product.
uhereﬁthe nature of these radicals has been estalished, the formation
of R2 is 1nd1cated For ekample, in the radiolysis of alcohols Newton
"and McDonell found only vie- glycols ‘among ‘the radloly51s products.

When molecules are susceptlble of the addition of hydrogen atoms, the

activation energy for addltlon.ls usually lower than the actlvat;on
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‘energy for abstraction (see p. 55).

Reaction (I-9): H' + radical = H, + product

Reaction (I-10): H' + radical combination

Reaction.I;iO hae essenﬂiailyfno eetivafion‘eﬂergy, aﬁd I-9 has
‘a &efy emell acfiietibn energy (Eaet for dispropeftionation feaetions of
hydwogen atoms with.aikanes is % 1 kcal/mole in most case529); These
reaetions.occur for the most part in the particle track, where many
_hydrogen atoms are likely to possess‘enough translational energy to make
-this small difference in acﬁivation energy an unimportant 1nfluence on

- the competition between these two reactions.

A1l experimental efidence indicates-that combination is a neg-
ligible reaction. If‘combinatibn occurred often, the hydrogenjyield
would be lower in helium-ion irradiations than in Co6Q irradiations.

. The reverse effect is observed. The failure of i—lO‘to occur may be
due -to steric factors, or beceuse‘the eneréy of combination of the

.- radical and the energetic hy@rpgen_atom is too large to result in a
;_stablelcpmbination producf1 | |

For compququ‘invwhich addition of hydrogen etome to molecules
of. the starting material:is possible,‘hydrogeﬁ etoms;would react in the
particle track to give H2, Qr would escape into the bulk of the solution
where they could either- undergo abstraction reactioﬁs to give‘Hg, or
:disappear;by‘eddition reaetions. The yield of H would therefore be

, larger in helium-ion irradiations This is the effect observed in this

work.

Reaction (I-11): G_HB' + 1-C5H7X = CH) + (Rl or Re)
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The activation energy for abstraction reactions by methyl
radicals is ;esc'than approx 10 kcal/mole fo;;alkanes.egc_lt:has been
established.nhat Rg:is.produced whcnlmethyl nadica1s.undergo;abstraction
reactions=witn isopronyl alcohol5loand with hyd;‘oc_arbons.s2

‘The addition:of radical scavengcrs rednces mcthane yields to
45,16, 47

very small values in the radiolyses of ketones and esters.

This indicates the impoftance of I-11 in pure organic ligquids.

Reaction (I-12): CH}' + CHB' = 02H6
1Reaction.(1-l§): HCH5f + i- C5H7 - CH, + CHg
Reaction (I-1k): CHB' + i- 05H7 = 1-C)H

Thé ratio of I-13 to I-1L can be estimated from Trotman-

‘ 2
Dickinson's compilations 9_to be approx 0.2 to 0.3.

Reaction (I-15): CHB' + X = CH) + product
Reaction (I-16): CHB‘ + X = CHBX
CH5X and the product ofotheidisproportionation reaction are

seldom completely measured among the volatile products. In these cases
the occurrence of I-16 goes undetectcd, and a_porﬁionzof the methyl
: radicals produccd_in I-3 is not.measured..
Methyl radicals can react with radicals thgt_are not.listed.in

.reactions I-11.to I-16: R_, R, R

1 , and so on. When this occurs there

3

-1s a possibility that disproportionation reactions occur and‘CHu is

;produced.. Otherwise the radicals combine, and.the CH radicals escape

3

-measurement. In aromatic compounds the p0551b111ty of addltlon of

-methyl radicals to molecules of the startlng materlal cannot be excluded55
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‘The prbduction;of CH 'radiCalé; and hence the yield of I-2,

3

4 & measured by G. oG+ G plus' G if CH X is measured
CH& C2H6 hHlo CH5X 3

“‘Additidn'reaCtlons,-and combination reactions that lead to high-molecular-

weight products, escape méasurement. The yield of CHB' as calculated
‘ from “the above product yields is therefore a minimum value. Except in
cbﬁfduﬁdé that’ are véry‘su5ceftible'of addition of methyl radicals,.the-
dhméésured QH "~ would “be expected to be larger in’ the He' ' irradiations

because the unméasured combination products are formed in greater yield

.in these irradiations.

Reaction (I-17): 1-CH,° + i-C5HX = 05?8 f'(Rl or‘RQ)

i-03H7- + CHE' = (see I-13, I-1k)
Reaction (I-18): | i-C5H7' + i—C5H7' = 3H8 + C H6
Reactlon (I 19) S R = CHy),

The ratio of 1-18 to I-19. is O. 5 7

Whén propyl radicals react with radicals not listed in reactions
. i_17 tq I;;Q, dispfopoftionation'reécﬁions produce C§H8 and'CBH6, which
" are measiuired. Combination reactions, however, yield unmeasured product.
In measuring the pfoduction'of isoprépyl'radicals,’and hence
 “the yleld of I-3, it must be  noted that part of the C5 6 is formed‘from
'iébprbﬁyl’radicals and part is produced by moleéular‘rearréngement via
lI—h;i‘Théfproducﬁioh of i-C5H7"iS“given by'G +

C5fg 1Cu 10
Wthh ‘disappears by addition to the

(Gtotal C5H6

B Ginolecular 03H6)’ plus 1-C5H7

nstartlng materlal or by combination with other radicals to give measured

| product. It is probable that even more i-C,H ' escapes méasurement than
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CH_* because the dimer of i-C_H_ - is not measured among.the volatile

> ' 37

‘products. Again, more i-C_H_* escapes measurement in the helium-ion

37
irradiations than in the cobalt-60 irradiations.

' The reactions that X' undergoes are the common combination,
disproportionation, and ébstractionvreactions of'radicals. In some
compounds X' is such that it decomposeé. It will be shown that this can
result in an ambigﬁity in the yield of the primary reactions as determined
by the above method.

R R5’ and other radicals must be considered differently

1’ R2’
from the abovevradicals.} They are not only ﬁroduced in the track by

the primary decomposition of the molecule, but also may be produced

in the body of the solutlon by abstraction reactlons When %his occurs,
R and R2 canﬁot undergo fruitful abstractlon and are- constralned to
diffuse untll they meet another radlcal——the most llkely belng another
‘Rl or R formed in the body of the llquld The predomlnant fate of
fhese radicals is thus the formatlon of hlgh—molecular-welght products,

‘and the experiments reportedlhere shed no light on reactlons involving

these radicals.

Other Reactions

Certain products are formed in small yield by these irradiations.
It is reasonable,to assume that they are partially formed by reactions

similar to those above. For example, a possible source of ethylene

30

: *
from all these compounds is CHB‘ + CH5' —C H6 '—’CQHM + H where ¥

2 2
designates an .excited molecule.

High-energy processes may contribute to formation of these minor

products.  For example, in the irradiation of isopropyl benzene GC qH.’
22
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although very small, is larger than .G and G, . This acétyleue
02H6 c Hu _ _

L is probably formed by high-energy disintegration of the benzene ring.
A source of ethylene méntioned above is the reaction.i—C5H7'* - C Hu + CH5..
"Although the small observed yields of ethylene show that this is an
unimportanf process, it is a possible source of part of the observed
ethylene.

"No attempt ig made in subsequentvdiscussion to account for these

minor products when the data do not indicate a possible mode of formation.

~II. JIsopropyl Chloride

PreviouS‘Radiolyses

Wiley et al. irradiated isopropyl chloride with Co 0 oY rays.uu’5u

They found G u 7+.6, and G,

HC1

n- propyl chloride, and found that Co60 1rrad1ation caused 1somerization

was zero. They also studied
1somerization

- Dby a chain.reaCUQn. They do not report product yields, but state that
the products formed correspond to bond cleavage at the C-C1 bond, with
minor products resulting from breaking of other bonds They imply that

no propylene was detected.

Dismukes and Wilcox irradiated the butyl chlorides with Co60

Y rays, and report that decomposition proceeded‘by bond .cleavage at

“the C-C1 bond.”? They did not detect butene as a product, but it is

not clear whether their analytical methods would separate butene'from
other products:
The radiolysis of other halides is summarized in reference 55.

. '
The main result of irradiation is bond cleavage at the carbon-halogen

>
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bond. In addition to bond cleavage in the radiolysis of alkyl iodides,
Willard et al. postulate unimolecular elimination of HI from excited
molecules}56 ‘Hamill et al. explain olefin formatibnvby bimolecular

o7

reactions between excited molecules.

‘Decomposition Pattern

The product yields dbserved in. these expérimentsvcan be explained
‘on the basis of the following. series of reactions. The general charac-

teristics of the reactions are summarized in section I.

Reaction.(II-1):  CH ~CHO1-CH;—M—> H' + (CH,-CHOL-CH,"

3
'31-

)

or CH_-CC1-CH
- T
2

The hydrogen atoms produced in thié‘reacﬁiontabstrgct from
moleculeé and rédiéals to giye-HQ. The possibility_that a hydrogen
atom will abstract a chlorine atom f?bm an_isoprbpyl chibfide molegule
Jvto éive‘HCl is very,émall, and is disregarded.
Because ho addition of H atoms to isopfopy1 chloride is possible,

the &iéld of II-1 is therefore given by'Gﬁ . ' The measured yield of
2

II-1 equals 1.3 for both He' ' irradiations and 000 irradiations.

) :
. R5

These methyi fadicals undergo the reactions of methyl radicals

Reaction (IT-2): + CH -CHl-CHB——4Ar—> CHB' + CHB—CH01'

outlined in Section I. The yield of methane, which is pfoduced_mainly
o - N 6 :
by abstraction reactions, is only slightly higher in the Co 0 irradi-

ations than in the helium-ion irradiations.  In the other compounds
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irradiated in this work, the yield of methane is substantially higher
: ++

‘in the <y irradiations than in the He - irradiations. It .is not clear

why isopropyl ‘chloride should show a different effect.

! The measured methyl radicals are given by G, -+ 2G
CHu c H6

-

r . |
+ G + G = 0.3% for He | irradiations and 0.32 for Co
1cquO CH,C1 A oe

1rradiations Since most of the radicals produced in the track are
1sopropyl radicals and chlorine atoms, ‘with which methyl radicals react
to give measured products, the disappearance of methyl radicals by
reactions in the track to give unmeasured products should be small.

In the body of the sclution the methyl radicals react to give CHh’
which is measured. Unmeasured CH5° is therefore quite small, and the
yield of II-2 is slightly greater than 0.33 for helium-ion irradiations

6
and 0.32 for Co © irradiation. The near equality of these yilelds lends

* .escapes measurement.

support to the belief that little GH5

" Reaction (II-3): CHB-CHGleCHB——4M——> 1-05H7' + C1:

This reaction is the major result ofpradiolyses_of other alkyl
halides. In the mass-spectral cracking pattern the main peaks correspond
-_to breaking of the C-C1 bond. The products measured.in this work indicate
that II-3 is the predominant mode of dissociation in the radiolysis of
isopropyl chloride. |

- _-The isopropyl radicals undergo the reactions listed inVSection.I;
" The extent of II-3 as measured by the production of isopropyl radicals is
given by G | . "

+ ( Go - 1.5), because the yield'of C3H6

g " "i0,H, 36
*formed by molecular rearrangement is calculated below to be 1.51. Thus

+
the yield of i-C5H7' is >>2.h for He _irradiations‘and > H.l for Y
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irradiations. Less of the original i-03H7' production is measured in
the He++ irradiations because of the importance of dimerization of the
lsopropyl radicals in these irradiations.

The extent of II-% may also be measured by ‘the yleld of products
formed by'reactions of chlorine atoms. Chlorine*atoms are very reactive.
They readily abstract hydrogen from the molecules of starting materlal
The actlvatlon energy for hydrogen abstractlon by chlorine atoms from
hydrocarbons is approx- l kcal/mole 23 Abstraction reactlons by chlorine
' atoms from alkyl chlorides to give Clé have not been-observed.50 Chlorine
atoms that escape the track therefore, yield HC1, a measured product-

Reactions of chlorine atoms in the track should also produce
Amainly HC1. Because'abstraction'reactions=fr0m radicals occur more
readlly than abstraction reactions from molecules, and because Cl atoms
undergo'abstraction reactions even Withrmolecules.so easily,-the‘ratio
of disproportionation to combination in encounters -of chlorine atoms
and other radicals should be gquite high.
| Thus nearly all the Cl atoms formed react to produce HC1, and
GHCl can therefore be used to measure the extent of (II 3). The contri-
bution of HC1 from molecular rearrangement must not be counted, and
o the small yield of CHBCl can be added.»'Therefore one-finds;,for the
-1.5) + G or 3.7 for He' ' and 4.1 for

measured Cl atoms <GHCl

Co60 irradiations, respectively;' Because the proportion of Cl atoms
S , C _ / :
disappearing by combination with radicals should be small; the yield

CH Cl
3

of II-3 Should be‘only slightly greater than 3.7 and L4:1 for the two

types of radiation.
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The minimum measured yield of II-3 is L.1, as measured in.the

Co6Q irradiations for both Cl®' and 1i-C * production. It is reasonable

H
: 37
4
to assume that the occurrence of II-3 is the same in both He " and Co
i .
irradiations, -but that. in the He " work less of the radical production

results in measured products. A yield of greater than 4.1 is therefore

‘assigned to II-3 for both types of radiation.

Reaction (II-L): CH,~CHCL-CH,—AM—> Cfly + HC1 |
Thermal excitation of isopropyl chloride causes this molecular
. rearrangement, as outlined in Section X. It is therefore to be expected

that rearrangement- may occur_during the_radiolysis of this compound.

+
The large yield of C H6‘in.relation to the other C products in the He *

3 b
irradiations indicates formation of propylene by processes not involving
propyl radicals, but this is not a measure of the qgantity of prbpylene
formed by these processes. The yield df molécular rearrangement is
ﬁeasqred as outlined below. The method and its Qalidity'are discussed
~in Section X.

5 . The ratio between fhe yieldvof'propylene frgm He++ irradiations
and that from Co6O irradiations is a méasure of the proportion of
propylene formed by molecﬁlar rearrangement. If all the propylene
formed in ihe'irradiatidn of a given compound is produced by_molecular
rearrangement, the yield is normally the same,fpr both types of radia-
tion. When isopropyl radicals are fo?med by irradiation of the compound
in question, propylene is produced by disproportionatibn reactions of
these radicals. The portion of the yield attributable to radical-

radical disproportiocnation reactions 1s approx 1.8 times as large in
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++ , : o
the He - irradiations as in.the Co6o irradiations (see Section I).
This makes:it possible to separate the contributions from each process.
Assuming that the formation_of propylene from.rear;angement is
L 60 L o
the same in both He  and Co irradiations, and letting Gdisp stand

for the yield of propylene from disproportionation reactionslin‘the

Y - irradiations, one has

R , . , S L
He Grearrangement f 1.8 Gdisp__ M,
0® o & g, =,
rearrangement disp
disp” 0.8 -

The yield of pfopylene from diSprOPOrtionation feactions in the He++

'iffédiations and the yield from rearrangément may‘then be easily cal-
culated.l |

For isoproﬁyl‘chloride the calculation of the preportion of the
propylene yieid due ﬁd“meledﬁlar'rearfangement is as follows:
- 60

Let Gdiépé‘the yield froﬁ.disproportiénatiOn reactions in the Co

irradiations. Then

He' ;@ + 1.8 ¢ - 2.68

rearrangement . : disp
CO6Q:' Grearrangement' N nGdisp = 2.16
c.8 Gdisp = 0.52
Cgigp = 0-05

The yleld of propylene from radlcal dlsproportlonatlon reactions in
the He. 1rrad1atlons is l 8 (0. 65) l 17, and the yield of propylene‘

from rearrangement is calculated to be 1.51. The rellablllty and
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-accuracy of this value.is discussedtintSection,X, where the factors
affecting thejvalidity’of this method of calculatioh-are examined.
Summary T

The radiolytic decomposition of 1liquid isoprole chloride -occurs
ﬁainly by rupture of the CQCl'bohd;' This behavior is in agreement ‘with
results obtained from other halides. The C-Cl bond,is:weaker;than the
primary C-H bonds by‘approx 15 kcal/mole,.weaker than the secondary
C-H bondtw'asomewhat smaller amount, and probably weaker than the C-C
-bonds by several kcal/mole 29 Although other radiolytic results show
that bond strengths form a precarlous ba51s from which to make predic-
tions of reaction probabilities,. in the case of,isopropvl chloride it
appearsithat cleavage of.the'weakest bond. ‘is the predomihant'mode of
dissociation of the molecule.

The yield of products corresponding to cleavage of the C-H bond
greatly exceeds the yield of products corresponding to cleavage of “the
“bonds between the methyl groups and_the;substituted_carbon. This
tendency is noted in every compound studiedlin.this work and .in most
other- radiolyses58 It is possible that the C-H bonds are more susceptible
to cleavage than the CG-C bonds. - The opposite trend would be predicted
frohvthe relative,C-d and C:H bond energies. ﬁlt may be .- that the H
atoms escape the solvent cage and form measured products, whereas the
CH3' radicals produced by C-C bond cleavage are confined by the solvent
cage and tend tolundergo recombination reactions. There is no‘way‘to
determine from these experimehts which of the two p0351bilit1es is

respon51ble for the predominance of C -H bond cleavage
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Molecular rearrangement into~CsH6.énd HC1 is an important mode
of ‘decomposition.” This re&ctidn]is“diScussed in. detail.in Section X.

The results obtained by Wiley ét al. are in reasbnable-agreement
with the results of this work. They report a Gy, of 4.7, which is
substéntiélly less than my value of 5.6; their measured yields of HC1l
show considerable scatter, and were obtainéd,ffom«irradiations totaling

higher absorbed doses than those used in this work. Reference to Fig. 6

shows -that when less energy is absorbed by the éample, GHCl‘is larger

‘than for irradiations totaling larger absorbed -doses: -

IIT. Isopropyl Alcohol

Previous Radiolyses
Newton and McDonell irrédiated a series of éliphatic alcohols,
including,isopropyl alcohol, with 28-Mev helium ions and measured the

50

products‘formed. Some of their G vaiues are listed in Table IIT.
Their hydrocarbon and glycol yields indicatgd that thevmain mode of
decomesitiqn waskbgnd clea#age at_the carbinol carbén, with C-H bonds
affected more than C-C bondé. High olefin yields led them to propose
molecular rearrangements to give water plusAQlefin; NeWﬁPn determined
that G values decrease at high absorbed doses in the He'  irradistion of
ethanol,26 Strong and Burr measured G values for Hgtand CHM production
in the Co60 irradiation of isopropyl aicéhol.u8 Adams, Baxendale, and
Sedgwigk reported G values for fhese-twg_products erACo60 irradiations
With andiwi?hogt the presence ofv;adical scayengers;59 See Table ITT.

. Burr subjected several deuterated ethahols_to Co60 irradiation.

. He-interpreted his results to mean.that hydrogen was produced by radical
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processes. only, involving'productionzof hydrogenpatoms-by bond rupture
at the carbinol carbon.and abstraction by, these atoms from the,OH
Alternative interpre-

group (82%) and the CH, group (18%) -to:give H

3 e’

tations of»hismexperimental results are discussed be}okav”

* _ Meshitsuka -and Burton irradiated methahol witthosq Y rays,
~using iodine as a radical scavenger,6?._They obtained higher G values
«from;irrediation,oj pure methanol than previous workers; and attributed
.thisHto the use of- impure-methanol by the other workers.. Their product
yields were,explainedrby free-radical proeesses,;molecular'rearrangement,

and either energetic-atom processes or reactions between excited molecules.

Decompositioanéftern

By

Reaction (III-1): 1-05H70H——~w¢———> H* +‘(CH5-CH0H-CH2- or

CH -COH- CH, or i- -C_H O
- Ct5-COR-Cly or 1-C5E,0°)
| 2 - 4
The radiolysis by McDonell and Newton and by Burr gave
eVidehce of the formation of R2LH The mercury-sensitized photolysis of
CHBOD was studled by Phibbs and Darwent, ‘who reported that the C-H
“bond was broken in . the photoly51s.62 Later work by Porter ‘and Noyes,
' however, who studied the direct photolysis of CDﬁoH;.was interpreted
to show that the initial decomposition was the breaking of the O-H
63 '

and. At short waveﬂlengths these workers detected cleavage of the

7c o bond ! !

Recently thé Hg-sensitized photolysis of CD5OH and (CD ) Hg
'at low pressures in a flow system. was reported by Pottie, Harrison,

and Lossing.6ui These workers Fird no formation of'~CD20H, but only

Aof'Cﬁéop .“'They?ihterprefIthe'earlier work in which the C-H bond was
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‘reported broken as being confused by the reactivity of the methoxy
radicals formed; that is, that the initial decomposition in the earlier
.work was CHBOHr———————>'CH50' +FH‘, but that‘this was fol;owed so quickly
by reaction of the extremely reactive methoxy radical (CHBO' + CHaOH =
CHBOH + 'CH20H) that the. initial decomposition was obscured.

Confirmation of this interpretation was reported at the most

65

recent meeting of the American Chemical Society. Knight and Gunning
studied the Hg-sensitized photolysis of ethanol in the presence of NO
and found ethyl nitrite, proving the formation of:the‘ethoxy radical.

‘ The-formation during radiolysis of only vic-glycols, as determined
by McDonell and Newton,5o,can‘be interpreted as production of Rh’ followed
by rapid- abstraction at the carbinol carbon (a) by the isopropoxy radical
to give isopropanol and R2, and (b) by the hydrogen atom to give H2 and
RE' The R2 radicals then dimerize to give vic-glycols. The isotopic
distribution in Burr’svradiolysis of deuterated ethanols (see above),
which he interprets to indicate production of hydrogen atoms by bond
cleavage at the carbinol carbon followed by abstraction of the hydroxyl
carbon, may be interpreted as the‘reverse. cleavage of the 0-H bond
to give hydroéeh atome ﬁhich then abstraot from the carbinol carbon.

This seems more likely, in view of the bond energies involved: abstrac-
Atlon of hydrogen would be expected to occur at the C-H bond (approx
’90 kcal/mole) rather than at the 0-H bond (101’ kcal/mole)

In view of these flndlngs the main decomposition of isopropanol
by IITI-1 will be considered to produce Ru..'The production of‘at least
vsmall.quantities of Ru.is shown by the p{oduotion of‘i-C'BH?OCH5 and of
(i-C5H7)20 ingfhese faaiolyses:: | |
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“ The R; fadica135 in addition -to undergoing abstraction reactions
't0~form,R2 radicals, react with other radicals. The ratio of dispropor-
" tionation to combination is ‘high foriisbpropoxy“radicals,66'and large

yields'df acétone may be expected from disproportionation reactions

of isopropoxy radicals. Newton and McDonell find a G value.of approx

50

2.0 for acetone production in. the irradiation.of isopropyl alcohol,
but éllarée_ﬁgrt of this acetone“mayvbe‘formed by III-5.
e The extent of III-1 is givep by the yield offhydrogen-atoms,

’ Which'undergo*aﬁstfaéﬁion reactions with molecules and radicals to
“yield Hé1> The yield of III-1 iS”GH‘;'which is measured as 3.5 and 5.1'

for Héf*-irradiations'and Co 0 irragiations,”respeétively. Hydrogen
~ atoms ‘would not be expected to underéo addition reactions.with isopro-
panol. No explénétidn of the difference in yield for the two types éf
radiation can be advanced: |
H7OH——~MMh——> CH5' + CH

- Reaction (III-2): i-C CHOH" .

,The extent qf‘III—2vié giveﬁ by fhevprodﬁctibn bf ﬁethyl
,radicalsf ‘The measured yield of methyl radicéls isﬂgiven by‘
‘GCHh,+ .EGCEHé +(%:CMH10.; 1.72 and 1.87 for_t£e fwo‘types of radia-
tioni The 1arge'concentratiop Qf.Rg,.R5, and Ru ra@icals in the
track indigates_that an app?eciable gquantity of methyl radiéals
.eécapes;méasurement becauée of combinatiqn wifhvthésg fadicals to
givevunmeasured products. _Tﬁus fhe extent of IiI-E is“? 1.72 for He++
_apd{>‘l.87 for Co6o.irradiations. The-smaller yieid in the helium-ion
irradiations is indicative:of aisappearénce of meﬁﬁyl'radicals by

combination with large radicals.
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The R5 radicals would be expected to: form CH50HO by dlspropor-

-tionatlon.reactlons. Newton and McDonell found a G value of 0.9 for

50

CHBCHO productlon in.the He 1rrad1atlon of 1sopropyl alcohol.

Reacftibr@"(ilﬂ&): fi-C H OH—'V\,—,—.'>Vi-C§H7:"‘ + OH’

)

Thls reactlon is observed in photolyses, but is a minor contri-
' 63,6k .
abutlon to the decomp051tlon of the molecule
The productlon of 1sopropyl radicals is. given by G .
C H .1—Cgi
_ , 5860 ™10
(G - 0.1) =0.4 for theuHe .»irradiations and 0.3 for the Co

C H6 o i o ' : 4 RO 5
'-.irradlations., Since appreciable numbersAof‘isopropyl radicals disappear
by comblnatlon, “the extent of ITII-3 is > O. 4 for helium- 1on 1rrad1at10ns
and > 0.3 for <y irradiations. There is no apparent reason for the
excees‘prodﬁction of isopropyl radicals as measured in the helium-ion
irradiations:’
Reaction (ITI-k4): _i-C H OH——M-,—> C H6 * HQO

This reaction occurs. in the thermal decomp051tlon of alcohols

(see Sectioan); ‘The yield of thls reaction. :is caleculated by the

method: described in:the previous. section: .

e . T
He Gfearrangement + 1.8 Gdisp 0.57
- 60 |
Co : Greaprangement‘,f _ “disp 0.25
0.8 G_. = 0.12
: disp
Gdisp = 0.15

: : ' ++
The yleld of propylene from dlsproportlonatlon reactlons in the He
‘1rrad1atlons is 1. 8(0 15) OL27, and the yield from rearrangement is

0.10.
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‘ , 3D
The occurrence of this reaction in the photolys1s of isopropyl
S 67 ;

alcohol has been proposed. However, newer work 1ndicates the formation

of 1sopropoxy radicals- (see:above)‘which disproportionate to give acetone,

‘and Burr concluded that all the hydrogen produced by radiolysis of ethanol

was formed by -radical processes.60 This reaction therefore is not consid-

ered.

Reaction (III-6): ~ i- 05H70H—-JW-—> CH), + CH5CHO

The oceurrence of this reaction cannot be confirmed or disproved

1

hy_the experimental'data, and it is ot considered.

: : C )O‘ - r
.Reaction (III-T7): i-05H70H—-/V\,-> H, + ch.-—sc - cH

H 3
This reaction explains the formation of 1,2 propylene oxide.

An alternative process for. the formation of this compound is the reaction

| R N
2 1= 0" = H,C—CH-CH, ‘ 1-C4H 0K .

" Reaction (III-8): i-CH OH—'V\,—> co + 2CH),

5T
This would be a‘high-energy process'for the-formation of CO.

If it occurs, III- 6 probably also occurs. The possibility that most

of the CO observed is due to secondary decompos1tion--of CHBCHO and

~CH COCHB—— cannot be ellminated

3

Summary -

.-The radiolytic decomposition of liquid isopropyl alcohol occurs-

- mainly through the production_of hydrogen atoms and methyl radicals.

Other work indicates that the hydrogen atoms are formed by rupture
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‘of the 0-H bond, but the results of this work do not.shed light on the

- source of the H atoms.

'Cleavage of the C-0 bond is a minor contribution to.the decom-

2

© position of isopropyl alcochol. Molecular eliminationvof,H 0: occurs

" to a relatively small extent but pértzof the measured propylene 'is

formed by this reaction.

G values measured in other work are listed in Table III. The
valﬁes>measufedvby\McDonell and Newton agree féfher well Withhthe values
found in.this'work when the decrease in‘G.Vélues-with absorbed dose 1is
considered. vTheir-irfadiations‘involved much higher abgorbed:doses than
the iffadiations in this work. The G values measured by Strong and Burr
for Co6O irradiations show excellent agreement with the values found in

this WOrk,'butbthe'reéults of Adams et al. are quite different. No

 explanation can be advanced for the discrepancy.

IV. Isopropyl Benzene

»PreVious Radiolyses

~ The irradiation of aromatic compouhds‘gives very -low product

yields.58 This is attributed to the'ability of the cOnjugated.system

to absorb energynahd'to dissipafe it without decomposition; and to the

disappearaﬁce of fédicéis produced by the radiation through addition to
%hé béﬂzene fiﬁg.

| Thé-gadiélysis of'alkyl béniénes pfoCéedé.maihly‘by'cieavage
bfhﬁgﬁAS iniﬁhé-sidévgrou§.68;69- The-mOvaimportant'bOnd rupture oceurs

B to the ririg.69 g
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Isopropyl: benzene has been irradiated with helium ions by Newton,
by Sworski and Burton with neutrons: and <y rays from a nuclear r_er'slctor,71

by Sworski;.Hentz; and. Burton with electrons,69 and by Kinderman with

T2

- electrons. The . few products measured by these workers correspond to
" cleavage of the p bonds in the side chain. The G values from these

investigations are listed in Table IV.

Decomposition Pattern

CH_ - -~ CH

| /3 VAR
- Réaction (IV-1): - C6H5—C€-H—-—-’We—> H + C6H5fC)\-H
. .CHB, _ Rl 'CH5 -
- CH
or+ CH_-C. 3
R, CH5

Sworski, Hentz, and Burton foﬁnd that the yield of H2 from the
radiolysis and photolysis of alkyl»benzenes decreased in_the(order ethyl
benzene > isopropyl benzene > tert-butyl‘benzené.69 This i1s the Opposife
order from what would be_egpected on the basis of the number of C-H bonds
“per molecule. The only interpretation .is that C-H bond cleafage‘occurs
. ﬁredomi?aptly at the B C-H»bondsz andvR2 will Eevthe;?adicél most often
fprmed,in this»reactidn. 'Production of H'Lfrom the‘ring is not considered,
bgcause,radiolysis‘of benzene produces énly.small aﬁounts of hydrogen.

The.R2 radicgls formed in this reaction caﬁnot frﬁitfu}ly abstract
hydrogen. from molecules, and so must diffuse in the ligquid until they
_réact;with pther radicals_to give high-molécular-weighf‘products. The
hy@roggn atoms, on the other hand;'can undergo several reactions. They

can abstract from molecules to give H2 plus R1 or R2, they can add to

N

-
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isopropyl benzene molecules, and.they can disproportionate with radicals
to give H2. .Hardwick has found that the. competition between_abstraction
and addition, when hydrogen atoms react with isopropyl benzene molecules,
favors addition.75 Therefore the yield of hydrogen gives only the
minimum yieid‘d? IV-1. The yiei&iof V-1 is > 0.27 for He = irradiations
and > O.2i for Co6O irradiations. The sﬁaiier yieldtin the 0060 irradia-

tions testifies to the occurrence of addition reactions.

CH
: 3 )
Reaction (IV-2): C6H5-6:H—~W¢n—> CH5 + C6H5
| T e R CH

3 o 3 3
The extent of this reaction is measured in the usual way by the
production of methyl radicals. The measured methyl radicals are given’

by G + 2G * 6, - 0.084 for He T irradiations and 0.112 for

CH o ~C,H_
i 26 £ 10 53

Co’ ‘irradiations. Because addition to.the benzene ring”” and disappear?

~ance by reaction with other radicals are possible fates of the methyl
iredical_s,the yield of II-2 >'0.08 for helium-ion irradiations and > 0.11
'for Co60 irradiations. The larger yield in the 0069 irradiations indicates

thathmore'methyl radicals disappear by combination reactions than by

addition.

heaction (Iv-5): | i- 03H7 C6H5

In the Hg sen51tlzed photoly81s of toluene, rupture of the C-H

—N—> C6H5 4+ i- C5H7

>bonds and of the bond between the methyl group and the ring were observed. h
Photoly51s of other alkyl benzenes showed in addltlon to cleavage of
the bonds B to the rlng, a minor contrlbutlon fromtrupture of the bond
between the ring and the 81de chaln Hentz and Burton attrlbuted these

two processes to different excited states.
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The yield of IV-3 is' measured in.the usual way by the yield of
products formed from isopropyl radicals. The yield of IV-3 is greater

than 0.03 for both types of radiation.

~ Reaction (Tv-k): | ; .1 C5H7 C6 5——NN~—> CBH6 + C6H6

This reactlon is calculated by the method descrlbed in Sectlon

IT:
et o +1.8 G, =0.028
e rearrangement . disp
Co s Grearrangement " Gdisp = 0.017
0.8 G, = 0.011
~disp ;
Gdisp = 0.014

The yleld of propylene from dlsproportlonatlon reactlons in the He++
_irradiations is 1. 8 (0. Olh) 10.025, and the yield. from rearrangement
is’0.00}.\
ﬁeactlonl(lv-é)i “‘v~’i—C H -CH ——4Ar—> unsaturated hydrocarbon
o C : _ . 37 6 fragments from the ring.
- This reactlon is the probable source - of the many unsaturated

hydrocarbons formed in the radiolysis of . this compound

-

Summary

’ The radloly51s ofxllquld 1sopropyl benzene proceeds malnly by
_vcleavage of C H bonds, presumably of the C-H bond B to the ring. Addi-
y tion to the rlng .of the hydrogen atoms produced by this process causes
a portlon of thls reactlon to go- unmeasured | Cleavage of the C-C bonds

_1n the side group is also 1mportant Not only is this result contrary



- -83-

to what would be expected from the relative bond strengths in the
molecule (the C-C bonds have a dissociation energy of appfox 61 kcal/mole,
whereas the B C-H bond energy 'is Th kcal/mole),29 but the prediction
that the weak bonds of this molecule would rupture_easily and give:. high
G values would also be in error. The low product yields measured in
the present work can be éttributéd to the influence of the aromatic ring.
Bond %upture between'the ring ana the side chain is minor.
Contribution to the propylene yield from molecular rearrangement 1is small
in isopropyl benzene.
The G values obtained in this work agree reasonablvaell with

results obtained by the other investigators listed in Table 1IV.

V. Isobutyronitrile

- Previous Investigations

™

Nitriles have been irradiated by Bouby and Chapiro and by

76

Dainton et al. Both investigations measured radical production from
nitriles by adding radical séévengers. Tt was found thét measured -
radical productibn'is smaller in nitriles than in most other organic

liquids. Because nitriles may themselves act as radical scavengers,

the meaning of these observations is not certain.

Decomposition Patterns

The primary reactions are listed below, together with their
yields as determined by measurement of products containing the radicals
produced in each primary reaction. These yields are only minimum yields

because of the addition of radicals to the'molecules.of starting material.
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" .Steacie and co-workers found that hydrogen atoms and mgthylﬁradicals
produced in-the photolysis of acetonitrile added to the nitrile molecules.77
The study of thevﬁhotolysis was made extremely~difficu1t by this addition.
Some. of the: addition products-were-ideﬁtified in_lateg:work on the

78

_ phctolysisfof‘CFBCNg

Reaction (V-l):. i-C H CN;—4A~—> H + (CH CHCN CH2 “or CH5 -CCN- CHB)
76

:Produétion of H' ‘is observed in the photolysis of acetonitrile.
The yield of V-1 is probably substantially greater than 1.0k for the
“:He++firradiationsvand 6.84 for_thevCo6O irradiations, respectively. The
i0wer measured yield.in the 0069_irradiations is caused.by addition

reactions.

Reaction (V-2):  i- “¢ S CN—-xN——> CH + CH,~CHCN:
The yield of this réaction, determlned.in the usualeay, is

‘greater than 0.49 for both types of radiation.

Reaction (v 5) i- c H CN—aW®—+> i- C5H7 + CN-

Cleavage of the bond between the alkyl group and the CN group
. is observed_in the photolysis of aqeton1tr11e.77- Some of the products
found in this work (e. g5 CHBCN) 1ndlcate formatlon of CN radicals.

The yield of this reaction is greater than O. 67 for He 1rradlatlons

and 0.61 for Co60 irradiations.

T

React%an(V—h);-%._ : i-C5H7CN_ o 05H6 + HCN

' The largest peak in the mass spectral cracking patternh of

igobutyronitrile corresponds to a rearrangement of the molecule ion to
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propylene ion and, by inference, HCN. The yield of V-4 may'be calculated
by the method outlined in Section IIi

me: G . +1.8¢ = 0.79

“rearrangement - . “disp -
: CO6O?’ Grearrangement * G_disp - Of65
. R o 0.8 Gdisp - 0.16
¢ Baiep syo,eo

" The yield of propylene»from disproportionation reactions in the He *
" irradiations is 1.8 (0.20) = 0.36, and the yield of propylene from V-k

is thefefcre 0.43.

Summary

.The radiOlysis of liquid“isobutyrcnitrile is comple¥ pecause
bf addition reactions. | G values for gaseous products are low, perhaps
A because of dlsappearance of radlcals by addltlon reactlons and . perhaps
sbecause the C=N group has a pnotectlve effect on the molecule 51mllar
;to the protectlve effect of the benzene rlng in aromatlc molecules
| Cleavage of the -three types of s1ngle bond in the molecule’
-sppears to occur~to‘comparable extents, although'the productvformed
’ln hlghest yield:is‘He; Moleculan'rearrangement tc H?N end C§36 is

also important.

VI. Isobutyric Acid

Previous- Radiolyses

‘There have been many exploratory studies of the radiolysis of
aliphatic acids, especially of the long-chain acids. Reference 58

summarizes these investigations. The main reaction observed is
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decarboxylation, forming Cog3and the. hydrocarbon corresponding to the
alkyl group of the acid.

Johnsen has measured CO, yields for ten aliphatic acids (see

2
'TableVVI) end'has measured other product yields-from acetic and pro-
pionic'ac-ids.ll Garrison etﬂel. have irradiated aqueous solutions of
: aceticjacid with helium ions,8b Newton has irradiated pure acetic and
wpropionic.acids with helium ions,8a and Burr has exposed deuterated
and tritiated acetic acids to‘Coéo rediation.79 In all»thesebinvesti-
, ,gations the main-products formed were_CO2 endvthe appropriate hydro-

csrbon, but the authors differ on the mechanism of formation of these

and other less important products.

Decompos1tlon Pattern

Because the substrtuent group in 1sobutyr1cAac1d can itself
undergo decomp081t1on,-1tils not sufficient - to con51der only reactions
‘ofiredicals-whicﬁ coﬁe from the.isoprOpjl grocp as was done'in'the dis-
.cussron of the four prev1ous compounds Reactlons of COOH and

i-C_H COO must also be cons1dered leferent processes for the pro-.

377

-ductlon of hydrogen atoms,of CO and of i- C H radlcals are possible.

37

The data w111 not unamblguously 1ndlcate the relatlve 1mportance of
these processes; conJectures are made below regardlng their relative

importance, but the subject is not treated completely.

Reaction (VI-1): - - -irc5H7COOH—4¢N——> H + (CH5
R
l . - . -
or CH_-C(COOH)-CH
“ | r CH, R( ) 5
AR : ' o . : 2

-CH(COOH)-CH2-

)

_Ausloos and Steacie investigated the photolysis of CHBCOOD and

_determined that at_room;temperature.hydrogen atoms are produced .only by
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the analogs of VI-2 and VI-3a, but that at higher temperatures some of
the hydrogen atoms are produced by the analog offVI-l.8O ‘From the
knowledge gained about'hydrogen production .in the other compounds studied
in this work, it may be assumed that VI-1 contrioutes a pdrtion‘of the
hydrogen atoms produced dﬁring the irradiation. _There is, however, no
way to determine this contribution.from the dataz and this reaction is
disregarded. In this discussion the CO2 and the hydrogen atoms are-

considered to be produced by the two following sets of reactions:
Reaction (VI-2): i-C5H7COOH+—NN——> i-CBH7COO- + H:
Ry,

Reaction (VI-2a): > i-C_H_* + CO

57 T 2
This reaction has been proposed for production’of Coe.in the
photolysis of acetic acid;8o The ratio of VI-2a.to VI-2 depends on the

stability of the isobutyrate radical, and there are no firm conclusions

~that may be drawn about its stability. Jaffe, Prosen, and Szwarc

- calculate that decomposition of this radical is exothermic by 13

/
{

kcal/mole‘,81 but Steacie states that decomposition of the acetate

50 Levy

radical Involves an actlvatlon energy of Lo to 70 kcal/mole
and Szwarc found that decomp051t10n of acetate radlcals at 65 C
occurred readily in some solvents and only to a moderate extent in

others (including aliphatic acids).53 Fry, Tolbert and Calv1n found

.that acetate radicals decomposed to a moderate extent in acetlc acid

at 85 C.82
Reaction (VI-3): ~  1-CH COOH——> i-C H ' + *COOH
Reaction (VI-3a): C e | Sl BN co, + H-

This reaction has also been proposed in the photolysis of acetic
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__4acid;by_Apsloos.ehd'Steacie8? and‘by_Burton;85(alphoughhpheﬂ;atter author
subsequently‘modified.his,endorsement“of,the _1".e€:1,ctj1:>,1,n_.E?LL The main peak

"~ in the mass-spectral cracking patterh'ofiisobutyricvacidicorresponds to
formation of the i- C5H7 ion.

Again, the ratlo of VI-3a to VI-3 depends on the stablllty of
the COOH radical.. Some old experiments by Westhand_Rollefsohzindicate‘
that it is unstable.at‘room“temperatupe toward decompos;t;on'by'VI-3a,85
- -and Ausloos and Steecie.postulate this reaction in the,photolysis of
acetic acid.

..It,ﬁiiidhé hoted thathi-ée shd VI-3%a é;e equipaienﬁ ;eactions.
The et reactich in both cases is i.CBHYCOOH = 1-CH 0 + 00, + H

This net reaction may itself~oecprd,but_iﬁ would be, indistinguishable

from VI-2a and<VI-5a,rand-is not cohsidered.

Reaction (VI- u) Ci- C5H7COOH—/V\,—> i- 05H7co + " oH

.bReactlon (VI ha) N o ’RGA > i- C5H7 + o

| l Thls reactlon was observed in the photolys1s of acetlc acid.

| The ratlo of VI ha to’ VI L depends on the stablllty of the isobutyryl
radlcal There is ev1dence from the gas phase photolys1s of esters and
ketones thatla fractlon of the acyl radlcals formed in the decomp051tlon
.of these moleeules possesses excess energy whloh causes them to decompose
'-1mmed1ately after formation 86- 89 Ausloos and Murad determlned that in
‘short-ﬁave-length photolysis of pentanone-2 most of the acyl radlcals

are decomposed by energy carried over from the primary pfoeess,

Although photolysis in the  liquid. phase seems to reduce ‘the proporflon

_of the acyl radicals that decompose immediately, 87,90 the acyl radicals
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can:decompose thermally. The thermal stability of acyl radicals decreases

30

‘as the sizé of the radical increases. .Aithough'aCetyl radicals do not

decompose thermally at room temperature, Masson finds that néCéHYCO
A oL

radicals have a'very low thermal stability. These considerations

‘indicate that most of the i-CjH7CO radicals formed eventually produce
CO.b‘The'deteétion of small amounts of i-C_H_CHO in these radiolyses

, . 37
indicates, however, that some isobutyrylradiCals'react without decom-
posing.

The problem of detérmining the relative importance of these main
decbmpositions cannot'bé‘solved with the information available. Miniﬁum
yields for some of the reacticns can be determiﬁea, and the approximate
© yields for combinations of the reactions can be designated.

The yield of VI-4 and VI-la seems rélativély low. The yield of
VI-Ma is measured by GCO,fwhich is 0.33 for He++ irradiation énd 0.h42
for Co60 irradiation. The smaller value for the He++pirradiations
prééumably stems from reaction of i—CBH7CO radicais with other radicals

before they can undergo decomposition to give CO. The yield of VI-k

_ is probably only slightly greater than 0.33 for Hé+*'irradiations and

7

0.k2 for Co60 irradia£ions, because of the instability of the i-CBH co
radicals. = |

The yield of.CO2 is an exact measure of the combined extent of
VI-22 plus VI-3a. ' The sum of the yiélds of these reactions is therefore
4.5 for He' & and 4.8 for Co6oiirradiati0n, Reaction of the R) or R5
fadicals before they cén decompose will'océur more often in the He++
irradiatibns, and GCO would be expected to be smaller in these irradi-

2
ations.
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The combined yield of VI-2 and VI-3 will therefore be greater
..thanak.5vforgthevHef+.irradiations and 4.8 for the 0069 irradiations.
.+ The -data wili not:éupport‘any,conjecture as to the relative importance
éf VI-2 and VI-3.
Another means for the examination of these yields is measurement
of  the production of i-03H7 radicals: The yield of,i—C5H7 is measured
)

in the usual way, by G03H8 * GiChHiO * (GC3H6 B Gmolec. rearrang't
: ++
-= 3.0 for the He  irradiations and 4.3 for 0060 irradiations. In the
~radiolyses of, isobutyric acid a large portion of the total yield of
"diiscpropyl" (2,3-dimethyl butane) was measured. Addition of the
t ’ ' .

~1-C_H ‘radicals-whichvare measured as 2,3 dimethyl butane to the yields

37

of if¢5H7i measured above gives valuesrof 4.0 and 4.9 for the measured
production of isoprépylnradicals in He++'and Co60 irradiations, res-
pectively. .Because isopropyl radicals disappear by production of
‘unmeasured hexane and by combination with other radicals, the total
'yield of(isopropyl«radicals is greater than 4.0 fop Hef+,irradiations
“and 4.9 for Co69 irradiations. This is-in good égreement‘with the
Z-yield-measured.frbm”C02 formation, above.
The yield of'isopropyl radicals from VI-ha is measured directly
b& the yield of CO, which is 0.3 for He' " irradiations and. 0.k for C66O
: : _ !

- irradiations.  The combined yield of VI-2a plus VI-3 is.therefore'greater
than 3.7 for ﬁe+f“irradiationsﬁand h.5hfor Co60 irradiations. This is

in rough agreement with the minimum values for the yield of VI-2a plus

iVI-3%a as: measured by 002 production.
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The production of hydrogen atoms by the above processes is not

measured by the yield‘of H In the primary reaction scheme ‘above,

o
formation of a 002 molecule is necessarily accompanied by production
of a‘hydrogen-atom. In addition, hydrogen atoms mey be produced by
VI-1 and VI-2 without 002 formation. The minimum production of hydrogen

.6
atoms is therefore L4.L46 for He't irradiation and 4.78 for Co 0 irradi-

.'_ tion. The actual préduction of hydrogen atoms can be expected to be

larger.
In these irradiations, however, only a yield of 0.8k and 0.73
+ . .\
for He " and Co6O irradiations, respectively, of these hydrogen atoms

appears. as H The fate of the other hydrogen atoms is uncertain.

o
Hydrogen‘yields7in'the'radidlyses-of other short-chain fatty écids
are similar’to those observed in thisAWOﬁg§ and it is‘doubtful that
experimental error isbresponsible'for the discrepancy. This disap-
pearance of hydrogen atoms was also noted by Ausloos and Steacie in
“the photolysis of acetic.acid.Bo They attribute it to some unknown
process forming HEO; |

Addition of hydrogen atoms to the carboxyl system of the acid
,is a possible‘explanation for the disappeafance of H° . The addition
of hydrogen atoms to the éarbonyl group of acetonevwas observed by Burr.u8
Ausloos and Trumbore are unable to account for most of the ‘thermal
hydrogen atoms formed in thékradiolysis oftmeﬁhyl acetate, =nd suggest
that hydrbgen atoms add to the carboxyl group;u6

It is possible that addition of hydrogen atoms to acids is

followed by a reaction that produces water. The occurrence of this
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reaction would resolve anothef_discrepancy in the radioiysesAof aliphatic
-acids. The yields of water in these radiolyses are much larger than

the CO yield. . If thé water wefe-formed only by gbstraction reactipns

of the OH® radicals produced in VI-b, itvwou;d:be necessary. to attribute
to the isobutyryl;radical a stability whichiqther expefiments,indicate
it does not‘possess,(see above).

Disappearance of the hydrogén atoms cogld be}explained by
combination reaétions with other radicals. Tﬁese_reactions do not seem
tovoccﬁr in‘the radiblyses_of'other ébﬁpougds studied in this work.

: vMoiecular production of b02,,not proceeding via formation of
.i;CBH7‘ and H', would also explain the»failure tg detect the hydrogen
atoms. Molecular elimination of Coé was found, however,vto b¢ a. very
minor reaction in the radidly5597??ahd;phﬁblysiék{qfvaqetiq acid.

-~ Moreover, if C5H8 were. formed by molecular'elimination Qf.CO2, the
yield would be expecﬁedu&abethefsamefbrloth tyﬁes of radiation. GC5H8
-is found instead to be much larger in the Co6O irradiations than iﬁ
the He++ irradiatiéns, indicating forﬁaﬁion of Q5H8 from‘abétfac£ion',
reactions of isopropyl.radicals.

Although Garrison etval.\found that methane yields from irradi-
ation of aqueous acid:were not significantly reduced by the addition
of iodine, and attributed thisvresultlto the formation of methane by

‘molecular rearrangement of the acetic acid,8b Burr has stated that methyl

radicals produced.in these. experiments would yield methane by.abstract-

ing H from HI, which is formed in high yield by the irradiation.79 ~
Reaction (VI-5): 1-05H7000H'—4,/\,—>' CHyo + CHB-éH-COOH
v R
3

The yields of methyl radicals as measured.in the usual way are

-
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0.17 and 0.15 for irradiations with.He'' and 0060,,respective1y. The

© yield of ‘VI-5 is greater than 0.17 for helium-ion irradiations and 0.15
for'Cé6o‘irradiations. 'When combinations with large radicals is the
main fate of unmeasured methyl radicals, the méaéured yield is smaller
in He++ irradiations than in Co60 irradiations. The opposite trend is
observed here; perhaps methyl radicals also add to aliphatic acids
(both Johnsen': and Garrison et al.°" found that 1/3 of the methyl
radicals produced in the radiolysis of acetic acid were not measured

among the volatile products).

Reaction (VI-7): ‘ "i-C5H7COOH—-¢W—+> C5H6 + HCOOH

The yield of this reaction may be calculated by the method

~outlined in Section II:

A +1.8G.,  =1.71
rearrangement disp

¢ - + G., = 1.0k
rearrangement disp

0.8 Gdisp = 0.67

Gdisp = 0.84

. , o . ++
The yield of propylene from disproportionation reactions in the He

irradiations is 1.8 (0.84) = 1.51, and the yield of propylene from

VI-T is therefore 0.20.

Summary

~ The radiélysis of liéuidAisobutyric aciazproceeds ﬁainly by bond
cleavage at the carboxylrgroﬁp. COQ,.isopfopylArédicalg, and H atoms
may be produced directly or may sfem from the inte%médiate production

of isobutyrate radicals or COOH radicals. Decomposition at the carboxyl

group also produces isobutyryl radicals.
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":Reactions in the alkyl system of the molecule are hotiimportant.
A:part of the: propylene formed is produced ty molecular rearrangement,

+ The*product yields'measured in thiskworg-arelin'agreement with
yielde observed‘in-radiolytic decomposition. of similar aeide by.most
othier workers. The one G-value;previously measured in the. radiolysis

of iéobutyric.acid.is_Gco = lh.h,ll ~(See Table VI.) This value is

. : 2
in extreme disagreement’ with the value found.-in this work, and indeed
-with GCO: measured for every other aliphatic acid inrestigated.58‘ No

explanation for this discrepancy can be advanced.

V;I. ‘Isovaleric Acid

Previous Radiolyses

‘See Section VI for an outline of experiﬁents:applicable>to
. interpretation of the"raQiolysis»of'aliphatic acids. See Table VII

for G values previously measured in radiolyses of isovaleric acid.

Decomposition Pattern

The decomposition pattern of isovaleric acid is analogous to
that of isobutyric-acid, which is outlined‘in:Seetion VI. The first
istep‘in.determihihg<the Contribution_of each‘primary.deeomposition is
to convert the'product yields meaeured_in the mixture of aemethyl butyric
acid and p-methyl butyric acid to the product yields putatively obtained
from pure B-methyl butyrlc a01d This conversion ishrecorded‘in Table
VII. The corrected product ylelds are subgeet to uncertalntles, and

the ylelds of the reactlons below are therefore also uncertaln.
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Reaction (VII-1)3 vl-Cuﬂgcqu——1¢T—>>H‘b+ ;-CLH8COOH

The yield of this reaction cannof_be determined. See Section VI.

Reaction (VII-2): - i-CqucOOH——¢¢—€> i-ChH§COO‘ + B

Reaction (VII-2a): v ‘. . >l_ChH9.'+ CO2
Reaction (VII-3): - 1-C K COOR— > i-chH9-"+ tC?OH

Reaction (VII-3a): ' P : . L—+>002 + H"

.Cog yields show that the minimum extent of these combined reactions
X 4+ : 60 | S - :
is 3.5 for He and 4.2 for Co irradiations, respectively. Because
virtually no dimer of isobutyl radiéals was measured in these éxperiments,
the measured production of i-CuH9' was so smdll that it shéds'no light

on the above processes.

Reaction (VII-ujz i-CuH9COOH——44~—> i-chH9co- + <0H
Reaction (VII-ka): | | 1-C\ By + CO

The arguments in Section VI for the instability of the isobutyryl
radical also hold for the isovaleryl radical. . The yield of this rééction
is probably only slightly larger than GCO’ which is 0.15 for He++ irra-

diations and 0.22 for Co60 irradiations.

¢ .
Reaction (VII-5): i—Cuﬂ9COOH——44—f> CHy + HBC-CH-CHE-COOH
The yield of this reaction is gfeatef'than’0.21'and 0.19 for

N e ‘ : ' :
He  and Co60 irradiations, respectively. As in the irradiation of

isobutyric acid, the yield is larger in the He irradiations.
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Reaction (VII 6) i- CuH COOH——1¢-> i- 03H7 + CH -COOH

This is the only reactlon that occurs in the radloly51s of
1sova1er1o ac1d Wthh does not have 1ts aﬁalog in the radloly51s of
isobutyric acid.. Its yield" is determlned by measuring products.formed
by isopropyl radicals. The yield of VII-6 is > 0.0k for He.L 1rradratlons
and > 0.10 for Co6'O irradiations. | | | |
Reaction (VII-7):' i-Chﬂ9CdOH >'05H6 + CHBCOQH_"

The 1argest peak in the mass - spectral cracklng pattern of iso-
valerlc acid corresponds to a rearrangement of the molecule ion to
CH COOH and by 1nference, propylene The yleld of VII 7 may be cal-

3
culated by the method outllned in Section ITI:

L | o
He' '@ G + 1.8G,, _ =0.29
rearrangement_ disp :
0060: G .. Lt G.. _ =0.26
. rearrangement o disp
0“8’Gdisp =.9.05
,gdisp = 0.0k

. . . . - : ++
The yield of propylene from:disproportionation reactions in the He
irradiations is 1.8 (0.0M)’# 0.07, and the yield of propylene from

VII-7 is therefore 0.22.

© Summary - -
‘The radiolysis of liquid isoyaleric acid is similar to that of
~isobutyric acid: mainly production}_of,COe,”i-C')_LH9 radicals,.apo hydrogen
atoms5<§erhaps through unstable intermediates. 'Producpion'of isobutyryl,
' isopropyl, and methyl radicals occurs to a lesser degree. Molecular

rearrangement to propylene plus acetic acid is unambiguously detected,
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because the small amount of isopropyl radicals formed in the decomposition

cannot account for the yield of propylene. GCO measured in this work
2

is less than GCO2 determined by Johnsen.

The relationship between product yields in the two ac1ds follows
the expected trend. Isovaleric acid decomp051tion resembles>that of a
hydrocarbon more than does isobutyric acid decomposition: the yield of
CO2 and of the hydrocarbon corresponding to the alkyl group is less
in 1sovaleric ac1d but the production of methyl radicals is 1arger
The CO yield is half as large in the 1sovaler1c ac1d as in. 1sobutyric
acid; this change is 1n‘the expected direction but is much 1arger than

would be expected. This change in CO yleld may result from a difference

in stability between isobutyryl and isovaleryl radicals.

VIII. Methyl Isobutyl Ketone

Previous Radiolyses

| Burr found that the Co6O irradiation of acetone resulted mostly
in the well-known photolytic decomposition into CH5 andiCHBCO radicals,
with the CH5CO radicais decomposing part of the time to give CO. He
found that’addition-of acetone to isopropanol decreased the radiolytic
yield of H,, and attributed this to the addition of hydrogen atoms to
acetone. |

Ausloos and Panlson irradiated acetone, acetone?d6, and mixtures

of the two. u7vaheir results corresponded to formation of'methyl radicals
from the acetone, pius minor reactions yielding other products Methyl

ethyl ketone and di-ethyl ketone also decomposed in this way. Ausloos

diluted acetone, acetone- d6, and mixtures of the two w1th other organic



-98-

- ucompounds; ‘the results:still indicated that,the main mode oﬁvdeoomposition

- dinavolved formation of methyl radieals,éﬁ
Decomposition Pattern
“Reaotlon. (VIII-I): 1-§JMH9COCH3JVI/—> H + C6HllO)
R~

The hydrogen atom probably comes from the 1sobutyl group because
of the greater statlstlcal probablllty, and because of the weaker secondary
‘and.tertiary C-H bonds. Ausloos observed larger ylelds of H2 from the.
radloly51s of ketones contalnlng secondary C-H bonds than from acetone. ol
The yleld of VIII I is given by the yleld of H2 which is 0.90
and O. 70 for He and Co60 1rrad1atlons, respectlvely.v These are minimum
yields for VIII-1, because addltlon of hydrogen atoms to the ketone is

possible. Burr states that hydrogen atoms add to acetone in the radiolysis

of mixtures of alcohol and aCetone:u8 .The fact that GH is larger for
. . ‘ o

He'" irradiations than for Co60 irradiations is an indication that addi-
"tion takes place. The yield of VII—I-is > 0.90 for HeJr'+ irradiations

and > 0.70 for Co60 irradiations.

- Reaction (VIII-2): ~C),HyCOCH, —HNy—> i- Cpfly + CHSCO"
* Reaction (VIII-2a): , R, L CHy" + CO
" Reaction (VIII=3): H4COCH —/V\,——> 1-C HCOT + CHy”

Reaction (VIII-3a): : B R5 > i-CuH9- + CO

The photoly51s of ketones, and espe01ally of acetone, has been

studled exten51ve1y It has been establlshed that ‘ketones dissociate
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into alkyl and acyl radicals, .and that .the.acyl radicals are susceptible

to further decomp051tlon.92 Except for ketones w1th v hydrogens, which

can also undergo molecular rearrangement, this is the only important
mode of ketone decomposition in photolysis.95:

© . It will be noted that VIII-2a and VIII-3a are the same net

reaction:»i-ChﬂchCHB——W¢—%> i-CuH9' + CO + CHﬁ’a . This reaction
may occur directly, in the original dissociation. There is no way to

determine how.much,CO is producéd directly and how much is produced by

dissociation of acetyl_and isovaleryl radicals, and this question is not
considered. A

‘The consensus of previous work indicates that‘VIII-B'is less:
1ikély to occur than.VIII-E. In the vapor-phaée photolysis of methyl
 ethyl ketone, Pltts and Blacet found that the decomposition . occurred

‘™postly" by dissociation to ethyl and acetyl rad:Lcals,9.LL

and Ausloos
found that 90% of the decomposition océurred by this path;87. Ausloos
and Murad found also that 90% of the radical formation from methyl

and only lO% in-

n-propyl ketone resulted in CHBCO + n- 05H7 s

CH5; + n- C5H7CO ;88 No productlon of 02H5CO was observed in the
radiolysis of methyl ethyl ketone by Ausloos and Paulson,h7 although
it should be said that the reaction.02H5COCH5 > 02H5’ + CO + CH3' 

which these authors propose could easily oceur through fqrmation of
propionyl radicals which subsequently decompose .

- In addition, the isovaleryl radical appears to have very low
U i 30,47,91 |
stability toward. thermal decomposition. When VIII-3 does occur,

..VIII-3a is therefore likely to follow.
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‘The yields of thesé'reactionS—may-be1inveStigated by means of
. the measured produétién of CO, CH",:énd i-CMHéﬁ'; vihe.yield:of V1I-2a |
plus VIII-3a is measured directly by GCO’ which is 0.47-and 0.38 fof the
He++ and Co69 irrédiations,-respectiVely. It is not clear why the CO
yield should be lower in the Co6o experiments. A suspicion immediately
presents itself that the anomalous ratio for GCO between the two typés
of radiationqis connected with the anomalous ratio for molecular rear-
rangement between the two types of radiation, but it is difficult to
suggest how this connection might occur. |

The yield of measufed CH,-, as determined in the usual way, is
0.69 and 0.73 for Hé++ and Co6o irradiations, respectively. The fact

that there are few radicals with which CH,' can combine to.yield undetected

3
- products makes it probable that the actual production of CHBﬂ is only
' slightly larger than these measured ‘values, and the near equality of the
yield ‘for the two types of radiation bears out this expectation. The

" number of CH, radicals produced by VIII-L prdbably does not exceed the

3
number disabpearing by radical combinations. - (SeeISection IX.) -

' The measured yield of isobutyl radicals is-O.65‘fof‘He++ and
: 0.79'for”Co6O,irradiation, The nuﬁbér of isobutyl radicals that escape
- ‘measurement is probably large, because dimerizatién will result in
unmeasured product and because the &ield'is'substantially smaller in
the helium-ionvirfadiations,'in which dimerization is more-likely.

' Because the production-of i-C H," seems to be larger than that

9

'Qf'CHﬁ',- VIII-2 probably occurs more- often than VIII-3, although the

production of acetyl radicals does not monopolize the decomposition

~
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45 it does in photolysis (see above): The combired yield of “VIII-2 and
VITI-3 is given by the yield‘of methyl plus’ isobutyl radicals less the
"confribution'from VIII-2a and VIII43é3,asfmeasnred by ‘theiCO.-yield.

The combined yield of VIII-2a plus VIII-3a 1is O.M?"for“HeT+firradiations
" and 0.38 for Co60 irradiations, and so the combinediyield of VIII-2

‘plus VIII-3 is something larger than (0.69'+ 0.63 ='0.47) =.0.85 for

. y ,
the He & irradiations and (0.73 + 0.79 - 0.38) = 1.1L4 for the 0060
~irradiations.

" Reaction VIII-A : \ 1-C)H.,COCH,—W—> CH, . + CH, -CH-CH,.COCH

don (VITI-):  1-C)HgCOCH,~f—> CHy -+ CHy 273

This reaction is indistinguisheble ffom the production of
methyl radicals by the preceding reactions. - -It probably occurS'only

‘to-a mirior degree, and is disregarded (see‘Section IX).

Reaction (VIII-5): | i-C\H COCH > i-C + 'Cﬂ COCH
- ( 5) kg 3‘“@@—_ 5 7 B 2 3
Only a, small number of 1sopropyl radlcals are produced as

evidenced by G The yleld of 1sopropyl radlcals is approx 0.1.

CBH8

Thls 1s an accommodatlng behav1or on the part of the ketone, because
if the large yield of propylene does not stem from propyl radlcals,

it must be produced by molecular rearrangement (see Section X).

h 9COCH —> CBH6 + CHBCOCH5

This reaction occurs in the phopochemica; decomposition of

Reaction (VIII-6): .-

"methyl'isobutyl ketone (see Section X).  The second.largest peak in
 thé mass- spectral cracking pattern of methyl isobutyl: ketone corresponds
to a[rearrangement to CHBCOCH3 and, by*inference,'propylene. The yleld
of VIII-6 cannot be calculated by the method outlined in Section II,
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-because the assumptiop'thatvphe'yield frem molecular rearrangement is
equal for both types of radiation fails for the ketone. Because the
production of ieopropyi radicals from the ketone is so small, the
contribution of disproportionation reactions to the yield of propylene-
should be unimportant, and the yield of VITI-6 will be approximateiy

0.5 for the He++,irradiations and 0.8 for the Co60 irradiations.

Summary

The radiolysis of methyl isobutyl ketone proceeds ﬁainly by bond
- cleavage at the carbonyl group. 'In this respect ketone radiolysis is
similar to kefoﬂe photolysis. Dissociation to form acetyl and isobutyl
radicals is favored over dissociation to form methyl aﬁd isovaleryl
‘radicals. The ecylAradicals are capable of undergoing further decomposi-
-tion to:yield CO plus an aikyl radical,

- TIn addition to bond cleavage at the carboxyl group, production
of.hydrogenvetoms occurs. Molecular rearrangement is unambiguously
observed, but occurs more‘often in. the gamma irradiations than in the
helium-ion irradistions. Rupture of C-C bondsvin the butyl group is

apparently_unimporfant.

IX. Isopropyl Acetate

Previous Radiolyses

Newton and Strom irradiated isopropyl acetate with helium ions.95
" They measured products corresponding to bond cleavage at the carboxyl
group. Kinderman used electrons and Co6q v rays to decompose isopropyl
. %6

6
acetate,72 and Ausloos irradiated isopropyl acetate with Co 0 Y rays.

G values from the above work are listed in Table IX.
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, " Hummel measured 17 high-boiling produéts.from;the-Co§Q-radioiysis
of methyl acetate.97 - He found clea&age'of all‘thefbgndsyin<th¢ molecule,
but primarily formation of methyl, méthoxy, acetyl, and acetate radicals.
Ausloos and. Trumbore exposed CHBCOOCDs and GHBCOOCHB,to0069.raaiation.“6
They found‘producté correspond%ng mainly to bond cleavage. at the carboxyl
group. The-isotoéic distributionlof ethane produced in these irradiations
indicated that recombination of'ﬂéthyl_radicals involved in great ﬁart
radicals férmed from the same molecule, which then reacted within the
solvent cage. This effect was first proposed by Newton-and Strom to

explain the large yield of igobutane in.the radiolysis of isopropyl

acetate.95 Co60 irradiation of methyl acetate in the pnasénce of dif-

ferent solutes supports these observa‘n:ioris-.LL5

Decomposition Pattern

Reaction (TX-1): - 1-CLH OCOCH, >H - + (C.HO,'
Rl'

The high—molecularﬁweight ?rdducfs formed from radiolysis of
methyl écétate'indicate that C-H bond cleavage is about equally likely
in eithér meth&l group.97 The maih_sohrCe of thé'hydrogen atoms from
iso?ropyl acetate is brobaﬁly the isopropyl grbup,‘takihg'into account
boﬁdvstréngthé and statistiéal congideraﬁioﬁéf -

There a}e other possiblé gsources of hydrogen frdm*isopropyl
acetaté. The isétOpe ratios of the hydrogen prodiuced from gas-phase

radiolysis of CH COOCD5 indicate & contribution from molecular elimina-

)

tion of hydrogen.ué Wijnen prbpdses that some of the hydrogen atoms
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produced in' the photoly51s .of 1sopropyl propionate are formed in the

" decomposition of 1sopropoxy»radlcals., i- 05H7O =0 + CHECOCH5 .86

These reactions cannot be distinguished in this work from IX-1, and
“tHeir yields are included in the yield from IX-1.  The yields of IX-1
. - ' ' 6
~as measured by Gy is >,O;88_for-He+f irradiations and > 0.76 for Co 0
5 S .

- s . . ++ R s o aa .
“irradiations. The larger yield in the He. .irradiations.is indicative

- of the addition of hydrogen atoms to the ester. Ausloos and Trumbore

98

suggest that hydrogen atoms add to methyl aoetate»h6:
- Reaction (IX-2): 1 -C_H_OCOCH ——4Ar—> i- c H 03 CH_"
S TR P T 3
. . ' 2
Reactlon (;x-ea). - o - | > i- CBH7 + €O,
Reaction IX- : i-C, H OCOCH > i-C H.* + ’O@CH
(1%-3) 3fqOC00H; > 3-C5p" + TP
: 3
Reaction (IX-3a): > CHg- + Co,, -
These reactions are proposed in the photolysis of butyl acetate
and methyl acetate,99 and in the radiolysis of isopropyl acetate95 and

- methyl acetate,46 The extent of IX-2a and IX-3a depend on the stability
: ' o - '
of the acetate and the 1_03H7_O 8“ radicals° The stablllty of the

. acetate radical is discussed in Section VI, The R-0 8 radlcal is
' 80,100

. . considered to decompose to some extent at room temperature

It will be noted that IX-2a and IX- Ba are the same net reaction,

C5H7OCOCH —JVV — l_C5H7 + CO2 + CH5° . These experlments will not

- determine directly whether C02 is produced by decomposition of R2 and
5, or by a primary decomp051tlon 1nto CO plus alkyl radlcals The
high yield of isobutane in these experlments 1ndlcates that comblnatlon ‘

¥

of isopropyl and methyl radicals often occurs w1th1n the solvent cage,
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before diffusion of the radicals. The.isotopic“distributionjofaethane
-producedffrOm»radiolysis of CHBCOOCD5 supports this,interp#etetion.
Addition of scavenger has little'effect on 002 yields,from_radiolysis

of isopropyl aCetate95_and methyl acetate.y6 Ail this evidence indicates
primary decomposition.to give COé direetly, or at leasteanvery‘repid
deeomposition‘of theﬁintermediate Ré or Rj- eHummel finds, however,
products from methyl acetate radiolysis which contain the analogs of

, A
the Ré and R3 structures, indicating that - some > of the radicals formed
participate-in.reactions.without decom.posi-ng-.?7 All three processes
probably contribute to the CO2 yield, but it seems that most of the 002

is formed during or immediately subsequent.to.the-initial-deeomposition

of the molecule}

~ Reaction (1Xgh): . | i- 03H7OCOCH ——4Ar—> i CBH o‘ ;+ RCH o

Reaction (IX-ka): | ’ ; | h'L—> CH co
Agaln, part.of the CO yleld.ma& stem ffom'a prlmary decompos1t10n

into i- C5H7O , CO, and CH5 :. The stablllty of the acetyl radlcal is

discussed.in Section VI. Products that 1nclude the structure of the

37

_ been measured in this work (see Table IX)

isopropoxy radical (i-C_H OCH ) and of the acetyl radlcal (CHBCHO) have

The relatlve 1mportance of IX 2 IX-2a, 1X- 5, IX- 5a 1X-U4, and
IX- ha can be examined by means of the ylelds of CO, o, 0 CH5 , and

—C5H7', but quantltatlve yields are determlnable only for the reactions

‘that yield CO or CO, .- Measurement in the usual Way shows a yleld for

2°
60
production of CH5 of > 2. h for He 1rrad1at10ns and > 2.7 for Co

++ Ca
.irradiations. The measured yield Ofvl-C5H7. is > 0.5 for He . irradiation.
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:7‘and->7046’for"Co6Ofirradiationh That the measured ylelds are nearly
“equal for the two ‘types of radiation argues that unmeasured radical
'”production is not,large; “The-yield“of-COE is 0.79 for Hef+,irradiation
“and 0.76 for'cOéo irradiation; that of CO'is 1.19 and;approx 1.0 for
“retT ahd”Co6Q irradiation, respectively.

The yield of IX-Ua is equal to G, which is 1.2 for ret"

co
" {rradiation and approx l.O.for‘Co60 irradiation. The<combined“yield
- of IX-2a and IX-3a is given by GCO , which is less: 0.79 and Q.76 for

2
++ ~
He -and Co6O irradiation, respectively. Because the acetyl radical

is at least as :stable at room temperature as R2 or R3,,this is an

' indication that IX-4 occurs more often than IX-2 and IX—Blcombined;
_Other radiolyses indicate that the analog of IX-4 is the most important

mode of decompos1tlon 46,95 |

Each molecule of CO or 002 produced requlres ‘that one methyl

“radical be formed. Since the measured.productlon of methyl radlcals

N

is con51derably larger than GCO plus GCO , the extra methyl radicals
. 2
) may be formed by IX-2 (the yleld of IX-5 will be con51dered to add a

small contrlbutlon to methyl radlcal formatlon, but not enough to account

'for the excess CH5 productlon) On the other hand ‘the measured yield

‘.of propyl radlcals is not 1n excess of GCOE’ and it is not necessary

to postulate the occurrence of IX 5
It appears, therefore, that the 1mportance of the reactlons is

tln the order IX H > IX 2 > IX 5 The maln d1s5001at10n occurs at the

bonds at elther 51de of the > C O group

Réaction (IX-5): .+~ - 'i- CBH7OCOCH — N> CH3 + 3(_,Q25uog00H5)
5

The extent of C-C bond cleavage in the alkyl group of molecules
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which contain the > C=0 group, as meaeured by the formation of ieopropyl
radicals from isovaleric acid and from methyl isobutyl:ketone, appears

to be quite small. For-this reason IX-5 is'Pprobably a much smaller source
of methyl radicals thar IX-2, IX-3a, and TX-la. Newton proposes that
excited isopropoxy radicals decompose to- give CHB‘ and~CH3CHO.95 Again,

' this reaction cannof;befdistinguished_fromxother sources of methyl radicals
'byvphe obserVations.in‘ﬁhesevexperaments.“ It'is,rhowever,;a¢oonvenient
expianation of'the”exoeSSvproduction‘ofymethyl-radioals that is referred

to above. ,Wijnen'found‘that-ieopropoxy radicals formed.in the photolysis

86

of isopropyl propionate pOsSesSed'considerable'ezcitation energy.

3T

Thls reactlon occurs in photoly51s and in the thermal decompos1t10n

Reactlon (IX- 6) i c H OCOCHB—JW—> c H6 + CHBCOOH

f 1sopropyl acetate (see Sectlon X). The yleld of IX 6 may be calculated

by the method outlined in Sectlon II

++ : o
He : G + 1.8 G.. = 0.82

rearrangement disp
60
Lo ":Grearrangément o Gdisp - Of78
0.8G,, =0.04
L Tdisp. o
G... =90.0

4
The yleld of propylene from dlsproportlonatlon reactlons in the He

1irradiations is 1.8 (0.05) 0.09, and.the- yleld of propylene from

IX-6 is therefore 0.73.:

. Summary i,
The radiolysis of ligquid isopropyl acetate’ proceeds predominantly
by bond cleavage at the carbonyl-group,,;Dissoeiationgofnﬁhe”alkyl C-0

bond. -and formation of hydrogen atoms by -cleavage of C-H'bonds is“also

important. Molecular rearrangement to acetic acid plus‘propylene,
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.haé a high yield, but is less importént thén bqnd-rqpﬁure processes.
Iﬁ.ié of interest to note that in the four compounds'irradiated
here which contain- the > C=0 group, fhe maiﬁjmode of decomposition
involves cleavage of one or both‘bonds.to the carbonyl carbon. ‘Whether
this is because of the concentration of absorbéd energy in the garbonyl
| electron system, or because of compérative bond strength within'the
molecﬁie, is not determinable from the;e experiments. Another similarity
among these ¢bmpounds is that GH2>is_virtually the same'fOr all four
compounds. It would be imprudent to suggest that this is not fprtuitous.
The G values measured in thié work show excellent agreement with
those measuréd by Newton and Strom, and good agreement with Ausloos'
values for all produéts except propané. Kiﬁderman's values are uniformly

low, but his;method of analysis would only measure a part of the soluble

low-boiling produéts of irradiation.

X. Molecular Rearrangement

" The compounds irradiated in this work can undergo various rear-
rangements to yield several molecular products. The only molecular
rearrangement distinguishable by the present experiments from other

-processes’ is the reaction

Reaction (X-1): 1-C,H —W—> C B + HX.
This reaction has been suggested as a possible source of product during

radiolysis (see below), put its occurrence as a result of irradiation

has never been studied in itself.
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Occurrence
The &bove reactionihas'been widely observed. finladdipion to the
usual formation of free'radicals,'the'photochemical'decomposition of

“ketones with hydrogen atoms vy to the carbonyl group. . proceeds through a

95 lOl 102

. rearrangement to form an olefln,and'a smaller ketone. M ethyl

-1sobutyl ketone undergoes rearrangement to propylene and acetone as well
‘as dlss001at1ng into. free radlcals 92 105 lou 105 This reaction has been
-shown:to'proceed'by formation of a six-membered cyclic intermediate,

followed by cleavage of the a:C=C bond and formationﬁof the_enol form

of the ]zcetone:88’106’107 | - U \

> ~0 > (i . 0
R - | » |

9 ) “»"C
>~ >

I~

Reaction (X-2>ﬁ

~ ‘The photolysis of esters shows reérrangement to olefin plus acid when

‘the ester has a hydrogen'atomron the B carbon of the alkOxy‘-*group.87’loo’108’109

The photoiysis of isopropyl'acetafe mainly produces propylene and acetic

“acid.loo This reaction probably involves & six-membered intermediate
also.95’98’
 Hey
: ‘ > > C H-0_
Reaction'(X-B): | I _— " + SC~x
. : C C >C 0
\\O//’ \\R,

Ausloos found products corresponding. to molecular rearrangement in the
photoly51s of esters if either the alkoxy .group or the acyl group hed a
structure capable of forming the 51x-memberedulntermedlate.loo- Rearrange-
:~ment‘might.therefore'be,expected.to.occurtin'aliphatic\acids‘that possess

the proper structure. Molecular rearrangement occurs in the pyrolysis of
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isopropyl acetate, and the kinetics of the reaction indicate a cyclic inter-
e, 110 ' |
mediate. Rearrangement was proposed in the radiolysis of isopropyl acet-
ate because of.the excess of CBH6 production over that of C5H8'95
'The thermal decomposition of chlorides and of secondary.and tertiary -
_ » , s ... 111-11h
bromides proceéds by molecular elimination of “hydrogen halide- - The

kinetics of these reactions show evidence of their being four-center reac-

111-11k

~-tions, ihvolving pblarized C-H and C-hologen bonds. The radiolyéis

" of alkyl iodides has been said to proceed in part by molecular elimination

56 o7

of HI, although other workers propose other mechanisms for HI formation.
- See Section II. ' V

The thermal decomposition of tert-butyl and tert-amyl alcohols
proceed;_by molecular elimination of H20.115 Catalytic dehydration éf _
alcohols involves the hydrogen atoms é fp the carbinol carbon.ll6 Molec~-
ular éliminat;on of HEO was proposed in the radiolysis of a_lcohols.50

The‘ffagmentation of ions in the mass spectrpmeter_often proceeds
via elimination of molecule-ions or of molecular fragments. Among the
compounds studied in this work, molecular rearrangement is the main mode
of decomposition. of the excited parent ion in isobutyronitrile and in
isovaleric acid. It occurs to a large extent in the ketone, and to &

small degree in isopropyl benzene. It is not detected in the remaining

compounds .

Method of Determination . - ’ -

.- Excitation of the molecules of several compounds by means other
‘than ionizing radiation causes molecular rearrangement by Reaction (x-1),
" as outlined above. It is therefore to be expected that a similar rear-

" rangement may occur during radiolyses of .these compounds or.of similar
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compounds . The.extent of this-rearrangement'may;beACalculated by comparing
the- yleld of propylene from He' irradiations with that-from'Coég-irradi—
ations. This method of calculation is described- in detall in. Section II,
p. 70. It is based-on the observation that .the yield of propylene from.
.'radical disproportionation reactions is 1.8 times asclarge;in the helium-
-ioniirradiations as>in’the Co6ofirradiations.: If it is;alSO<assumed that
- molecular rearrangement forms the same ‘amount ‘of propylene in both types
“of irradiation, and if Gdisp stands for the yield of propylene from

"disproportionation in the Co6o,irradiations,vthen
. o v . 3 3 ‘ |
He' i G + 1.8G,, = M

“rearrangement disp o
Co6o: G + o Gas = N
) . “rearrangement disp ,
G M -N
disp‘ o .,_’.O‘EE o

. Several factors limit‘thelaccuracy of»this method ofrcaleulation.
The value of 1. 8 forlthe ratio of yields is approximate; lhe“calculation
~.involves-the . subtractlon of one large number from another ln‘addition,
the extrapolation of observed propylene ylelds for the Coéé.lrradiation
of severalncompounds may be inverror (see Result$)',v_ ‘ .J .
The error in determlnlng the yield of propylene from molecular

rearrangement, should be.small, however, when M - N is small And even

though the absolute. value of G

from rearrangement may be uncer -
propylene . N

tain for several compounds, the relatlve 1mportance of molecular rearrange-
ment in the different compounds studled should not be affected by errors

of the magnitude expected.
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The validity of this method of calculation(depends'Qnmtwo assump-
: tions?,that.the yield éf propylene from rearrangement is the same for
=He++ and Co60 irradiations, and'thaf rearrangement and radical dispro-
portionatidn are the only important sources of propylene.

" The assumption of equality of yield for: the two:typeévof'radiéfion
can be:tested.for isovaleric acid and methyl isobutyl ketone,qwhere the
production of* isopropyl radicals is so smail that disproportionation
reactions cannot be considered an important source.of propylene. This
assumption, hereafter referred to as the equality assumption, is obviously
wrong for thg:ketone. The in;rgase-in GC H6 in £he ketone for <y irradia-
tions is attributed to deéétivation by ragicals of a relatively long-lived
ﬁriplet-staté_intermediate that. is responsible for at least part of the
production of profylene. Such deactivation would be greater-in He++ than
in <y bombardments. 'Brunet and Noyes95 and Ausloos and Mufad88 state that

‘photochemicéllyginduced rearrangement of‘ketonesvoccurs from either a
singlet_state or a short-lived triplet state, but excitationvby»iow~energy
electrons,ias in radiation chemistry, can populate excited states thét

vare forbidden for interactions with light quanta. Vapor;phase radiolysis
of methyl isobutyl ketone in the presence of oxygeh would help to resolve
the question of the hature'of the excited state which.results in molecular
rearrangémenti " In the absence of this information it can only be said
that deaétivation by radicals of a triplet state‘fesponsible for rearrange-
ment is poséible'in the light of photochemical data, although not probable,
_and ié ah adéqdate explanation for the excess yield in the Co6o.irradia—

tions.
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The equality:assumption'is correct in the case of isdvaleric acid
(and probably for the structurally similar‘iSObutyriEAaéid);"‘There_is
rio indication that this asgumptioﬁ 18 hot correéct for thé' ester. The
probabilityvis'smali that the Simpief~e1eCtr0niC'eystems in the chlorige
~ and the alcohol would allow extensive formation of a long-lived ‘triplet
‘state. The failﬁre of the equality assumption in.the ketone irradiations
is therefore probably an isolated case, in which decomposition through a
relatively long-lived triplet state can occur because of the special
electronic nature of the carbonyl group.

The second assumptien, that propylene is produced mainly by
disproportioﬁation and by rearrangement, is very-probably true. The‘
production of propylene from decomposition of isopropyl radieals is
‘neeessarily smaller than therroduetiQn oflethylene, and 50 ie\eof
important (see Section I). :it is enlikely ﬁhe% the pfeduction-of pro;
pylene from decomposition of isqbufyl redicals is more ;mporﬁant‘than
the prodﬁction ofvethylene_from isopropyl radicals. The pessibiiity of

reactions such as |

com (XL - : {-C_H =
Reaction (X-4): H- + 1-C;H OCOCH; = C5H6QCOCE5 + By

Reaction (X-ka): e ‘ .. T> CgHg + CH,C00
cannot be' excluded, but it'is extremely unlikely that sﬁch a radical as
'C5H60COCH3 ehOuid'be“unstableﬂat roem»temperatUTe;' No precedent for
~such a reaction Has been observéd in similar systems. The possibility
’of°reactiohs-between two excited'molecules to give propylene would be
“subtracted by the method of;calcﬁlatﬁoh.used,'because the ratio-of

. c L, . . . . + .‘ o . .
“'reactions between excited molecules--for  He " and v irradiations will be
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the same as for radical-radical reactions. No precedent for this type
. of ‘reaction has been observed. )

The determination by Ausloos that addition of. radical scavengers
to isopropyl acetate only slightly decreased the yield of propy}ené96
supports - the proposal that profylene is formed by disproportionation

reactions in the spurs and by rearrangement of an unscavengable excited

state.

Results for Each Compound

The yield of propylene from molecular rearrangement is calculated

for each compound in the section devoted to discussion of the decomposi-

- tion of that éompound.. The resulﬁs are summarized.in Table. XI.
Diséussibn

Thevresults show that molecular rearrangement can be an important
process -in the radiolyéis of drganic liquids, and must be considefed in
the discussion of the mechanisms of radiolytic decompositioh. It is
difficult, however, to discernnany systematié effect of the strﬁcﬁure
of each compound that will allow prediction of the importance'6f re-
'arrangementlin the radiolyses of othér com@ounds.

The problem bf correlating.the sfructure of a compound with its
tendency to:undergo molecular rearrangement during irradiation is compli-
-cated by, the fact that different compounds rearrange by different mech-
anisms. -Rearrangement of ketones and esters (and presumably acids) would
be exbected to proceed by way of a six-membered cyclic intermediate. The
ease of rearrangement will be determined by the ability of the oxygen

to form a bond with the y H atom, as well as by the strength of the C-C

-
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or C-0 bond that is eventually broken. It is fcund that rearrangement
occurs more readily in the photolys1s of methyl n-butyl ketone than in
methyl 1sobutyl ketone, presumablyAbecause of the weaker secondary C-H
.bonds involved in the cyclic intermediate.lOlL

"Rearrangements of halides or alcohols cannot proceed,by such a

mechanism. The proposed mechanism for thermal decomposition is

CH, H » CH, ' H

N NG o/
Reaction (X-5):  He~C —C—-H —> H~C= C—H +HCl.

B---01”

For this‘type of reaction the electronegativity of the snbstituent deter-
minee,the extent of the rearrangement.

It should be noted that although methyl ethyl ketone and diethyl
ketone do not nndergo photechemically induced molecular,rearrangement,
the radiolyses of these compounds yielded small quantities of ethylene
which could not be explained by radical disproportionation reactions. ol
It may be that radiation-induced rearrangements may involve five-membered
cyclic intermediates, or other paths not available in photolyses.

| There are seyeral pronerties ofltne molecuie whicn dovnot affect

the relative importance of rearrangement processes. The overall heat of

reaction for

Reaction (XI-1): i-CBHj——414f——¢>HX + O H

does not influence the probability of rearrarigement. See Table XI. The
reaction is considerabiy"more endothermic for the nitrile than for-the
alcohol or for isopropyl benzehne, and yet the reaction . .is much more

important for the nitrile than for the other two compounds. Mass spectra
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may not be used to. predict the likelihood of radiation-induced rearrange-
ments.,.The two-acids provide a ponvincing;exampleﬁ«VRéafrangement is of
equal importance.in the radiolysis of the tWo,acidSrw,The largest peak
in the mass-spectral cracking pattern of isovaleric acid is produced
by rearrangement of the parent ion to acetic acid ion plus, presumably,
rprofylene, and yet no such reafrangement of the isobutyric acid ion
occurs. This is-ah:indica%ion_that the radiolysis of these-organic .
liquiésldoes not involve the reactions of ions, in_accbrdance.with the
arguments in Seétion I.

The éctivation*energies,for the rearrangements are mainly unknown.
Those few which are khbwn are listed in Table XI. They seem to be a good
indication of the prebability of~the:réaction._,Activatioh energies,
however, are onlyareflectiqns'of more fundaméntal properties which allow
rearrangement tq“occur,more readily in some compounds than in- others.

The eleétronic,nature of the- substituent influences the suscepti-
- bility of thefmblecule.toward rearrangement, but this effect .depends on
. the mechanism of rearrangement. In four of the compounds studied here,
rearrangement by way of a_cyclic intefmediate is unlikely. The chloride
and the alcohol cannot form avfive— or six-membered ring,. the sﬁereo—
chemistry of the nitrile’prevegts the formation of a cyclic form of the
molecule, and the electronic nature of .the isopropyl benzene»does not
permit intermediates  such as;thosendraﬁn above.. qu these four‘compoundé
‘Table XI shows that the extent of rearrangement -depends-on the electro-

negativity of the substituent.
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" The electronegativities 1is£ed.in the~Table'arevth0sé compiled
by ’].’a,ft.']"17 The -values are based on the effect of substituents on the
" -rate of reactions which depend on the electron dehsity at the reaction

center; They are substituent'cOnstantS“for aliphatic compounds Similar
~to those compiled for aromatic compounds by Hammett;ll8 They are in
~ agreement with the qualitative scale of pbiarities developed by Ingold

119

" and other English organic chemists. A close gqualitative agreement

can be shown to exist: between these electronegativities and the inductive
conéfants-of Branch and CaivinLll9’120 A positive-value fér these
electronegativities-ihdicates electron-withdrawingipoWer.relative to

" the aCHE group.

‘The”most electronegative group is the -CN group, followed by the
-Cllatom. It is -in these two compouhds*that'rearrangément'oCcurs in the
“VIQrgest'fraétion of molecules that deédmpose.' The -OH group is consider-
ably’  less electronegative, and rearrangément-occurs only to a smail extent
- in thealcohol. The phenyl grioup is least electrbnégative,.and rearrange-
ment’ in isopropyl benzene is: insignificant.

This effect is easily understood if the fearrangement in these
compounds-iﬁ*conéidéredﬂto;bccur by the . intermediate listed on. page 109.
" By analogy to rearrangement produéed by other means, however, elimina-
tion of HX 'in the other four compounds must be considered to occur at
léast’parfiy'by a cyclic-intermediaté. ‘No ‘correlation between electro-
neéativity and the extent df molecular ‘rearrangement is evident in these
éompounds. The attraction of the <y H for the carbonyl oxygen determines

the probability of formation of these intermediates. There is no quanti-

tative measurement of this attraction that will permit its correlation.



-119-

It is to be expected, howevér,_that the -OH group in the acids reduces

. the poiarity of the > C=0 group. Rearrangement is less important in

. .the acids than in the other two compounds.

).



-120-

CONCLUSIONS - - %

The information that these eXperiments:provide regarding the
specific mode of breakdown df each of the éOmpounds studied is summarizea
at the ends Bf Sectiohs II—IX. Frée-fadical reactions and molecular
rearrangements are used to explain the observed product yields. 1In
general, all the bonds in a given molecule: are susceptible to rupture
induced by the radiation. In each cdmpound one or two modes of bond
cleavage predominate? depending on the nature of the functional group
in the molecdle. | |

Product yields from any given chpound are different for He++
irradiations and for Co6o irradiations. When a product is formed by
radical-radical reactions, its yield should be larger in the He++
irradiatiphs than in the Co6ovirradiations. The experimental reéults
verify this prediction. Products that would be expected to be formed
by radical-rédical reactions are not only found in larger yields in the
He++ irradiations, but.also the rétio of GHe++/GCo6O for thése pfoducts
has a nearly constant value. Products- -that are éonsidered to be formed
60

by radical-molecule reactions are measured in higher yield in the Co

irradiations, again in agreement with expectation.

Molecular rearrangement of the type i—CBH7X —> HX + CBH6
has been shown to occur to a varying extent in all these liguid-phase
radiolyseé. In several compounds this molecular rearrangement is such
an important source of product that this process cannot be ignored iﬁ
" discussions of the proceéses by which products are formed during radio-

lysis. The extent of radiation-induced rearrangement in any given
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molecule deperds on the electronic. nature of the molecule and on the

nature of the intermediate state through which the rearrangement occurs.

" These experiments  indicate that rearrangement occurs most readily in

7

compounds containing the most electronegative functional. groups, unless
formation of cyclic intermediates provides an alternative path by

which the rearrangement may proceed.

P
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