
UCRL 27041 I • 

UNCLAS3iFir:n 

UNIVERSITY OF 

CALIFORNIA 

TWO-WEEK LOAN COPY 

This is a library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 

Tech. Info. Dioision, Ext. 5545 

BERKELEY, CALIFORNIA 



DISCLAIMER · 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does.not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 

-c· 



. ,;; 

UNIVERSITY OF CALIFORNIA 

Radiation laboratory 

Contract No. W•7405~eng~48 
. ' 

UCRI-2704 
Unclassified, Chemistry· 

RADIATION DECOMPOSITION OF PUPE ORGANIC COMPOUNDS 

Bert M. Tolbert and Richard M. lemmon 

August 7 1954 

. ' 

Berkeley, California 

Printed for the U. s. Atomic ~nergy Commission 



-2- UCR~2704 
Unclassified ·Chemistry ' 

RADIATION DECOMPOSITION OF PuRE ORGANIC COMPOUNDS* 

Bert :H. Tolbert and Richard J.h Lemmon 

Radiatiop. Labqrat.ory, Department of Physics, 
University ofCal~fornia, Berkeley, California 

August . 1954 

ABSTRACT 

A revie"' is presented on the changes produced in organic compounds 

by radiation. In general the systems under consideration are restricted to 

water-free; air-free ir:i:-adiations of single compounds. Data are reviewed 

regarding the types of compounds irradiated, the important G values, and 

the effects of functional groups on radiation sensitivity. 

* 
This work was supported in part by the.u. S. Atomic Energy Commission. 
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INTRODUCTION 

The fact that ionizing radiation can cause changes in organic compounds 

has been known for many years, but it has only been in the last 20-30 years 

that much work has been done on determining the specific changes in organic 

compounds produced by nuclear radiation, ot equivalent artificially-produced 

radiation. 'Indeed, real progress has been made in this field only in the 

last ten years or so. 

This revie111 will attempt to cover only radiation changes of a chemical 

nature in tapure 11 organic compounds produced by ionizing radiation.
1 

"Changes" 

is perhaps a better word that decomposition since we wish to deal with a · 

variety of effects observed from irradiation -- among which effects are fusion 

* This work was supported in part by the U o So Atomic Energy Comrc.ission., 

(1) Recent bibliographies on this subject includeg 

L. Frances Sachsv "The Effect of a~·~ ~ =1;y o:; and X=rays on Organic 
Compounds~" Carbide and Carbon Chemo Coo~ Y-12 Plant Report 
Y-904 (1952). 

2. '~Ionizing Radiations, Their Production 9 Effects and Utilization 
(With Special Reference to Food and Packing Technology), 1u 

.Bibliographic Series Noo 4~ QuartermasterFood and Container 
Inst., NP-5214 (1954) » Chicago 9 IlL 
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(including dimerization and polymerization), molecular fission into many 

different size fragments, oxidation, 'reduction, rearrangement, and exchanges. 

By the term pure organic compounds, we mean to exclude all solution 

work, and mixtures of organic compounds. Since about half of the papers 

that have appeared in recent years have dealt with aqueous solutions, and of 

.the-remaining only a few are purely organic chemical studies, we are dealing 

with a rather specialized subject. Our subject is, however, fundamental to 

the effect of radiation on organic compounds in aqueous solution. Changes 

in organic compounds in aqueous solution are the result of at least three 
. . 

processesg the direct effect of radiation on the organic compound to pro- . 
. . ' 

· duce new stable molecules; the effect on the organic compound of.the species 

arising from the water itself; and lastly, the interaction of reactive 

species perived from the organic compound, either ~ith themselves or with 
t 

water and products derived from the water by radiation. Only the first of 

these ~hree effects is common.to solution radiation chemistry and the data 

reviewed in this paper. This direct effect is espacially important for 
'. 

solution work,as it is an isolation of one of the contributors to the over~all 

changes o'Qserved in the irradiation of solutions. 

We have preferred to avoid irradiation studies made with air-saturated 

compounds, since the effect of ~gen in particular adds but one more compii-

eating variable. Such limitations have not always been possible. It should 

be realized that, ideally, the radiation changes of pure organic compounds 

can be determined oni.y by eXtrapolation ·to zero radiation time. As soon as 

a compound is irradiated it will be impure, and the effect of those impurities 

(2) The term 91 polymer11 has been used in this review to mean all of the 
non-volatile products formed during irradiation ~= as useful but 
not necessarily chemically accurate terminology. 

l,v 
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on further irradiation can be potentially very important. Thus Jesse and 

Sadauskis3 have found marked changes in the ionization potential of noble 

gases by a.-particles in the presence of trace impurities, and many experi­

menters have found that decomposition products in radiation studies change · 

with increasing time of irradiation. 

The chemical changes in organic compounds described in this review 

are restricted to thos produced by a, ~ and y rays, and similar articially 

produced radiation, including cyclotron-accelerated protons, deuterons, and 

·helium ions, accelerated electrons above 100 kv, and X-rays. SOme pile 

irradiation data are also presented. Radiation decomposition produced by 

cathode-discharge electrons and ultraviolet irradiation are not included in 

this revie-vr although there are many data on these subjects that are extremely 

important to this field; cathode-discharge processes·will be briefly 

discussed in the section on irradiation of gases. Ultraviolet radiation 

studies provjde an excellent theoretical background for the work described 

in this review, but the products of ultraviolet irradiation are often quite 

different. In photolysis studies relatively few excited states will be 

produced, since energy is by resonance absorption of the light quanta. In 

radiolysis studies one can assume as a first approximation that all non­

forbidden excited states will be formed. In addition the concentrations of 

excited and ionized species are quite different. 

For consistency within this review, all data are presented as G values; 

much of the earlier v.rork has been recalculated and necessary approximations 

made where possible. ·The G value for an organic compound is used here to 

(3) W. P. Jesse and J. Sadauskis, Phys. Rev. 88, 417 (1952). 
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define the number of a specified ion, atom, z:adical, or molecule involved 
.,.· : .. ·. ·...... .·':/~~\t:..: ._-·;: . ~~ •. '·: .· 

in the radiation process per lPO ev of energy absorbed by a system. 
_,·,: · .. ·-.::· ~- ' . . . ~ . 

... 

-Al~hou~h i~n pair yield (-MVN) is very important in radiation 

c~e~stry, ~rtic~arly -~ gas. reacti~n as pointed out .by Lin~,4 ~~.is 
ra~er d~ficult to interpret such data for solids .and liquids, and so it 

.• '·.. -.!· 

is not used here. One part of this expression, -M, is used to represent . . 
'.,' 

the starting material that is permanently altered in the radiation process, 
i'•• . ' .. 

and the expression .G(-M) is used here to me~m the molecule~ of sta~ting 
. ! . . . .. .. . . . . :. .. . . . ·.. ~ : . • 

ma~.~-ria~ perman(3ntly ~1 tered per 100 ev energy absorbed • 
. .. 

Radiation and Matter 
•• :1.1 -·:' 

__ At_ o~e time it was ~h?ught that the radiation decomposition process 

was very unselective, and that the energetic particles or rays broke mole--
' . -~· ·. . : .... . . ; . . . . 

cules apart in a rather haphazard manner. It is now known that this is 

certainly untrue for gases and liquids. Even solid-state irradiations, 
. . '. . 

, . were very little is known on the details of molecular forces, appear to be 
.. ·. ,., 

capable of correlation-and .prediction. 

(4) 

The possible processes involved in the interaction between radiation 

S.C. Lind, "The Chemical Effects of Alpha Particles and El~ctrons," 
2nd Ed., Chem. Cat.~· Co., New York (1928); S. C. Lind,- J;. Phys·. Chem. 
22, 920 (1952) • 

:.'• 

\!.{- \ 
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and matter have recently been 
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reViettTed in detail 5~11 
' 

and only as much of 

this material as is needed to clarify this psper Hill be reviewed here. 

The interaction of beta and alpha particles with matter is ftinda-

mentally simila~and the loss of energy in both cases is chiefly by inter-

action with orbital electrons. Or.!ly a small part of the total energy is 

transferred to any one electron, and further the molacu.le-atom receives but 

a small fraction of this transferred energy. In the energy :;:·angE:S used in 

the studies covered in this review, and in particular for organic compounds, 

gamma rays lose most of their energy by the Compton effect, in which process 

the ~1oton transfers part of its energy to an electron. The gamma rays are 

thus degraded and scattered. At low energies the most important process 

is photoelectric absorption. The quantum of radiation is compietely absorbed 

in this process and a bov.nd electron is ejected fro..'ll the molecule. All of 

(5) Faraday Society, London, "Radiation Chemistry,n 1952 (Disc. of the 
Faraday Soc., No. 12~ 

(6) J .• I,. Hsgee, Ann. Rev. of Nuclear Sci. 2., 171 (1953). 

(7) J. L. Nagee, J. Phys. Ghem. .2,2, 555 (1952). 

{8) A. H. ~muel and J. L. 1-Bgee, J. Chem. Phys. 21~ 1080 (1953). 

(9) 11 Symposium on H.adiobiology," Ed., J. J. Nickson, John Hiley & Sons, 
Ne1J York~ 1952. 

(10) H. Burton, "Ann. Rev. of Fhys, Chern.," G. K, Rollefson, Eel~, Vol. I, 
Ann. Rev., Inc., Stanford, Calif., 1950, p. 117. 

(11) F. S. Dainton, Ann. Rept. on Progress Chem. (Ghem. Soc. London) :i2, 
5 (1948). . . . 
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these processes can pro~uce secondary e~~ct~ons of many hundred ev energy • 
.. ' :: - . : . .. .· ; . ... .' : ," _.... .· . •' .... ' .. ·. ..· . . . : . .... · .. ··. ' ... ·. 10 ~· 

For qne-Mev g~ rays these, ~catte:rec;J. electronf? have ~ mean energy of 440 kv • 
. ~ .. :' ~ . ~~··... . . ' .. . ·~'".!' ., ... ·:. , .. ,' ... ··, .. . :· -

On a molecll;lar ley_el, -:the energetic .radiation can either ,cause the . ...., . 
• ,, . . • •• •f ' ·- . 

ej ectipn of an electron from a molecule or produce an excited molecule ~ 
.. 

. . + . ~ 
M.~M + e :; 

.,M~M*;~-

. . .. . ~ . ; ··~·· 

The secondary electrons from this impact process will continue to produce 
. "".'. ' ".. ·. . . :' .'.i .·. ..'':. .:·. ·. , .... :· ·,_ .... ·.. . ' .. · .. 

more ionized or excited molecules until the energy of the electron is less · · · ··r .. : ··· 1 

than the lqwes.t excitation potential of the bombarded molecule, and the 
•• • '.. c •• ;:·.· '· • './ • • • • • • ,·.' • • • 

region of' productiqn of: these excitations and ionizations is called a "spur .n .. ; . . : . ~ . . : . '• . . . ' . . 
.,·. 

~ome~ of ~he electron~ reaGt -with molEH~ules, prob~bly by r~sonance absorption 

to produce negative ions (see Figure l)g 

e. +··· M ..;.·........,: ;....'' ~_,· ~~. W' 
'· ' 

• ·* ···.=-) M 

Most of.these e~ectr.ons, however; are themalized and 17eact with posit.i:ve 

ions to form excited neutral molecules. This entire process is very rapid, 

probably taking place within a molecular vibrational· period, and certainly 

before ~~ grbss movement· of molec'!lles can occu.r..6 '
8

· ~he transfer of energy 

to nuclei can produc~ atomic disPLacement by recoil and chemical change but 
'.·.:' ··.· ·.· ,.: ... , : . · ..... : . . ; ... : . ·· ... " ' ' . ."·., ., .. • ....... ·. 

these effects are very small for the systems considered here, and represent 
12 

less then one part in a thousand of the incident energy absorbed. 

(12) R • T!i:· Pla tzman, 11 Symposium on Radiobiology, 11 J • J • Nickson, Ed., 
John Wiley & Sons, New York~ 1952, pp. 97.,;,117. 
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Chemical Effects 

The fate of the excited or ionized molecule deterrr~nes the chemical 

effects described in this review o In an ionized molecule the charge apparently 

~ssumes a normal .probability distribution ve~ rapidlyo13 The excitat~~n 
energy is converted into vibrational energv, and a fragmentation of the mole­

cule=ion·. can occur at a point of low transition-state bond energy, which may 

be quite :r~mote f"rom the point of impact o
14 

The ionized molecules may react 

in other.· ways, for example, by rearrangement and/or polym~rization. The 

excited m;olecule can also undergofragmentation or reaction. Experimental 

.determinations of the number·and nature of these act:i.vated or ionized inter­

mediates in certain organic compounds have been.made by a. number of investi-

. 15 .... 17 .. 
ga.t.orso . . 

The fate of the excited or ionized molecule. is influenced by the 

environment; for pure compounds this. means t.rhether the radiation is taking 

place in the gas, liquid, or solid state. The considerable mobility of mole= 

cules ~n gases and liquids snould permit the active p3.rti.oles to enter more 

(13) 

(14) 

(15) 

(16) 

J o Lennard-J ones and· G. G. HaLl, Trans. Faraday Soc o ~' 581 (1952). 
. . . l 

H. Eyr.tng~ J. 0. Hfrs~hfelder, and H~, So Taylor, J. Chem. Phys. ~' 
479 (1;936).. . . .. . . 

' L o H o Gevantman and R o R. t·lilliams, J o Phys . Chem. ~, 569 (1952) o 
• .. :• 

A o Prevopt-B~rnas et al., Disco of the Faraday Soc. 12, 98 (1952). 
. ' 

· (17) W o }finder arid A o Heydrich, ibi'd o, 12, 305 (1952) o 
. ' 

• • 
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often into reactions with low transition-state energies than is possible in 

sOlids. In addition the fragments produced from the excited or ionized mole­

cule by internal rupture may be greatly influenced by the ~nvironment. There-

fore, one can expect to find different products from irradiation of a given 

compound depending on its physical state o Eyring ~ ~ 14 
suggest that 

there is a smaller diversity of products formed in the liquid state than in 

the gaseous phase. 

Effect of P~diation Rate and Type 

The effects of varying dose rate and of using different types of 

radiation, a, ~'·or Y rays, is usually not predictable.· Changes in either 

of these two variables can produce concentration changes of reactive species, 

depending upon the time scale. These result in variatipns in quantity, 

rather than of type, of chemical products. A number of such examples may 

be found in the tables. The G(-M) for self-decomposition of c14-labeled 

organic compounds is usually larger than for Y or e irradiations, but in a 

number of these cases this effect could also be due to other conditions, 

including purity, temperature, time (compound instability), rate of irradia­

tion, and exposure to oxygen (air) and water. 

Irradiation of Gases 

The only recent comparative study on the irradiation of gases and 

liquids is the work of Manion and Burton.18 Table I shows the results of 

this stuqy,·and there we see that in the gas phase production of hydrogen is 

greatly depressed and c2 fragments increased as compared to the liquid state. 

· Although·the relative distribution of positive ions formed by electron 

(18) J. Po H::mion and M. Burton, J. Phys. Chem. .5..§., 560 (l952) • 
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Tabl·e I 

Comparative Irradiation of Gases and Liguids by Electrons 
· · · · ·. is 

(M:lnion and Burton) 

Benzene . Cycl ohexane 

Vapor. Phasea Liquid Phase Vapor Phasea Liquid Phase 

G (H2) 
0.011 

G (CH4) 0.0012 

G (c2 gas) 0.16 0.022 

(a) The G values for the vapor-phase irradiation may be low by a factor 
· as large as 2. 

'. 

I 

'-..:.• 

.--~ 
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bombardment can be observed by means of a mass spectrometer, the data so 

obtained are very difficult to interpret
19 

because changes in the. accelerating 

vOltage lead to variations in the ratios of the peak intensities of the ions. 

This situation results from the fact that differing translational energies 

are imparted to the ions as they are formed,and the greater the translational 

energy the greater the accelerating voltage needed to cause the ion to reach 

the collectoro Therefore, relative peak heights are not reliable indexes of 

relative amounts of ions formed. In addition, of course, all neutral frag-

ments are lost in mass spectrometer work. For these reasons attempts such as 
20 

that of Pahl v s to derive an index of radiation stability from mass spectra-

meter data are of questionable significanceo 

Wallenstein, }lahrhaftig, Rosenstock, and Eyrinl9 have considered the 

problem of ionizing radiation decomposition of a polyatomic mOlecule, and 

find that the calculations are extremely involved and would yield only a 

general outline of the experimental results. Qualitative considerations of 

the ionizing-radiation decomposition of a saturated hydrocarbon in a mass 

spectrometer are listed,and they are consistent with the concept that ioniza­

tion of the molec~e is accompanied by simultaneous transfer of excess energy 

to other electrons of the molecule, and that a part of this energy is then 

transferred to the vibrational states of the molecule. Fragmentation can 

then occur and in a large molecule, such as an octane, a number of stepwise 

degradations can occur. 

(19) M. Wallenstein, A. L. Wahrhaftig, H. Rosenstock,and Henry Eyring, 
"Synlposium on Radiobiology,n Edo .J. J. Nickson, John Wiley & Sons, New 
York, 1952, p. 70. See also :rvr. Migat ·and R. Viallard, J. Chim. Ihys., 
~' .385 (1951). 

(20) N. Pahl, Zeit. fftr Naturfursch:ung 2Q, 188, 418 (1954). 
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lgtr,oduroJ,pn to Data Q.n Chemi.c~ Changes, in Organ~ic Compounds 
' . . .· . . . . .. ";. 

Quant~tative data on radiation changes with known. radi~tion energies 
· ..... 

21 
ha~ been published for a~out~ one hUJ1dred organic compounds. In the follow~ 

ing, .series of eleven tables ~e .are going to review, by classes of organic 

compo~ds, the more important quantitative data for these substances. The 

accurac_y of these. reported G values can vary widely •. Absolute values of 

radiation. dosage measurements are oft..en in question by one hundred percent. 

Man;y of thE:)se irradiations have been made without special regard to purity 

of material, especially oxygen degassing. After irradiation it is often 

very difficult to remove all of the product ga~es from an organic solid or 
.. 

liqu~d,. and, therefore, gas G values can be in considerable error unless 

special precautions ·are taken. 

Of great importance to the specialist in food and drug sterilization 
. . . . . 

are G(~M) ~nd G(polymer)
22 

values, and these in parti©ular are lacking. in 

·most cases. It is very desirable that more of these values be dete:r:mi.ned 
: .. ·.• . . 

in the future • 

Table II summarizes the present status of knowledge on radiation 

eff~cts for eight types of organic compounds. Compounds t.hat do not undergo 

known polymerization reEl,ctions have G(=M) values varying from l to 15. Two 
. ·..:; 

nota.ble exceptions are calcium glycolate and choline salts. Product.ion of 

hydrogen, methane, and other gases are not reliable indexes for molecular 

stability, even in saturated hydrocarbons. Simple aromatic substances are 

the most stable class of compounds •. 'Saturated hydrocarbons, halides, 
. . 

alcohols, and aliphatic=a~amirto acids are all quite: stable~· 

(21) The aut.hors regret having nei t.her .·the time· nor space to review the 
radiation decomposition data of the compounds for which no energy dosage 
figures are available or calculable. · 

(22) G(pOlymer) is calculated as though it were for the reaction G(~~polymer). 

v 

.,. \ 
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Table II 

Surrgnation of Radiation Changes in Qrganic.Ggmpoupds 

Satttrated hydrocarbons 

Unsaturated aliphatic and 
alicyclic hydrocarbons 

Aromatic hydrocarbons 

Halides 

Alcohols 

CarbdXYlic acids 

a-Amino acids 

Quatern&ry ammonium salts 

lvi:l.j or G Values Determined 

Polymer, 10-2000; crosslink, 6- 14; 
H2 , _.1 ; GH4 , 0 .1 - 0 .4 

Polymer, ~V1; H2 , 0.04- 0.4; 
GH

4
, 0.001 ~ 0.08 

1/2 I 2 , 2- 4; HI, 0 
1/2 Br, 0- 0.5; HBr, 0-15 

1/2 Gl2 , 0; HGl, ,_4 

-M, 3 - 12; H2, 1 - 3 . 5; 
hydrocarbons, 0.5 -1.5; carbonyl, 1- 2; 
vic-glycol, 0.5-1.5 

-M,) 0.3; Co2 , 0.5 ~ 4; CO, ( 0.5; 

H2, 0.5- 2 

-M, 3 -10; NH3 ,-1; co2 , -1; amine,-1 

-H, 1 - 170; amine, 1 - 170 

(a) The symbol 11 -11'' represents the_ starting material that is permanently 
altered. 



Saturated Hydrocarbons (See Table III) 

Hydrogen gas is one of the m~jo~ products that has been isolated 

from. ir,radiation of_ satu::t"ated. hydrocarbons •.. T~e C(H2 ~ va~ue~. gl:'adually 

decrease with increasing chain length in aliphatic compounds to a value of 

about ) .5. ,lilictensive branching causes marked deviations from this simple 

observa t.ion o 

The G(cn4) values are increased by the presence of methyl groups o 

Alicyclic compounds show o~y trace methane formstion,consistent with the 

idea that most methane is derived from methyl groups o G(~M) values are 

probably more uniform for this gr1oup of compoUnds than for any others known, 

and vary from 4=8, which means that while these compounds are not particu= 

larly radiation=stable, ·naither are they subject to chain polymeriza-tion 

reactions induced by radiation. 

Unsaturated Aliphatic and Alicyclig Hydrocarbons (See Tables Dl and V) 

Hydrogen gas production in these compounds is only about one-
. . 

fourth the amount for .the equivalent-saturated compounds, i.e., G(H
2

) values 

are about one. Some methane production also is observed. The double or 

triple bond of unsaturated hydrocarbons does not in itself weaken the mole= 

:cule with respect to radiation fracture. Indeed such bond energies are 

23 40 t.o 60 kcal/mole larger than for a simple C=C bond. It may even be 

that the additional excited energy levels possible in such molecules should 

result in less fragmentation. However, this effect is obscured by the 

large amount of starting material that can be polymerized by· radiation energy. 

(23) L. Pauling, 11 The Nature of the Chemical Bond, 1' Cornell University 
Press, Ithaca~ No Y., 1942, pp. 53, 131. 

jl 



Compound 

:Methane 

Ethane 

Prop:~ne 

ButG!ne 

z, J 

~ ,. 

Cycl Qhexane 

!!-Heptane 

n.-Hexane 

~ 

:Methylcyclohexane 

n.-Decane 

n.-Tetradecane 

2,5-Dimethylhexane 

2,2,4-Trimethylpentane 

Decahydronaphthalene 

Polyethylene 

Table III 

Radiation Changes in Saturated Hydrocarbons 

G Values 

Radiation H2 CH others 

6 Mev a (Rn) 6.5 - -N, a 8 .6; ethane, 1 .J 

6 Mev a (Rn) 5.0 1.0 -N, 6 .6; propane, 0 .34 

6 }fev a (Rn) 4.26 1.17 -M, 6.6; ethane, 0.68 

6 Hev a (Rn} 4.77 0.88 -M, 6.9; ethane, 0.06 

1.5~ 0.17 Hv e - 4-4 0.09 Polymer, 1.7; c2,. 0.21 

fast electrons 4.2 0.22 Polymer, 1.7; gas, 4 

0.17 .Hv e- 4.1 0.33 

fast-electrons 3.5 - Gas, 4.5 
-

0.17 Iw e- 3.5 0.09 

Q.l7 Mv e- 3.4 0.06 

0.17 Hv e- 2.3 0.62 

0.17 Mv e - 1.9 0.82 
' 

0.17 1w e- 3.9 

Y and n (pile) - - Crosslink, 4 

(a) The symbol· n...;M'' represents starting material that is permanently al tared. 

(24) S. C. Lind and D. C. Bard'ltrell, J. Am. Chem. Soc. M!, 23.35 (1926) • 
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{28) A. C!l~r1esby, Nucl.eqnic~. g,.No. 6,18 .(1954). 
• ••'• .··':• .... • ... • .• ·,, • • !, • r• • ' 
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Table JJf 

Radiation Changes in Unsaturated A1iphatic and .luicyclic Hydrocarbons 

Compound 

Acetylene 

Ethylene 

Ethylene 

D.:iisobutylene 

6ctylene 

Cycl ohexene 

1-.Me.thylcyclohex.ene 

:Radiation 

6 Nev a (P..n) 

Y rays 

6 J:Iev ·a (Hn) 

0.17 .Mv e.-

0.17 Mv e-

1 . 5, 0 .17 Hv e-

0.17 Mv e-

}12 

0.75 

0.87 

1.2 

1.2 

1.1 

CH4 

0.36 

0.09 

0.019 

o.o7 

G Values 

others 

Polymer, 75 

a 
Polyethylene, 10-2000 

b 
-M, 20; H2 + CH4, 3 .8 

c2 , 0.14; 
polymer, 4 .2, 12 .4 

b._ 

'· (. 

References 

29 

30 

29 

25 

. 25 

18,25,26 

25 

(a) These values were observed after an induction period which could be due in rart to impurities 
in the ethylene. 

(b) 

. (29) 

(30) 

·, 

The symbol 11 -W represents the starting material that is permanently altered . 

S.C. Lind, D. C. Bardwell,and J. H. Perry, J . .c'Un. Chem. Soc. ~&., 1556 (1926). 

J. G. LEn-lis, J. J: MJ.rtin,and 1. G. Anderson; Chem. Eng. ProgresE: j,Q, 249 (1954). 
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t:abre ·F 

Pcl.merization of Unsaturated Aliphatic ·Hydrocarbon~·: in Pile_ Ir'r~diation 

Compound 

Decene-1 :(~0 ) 

Octadeeen6-l (~g) 

Octadecen~2 '(~8 ) 

Octadeeen&-"3 ( C:La) 

Oc·tadecen&o4 <~s) 
... 

Octadecene~5 <C:!_s). 

Octadecene~6 - (S,s) 

Octadecene-7 ( C:i.8) 

Octadecene---8 (cl8) 

Octadecene~9 (~ ) . 8.-

Decyne--1 . (CJ.oJ 

Heptadecyn6-l . · ( ~ 7) 
. . 

Octadecyn~l .<~a) 

Octacosyne-9 (C28) 

D ocosyne~ll (C22) 

Dotriacontyne-16 (C32) 

.. i 

2, 5.:,Dimethylhexadi,ene-f, 5 

~(A. Charlesby )31 

G (Crosslink) .· 

.cis-stereoisomer 

9.2:-

7.3 

6.9 

6.3 

5.9 

6.1 

6.4 

-. 

10.9 

10.3 

14.3 

18 • .3. 

17.0 

17.4 

7.1 

trans-stereoisomer 

9.8; 

7.7 '· 

6.1 

(31) A. Charles by, "Effects of Ionizi~g Radiations on ffiefines and 
Acetylenes," .AERE Report WR-1415, April, 1954. ·. 

'. t, 
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Several G(polymer) values of 10-75 are listed, and under pressure polyethylene 

gives a G(polymer) value of 2000 after an 2nduction period that may well be 

due to trace gas impurities. 

In an interesting study on a series of cis- and trans-octadecenes 

with the double bond in most positions, Charlesby31 has foQ~d crosslink 

formation is decreased as the double bond is moved avJay from the end of the 

molecule, and that the trans..;,stereoisomer seems to be about 5% more stable 
20 

than the cis-isomer. This is in agreement id th one of Pahl 's conclusions 

from mass spectrometer data that the least stable alkenes are those with the 

double bond in the one-position. 

Aromatic Hydrocarbons (See Table VI) 

Simple aromatic hydrocarbons are one of the most stable classes of 

organic compounds known. The radiation excitation energy can be absorbed in 

considerable quantity without bond rupture in these molecules, forming 

triplet states. In the case of benzene, the lowest triplet state has an 
27 32 33 

energy of 3.5 ev. ' ' An excellent protection effect is observed in 

radiation studies of mixtures of benzene with cyclohexane,and this fact 

should be remembered in the problems of storage of radiation-sensitive iso­

topic compounds •. · However, this protection was not observed for mixtures of 

propionaldehyde and benzene-d-6, probably because the lowest excited state of 

the propionaldehyde lies lower than that of benzene. Even polystyrene shows 

an unusual stability, as measured by physical properties, to pile irradiation, 

(32) 

(33) 

H. N. Patrick and N. Burton, J. Phys. Chem • .2§, 424 (1954). 

S. Gordon and 11. Bu.rton:; 11Radiation Chemistry,n Disc. of the Faraday 
Soc • 12, 88 (1952 ) • . 



Ta'ble VI 
. . . 

~i~j..Qn Changea=in Araro.at.;_c Hvdro,garbons 

G Values 
-=~~==~~=c--~~~-=~~~~~~======~=-~~~-=a-=c~~=c==~=====z=== 

Compound 

Benzene 

·Toluene 

Ethy1benzene .. 

Isopropyl benz_ene 

Iso~op,rlbenzene 

tert=Buty1benzene 

Radlation 

1.5 Mv e.., 

1 .5, "{~8 Mv ~= 

1.8 Mv e= 

1.8 Mv eci> 

27. MeV H~+2 

. 1 .5 Mv ·a~ 

Nesi ty1eme . 1 .8 l..W e= 
(1,3,5-trim~thy1 be~ene) 

styrene · . _ 
_(C6H5CH=CH2) 

. X rays 
'·. 

'· 
Polystyrene · r and n (pile) 

H2 

. 0.036 

0.13 

0.18 

· o.i7 

0.311 

0.11 

0.24 

: CH4 

: 0 .• 0012 . 

0~008 

0~03 

0.07 

0.078 

0.07 

0.018 

Polymer.·· 

0.76 

0.92 
1.28 

- 40 (=180) . 
250 (250) .· 
800 (80°) 

(.34) 

(35) 

vlo N ~ Patrick and· M. Buxton, ·J • .fun· Chern. Soc. 1.§, 2626 j1954). · 
. . . 

.·' 

R~ RoHentz and .M~ Burton; ibid.; :U, 532, (1951) •. _ 

·others·. 

c2 ~. o.o22 

c2 , o.oo4.;3 

C2H6, .. 0.0054 . 

Crosslink, 0 .08 

{.36) ·:· M. Bu.rton, s~ Gordon, ~nd R. R.. Hentz, J. Chim. Phys • ~, 190 (1951 )o 

{.37) T. ~T. Swbrsld(·R. R. Hentz, and M~ Burton,. J. Am. Chern. Soc. -zi, 1998, (1951). 
. ·, :, . . . 

Referenc~· 
~ 

18,26,34 

'27,.35,.36 

35,36 ·-

36,37 

36,.38 .··· 

36 

35 

39 

28 

~ .. 

{38) A~ s. NeWton;. University of Cali.f.ornia Radiation Laboratory Report, UCRL=2455 ·"(1954). 

(39) D. s. Ballantilie, .P. Colombs; A. Glines~·and B. Manm,ritz, Chern. Eng. Progress Symposium 50g11, 
~67 (1954) 0 
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presumably because of the protecting benzene ring.28 ,40,4l The small amount 

of hydrogen and methane produced on irradiation of these compounds, in generalJ 

increases with increasing number or size of alkyl side groups. 

Organic Halides (See Table VII) 

The interaction of radition with organic halides,particularly ~he 

iodides and bromides with a small percent of carbon and hydrogen, •dll cer-

tainly be greater with the orbital electrons of the halogen atom itself. 

IIowever, if charge distribution theories of the primary impact process are 

correct, this should not be the critical factor, and the molecule should 

rupture most often at its l.,reakest bond. In an interesting study of free· 

radical formation in the irradiation of iodides, Gevantman and Williams15 

have shmm that in alkyl iodides the C-I bond is more readily broken than 

the C-C or C-H bonds • Hovrever, some C-C bonds are ·broken, and this type 

of splitting is more important in the gaseous state of the halides than in 

the liquid state. The iodine atoms released by this rupture process 

usually appear in the form of free iodine • 

Organic bromides can give etther free bromine, HBr, or both; HBr 

seems to be the more common product. In a study of chloroform irradiation, 

(40) 0. Sisman and C. Bopp, U. S. Atomic Energy Commission Unclassified 
Document, OP.NIJ-928 (1951) • 

(41) C. Bopp and 0. Sisman, U. s. Atomic Energy Commission Unclassified 
Document, all~-1373 (1953). 



Table VII 

~q~on Changes in Orga~~]Lalides 

Compound 

Methyl iodide 

Methyl iodide 

Methyl iodide 

·M:lthylene iodid_e 
CH2I2 . 

Et:flyl.iodide 

Ethyl iodide 

Ethyl bromide 

Ethylene bromi4e 
. ··. '·· 

Ethyl~n~ chloride 
·-·· ·. --:·· 

!l~Pr_opyl iodide 

Bremo benzene 

-.·'Radiation 

1.5MVe~ 

X rays 120 p.b(. or 
~ .J Mev O:Y' (co6°) 

5o kV ~;;,. -cc14 r: 
1:.6 .Mv · e-

1 .. 6 Mv a=: 

. X rays; 0 •9£> ~ or 4 .. ~. 
6 Mev a (Rn) or. · _ 
5 Mev a · (Po) - · 

1.6 Mv e-
1.6 MeV~ ;rays 

i .6 Mv· e- . 
:.1.6 Mev X rays . 

· 1·.6 ~y X :l-ays .· 

1:.6 Mv e.-

1 .6 Hev X rays ... 

1/2 x2 

3 • .3 

2.4.: 

2.5 

4.1 

5.7b 
2.4b 

0.2 

0.5 
0,0 

2.5 

~-:-; 

G Values 

HX 

.-

.0 .6=0 .9 
·· 2 ._oc 

17.8° 

4.1 c 

~· 

2.0° 

. others 

n2, 9'.os; CH4 , o·~54; : 
P2' 1_ .21· ·_ . . ;: 

;~11, a_ j .6 ' ' 
.;_ 

'(~) 

(b) 

The smbal ":-wr: represents the starting material that is permanently altered. 

Air-saturated.;ethyl iodide~· 

G~ ..... 
'-

·--- / 

Reference 

~i-~. 

(-,-

42 

4.3 

44 

42 

42 

45 

42 

42 

/;;. 

4.2 

42 

( 

_.:: ... ~ 

... ~ .. ~ 

_.,.,_ 

' 

,'~:~t;.:~ 
-~~· 

~ 
-1:'-
1 

~ 
i 
1\) 
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Table VII, Cont. 

(c) Yields relative to an assumed G(l/2 I 2 ) = 4.1 for ethyl iodide decomposition by X-rays. 

(42) R. H. SChuler and W. H. Hamill, J o Am. Chem. Soc o '1.1&, 6171 (1952) o 

{43) R. C. Petrey and R.· H-. Schuler, :ibia., .12, 3796 (1953). 

(44) C • D • 1.J'agner and V. .p. Gwinn, ibid., 12, 4861 (1953) • · 

(45) M. Lefort, P. Bonet-Mu.try and M. Frilley, Compt. Rend. 226, 1904 (1948). 
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Shulte et,:al". 
46 

have· found no oxidizing age~ts and only traces of m= formed 

when specially ~ified chloroform is irradiated. The C-C bond is probably 

more readily broken than the C=F bond by radiat.ion,and indeed Teflon shows 

almos~ no gas formation on pile irradiation and only crumptin~ of the pOly= 
. I 

. 28 
I!ler to a powder on protracted radiation, presumably due to C-C bond :ruptures. 

When Teflon is irradiated as solid pieces in a sodium hydroxide sOl uti (m, a 

certain amount of fluoride is immediately formed, and more slowly appears 

over the ensuing month. A value of G(F-) = 0.54 was measured for this de~ 

composition by Y-irradiation. by Ryan.4.? The~e data continue the,trend ob­

served in the irradia.tion of iodides and bro:rn,ides
42 

that· lodides form lodine, 

_bromides tend to form HBr, and chlorides fo:r.m no free c~hlorine .. The results 

on the radiati9n decomposition of alkyl halides are_aiso in accord with 
' . .~ 

known bond·energiesg e-.F, 107 kcal/mole; e-c, 59 kcal/mole; G-Br, 54 kcal/ 

male» (}..I, 46 kcal/mole •23 In general, organic halides do not seem to be 

much more, sensitive to radiation changes than a.re saturated hydrocarbons • 

{46) J. W o Shul te, J. F. futtle, and R. Wilhelm, J. Am. Chem. Soc o 2,2, 2222 
(195.3) 0 • 

. (47) J. W. Ryan, Mod. Plastics l!..(gl, 152. (1953) •. 

v 
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JUcohols (See Table VIII) 

In one c£ the most complete radiation decomposition st-udies made to 

date, McDonell and Newton48 have determined a large fraction of the products 

produced from He+2 bombardment of ten normal-, iso- and tert-aliphatic 

alcohols. · Only a small fraction of the data. from this p:~per is reproduced 

in the table. Large amoumts of hydrogen are observed in all cases, as are 

also aliphatic hydrocarbons. Water and carbon mo:p.ax.ide were also formed in 

all cases. A total of about 7-8 molecular reduction equivalents per 100 ev 

are formed for each of these compounds. 

The principal oxidized products from primary alcohols were aldehydes 

and glycols; from secondary alcohols, aldehydes,. ketones, and glycols; and 

from tertiary alcohols, ketones with minor amounts of glycols. The products · 

formed indicate that the principal bond rupture occurs at the carbinol 

carbon a tom. 

The stability of these alcohols toward radiation changes,,as well as 

that of cholesterol and chOlestanol, is normal, and G(-M) values varied from 

.3 .5-6 .1. Self-radiolysis of methanol-l-c14 gave a value of G(-M) = 12. 

This value is rather high, but this may be due to the difference in · 

radiation. 

Amino Acids (See Table IX) 

Relatively little data are available on the effects of radiation on 

pure amino acids, a1 though many such studies have been made with aqueous 

solutions of these compounds. The available G(_.M)-values for the pure com-' 

(48) \.f. McDonell and A. S. Newton, J. Am. Chem. Soc., in press. 



Compound 

J13thyl: alcohol 

Methyl alcohol 

Ethyl ai,cQhol 

; -~ 

:\: 

!!;.;Propyl_ f;ll cohol 

~Propyl_ alcohol 

n:-Butyl. alcohol • 

isO-Butyl alcohol 

~=~utyl alcohol_ 

tert~Butyl alcohol 

n-Octyl alcohol-· 

-u~Decyl .alcohol 

ChOlest~rol 

Cholesterol 
. ' 

Cholestanol. 

Radiation Che.nges in .Alcghola 

:Radiation 

Cl=C4·· 
Hydr~­

parbons _,. H2 .· 

2? .Mev He+2 ': 0;40 --.3.46 .. 
' . ~14 -

59 kY ~~ : ( ... - ) : 5 .4 ·5 o3 ··: 
.... 

27· .• Mev He+ 2 0.84 :J .46 

27 Mev He+2 ., 1 o.3.3 2.80 

- +2 
27 J4ev He 1 o ?6 · .2 o 71 .. 

2T Mev He+2 1 o79 ·_3 .59 

' ' +2 •' - , 
27 Mev He . 1 o98. 2.77 

27 Mev He+2 2.22 2.6i 

. +2 27 Mev He 2 .64 . 1 .24 

27 Mev He+2 

27 Mev He+2 

2~4---Mv· 9= 

0.0.3 '3.48 

0.04 ..3 .4.7 

1..3- Mev Y (Co6°) 

1.3 Mev Y (co60) 

G Valuel:r 

Carbonyl •·.· vic=Glyco1 

1.69 

1.10 

2.05 

2.96 

1.52 

1o65 

2o95 

2o78 

Oo87 

Oo76 

::1.75 
' ., 

'· 
.1 .6-

1.05' 

'0.85' 

'0 • .39' 

Oo92 

--o~BT 

. ·o.56· 

'0.10 

:Oo56 

Oo51 

Reduction 
Equivalents 

7.67 

--' ac 

8.19-

7 • .30 

8·.;30, 

8.53 

.7.4T 

; 8 • .3.3. 

6.97 

7 olO 
·" 

7.14 

(a) The symbol n~MT represents the starting material· that is permanently altered o 

~ ~ 
·~ 

.;.!f ::Reference 

' ,·. b 
5.8 

12 

:: 4 .7.3b' 

6.o6b 

4•73b:' 

4~l8b ' 

4·8.3b 

6 o06b ' 

4.llb 

~-

J.5 

.3o7 

4.6 

s--

48 

-49 ... 

;,l~S _. 

48 

48 
.,~· 

''48' 
··-: 

:48 

4,8 

48 

48 

-~- 48 

50,c5i 

51 

51 

-( 

B 
l\) 

~ 

, .. 

§ 
f1 
l 
l\) 
-.J 
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Table VIII, Cont o 

(b) Calculated from authors 3 data as a minimum valueo 

(c) The G(-l-4} for this reference is 170 and is now believed to be in serious error o 

(49) W:. J. Scraba, J. G. Burr and D. N. Hess, J. Chem. Phys. 21, 1296 (195.3). 

(50) B. M. Tolbert, et ~' J. Am. Chem. Soc. 12, 1867 (195.3). 

(51) B. M. Tolbert, R. Noller, and H. Heusser, unpublished data. 
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Compound · 

Glycine 

GlycinE? 

Norleucine 
C 
4

ri9cHNH2co2H 

Valine hydrochloride 
__ (CH

3 
)2CHCHNH2C02H ·HCl 

Norvaline nyarocniorlde 
_ c

3
H

7
CHNH2co2H.HCl 

Table IX 

@diation Gha~s of AminQ..j.cids 

Radiation 

2-4 Mv e-

X-rays 

50 kv P~ (cl4) 

5ok:v i3- ccl4) 

50 kvp= (cl4) 

~If 

._ 2.75 

9 

&.16 

9 

.. 

G Values 

others 

Cb2, 0.9; NH
3

, 0.73; 
CH3NH2, 1.18; CH3C02H, 0.48; 

R(C02H)2, 0.61 

NH3 , 9.1 

(a). The symbol 11-l,P' .represents the sU/.rting material that-is permanently altered. 

(52) . ,B. H •. Tolbert and. R. No1ler, Unpublished data. 

(53) t·L M. P~le, J. V. Davies,anc;l. C. Gilbert, Biochem. J .• ~' 93 {1949). 

t. :;J 

·Reference 

ri· 

52 

5.3 

50 

50 

50 

/ 

•t. 

~ 
? 

c::: 
~ 
0 
1\) 
-..J 
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pounds are probably not very accurate and, furthermore, are restricted to 

glycine and three homologues of glycine. }tlj or gas products from irradiation 

of solid glycine include co2 , Illiy and CH3NH3 . Acetic and oxalic acids are 

also formed in appreciable quantities. Amine formation from proteins could 

be partially responsible for off. flavors produced in radiation sterilization 

of high-protein foods. 

Carbgxylic Acids (See Table X) 

The American Petroleum Institute Research Project 43~located at 

lvbssachusetts Institute of Technology; has produced an extensive serm of 

comparative G values on radiation changes in fatty acids under a-particle 

(Rn) bombardment.
54 

Carbon dioxide is the major gas produced. Other gaseous 

products include co, HzO, Hz, and low-molecular-weight hydrocarbons. In a 

study of temperature effects on hexadecanoic acid (C:J.6, pslmitic acid) it 

was shown that G values for COz, CO, and Hz production increased with in­

creasing temperature. The temperature-vs .-gas production curve for docosanoic 

acid (CZZ' behenic acid) was rather anomalous. 

In ·a very recent study, ll. H. Garrison et al. 55 and A. S. Newton 56 

have shown that dilution of acetic acid with water decreases co2 , co, methane, 

and ethane production proportionally to the added water. This indicates 

that these products are the result of direct interaction of radiation with 

acetic acid mOlecules. 

The stability of benzoic acid toward gamma radiation, as measured 

by decarboxylation and polymer formation,.· is quite high. This behavior is 

(54) W. L. lvbit ehead, C. Goodman, and I. A. Breger, J. Chim. Phys. ~' 189 (1951 

(55) W. H. Garrison et &.:,, University of California Radiation Laboratory 
Report, UCRL-Zb05, 11ly, 1954, p. 28 • 

(56) A. S. Newton, ibid., p. Z8. 



Tabie X 

Radiation Ch~nges of Carboxylic Acids 

. G VaJ.ues 

Cpmp~~d .. Radiation co2 . co:. .: H2 others 

Acetic acid 27 Mev He+2 4·.o 04 
.• 

0.52 . · C2H6; 0 .85; 
'- CH4, 1.38 

l 

Acetic acid . . 6 ·_Mev- a (Rn) 2_.8 0.5 . 0.9 

BE?nz o:tc _ a c:!:d._ 1 S Mev y: (co60 ) 

6 Me·v a ·can) ~ 

6 Mav a ·(Rn) 

0.286 0.0025 0 . 0026 ·- Polymer, 0 • .30.3 

bc~a1,_1oi<? ~cig _ _(c8 .. 

D'o_deca!loic ~ci~ (C:t2) 

HEOfade~nc:>ic _ ~cid ·· (GJ.6) 
. . 

Eigc:>sahc:>ig ag~~ (C26) ~ 

D9co~noiq ~gid-'C922) 

T];'iac;oh~noic acid (CJo) 

bJ..eic aci9. (c_9=e9) 
·-·- ...... ---- .. .-.. 

6 Mev a (Rn). 

6 ~v a (Rn). 

6 Mev a. (Rn) 

- 6 M3v a (Rn) 

6 .M3v a (Rn} 
..... __ r·. 

2.2 

1".5 

1 • .3 

0.7 

0.5 

0.$ 

-·· ... -
0.5. 1.4 

-
0.4 .. ,. 1.5 

0 • .3 . 1.7 

b.2 1.4 

0.1 1.;2 

0.2 2 • .3 

a 
-M, 2.2 

(a) The symbOl n..;Mn :t;epresents the starting material that is permanently altered. ··_ 

(57) V. L. Burton, _J. Am. Chem. Soc • .7l, 41.17 (1949). 

,. 
....... 
~ 

~~- ~-

Reference 

.38,56. 

:54 

:52 

:54 

. 54 

54: 

54 
I 

54 
'vJ 
1\.) 
i 

54 

57 
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consistent with the known stabilizing effect of the phenyl group. 

ft.'uaternarz Amm,onium Salts (See Table XI) 

UCRL-2704 

The simple quaternary ammonium salt, trirnethylethyl anunonium chloride, 

is quite stable towards both beta and ganuna rays and has a G(-M) value of 

about two. However, the introduction of a ~~-hydroxyl group into the ethyl 

radical, giving the biologically-important compound, choline, gives rise to 

a very radiation-sensitive molecule. Choline chloride has been fou.rid to split 

qu~te selectively into trimethylamine and acetaldehyde while, at the same time, 

giving only very small amounts of non-condensable gaseous products. The very 

high G(=N) values for the self-decomposition of ct4-labeled choline chloride 

and for the Y-irradiated compound are especially strll{ing -- they suggest that 

a chain reaction must be taking place during the decomposition. The great 

differences in the G values obtained by the different kinds of radiation is well 

outside any possible errors of radiation dosage measurements. A time or tem­

perature factor may be involved here, as the Y-irradiation was done over a period 

of about one week, whereas the 2-4Mev electron bombardments were done in a few 

minutes . 

.All of the six systematic changes •:made in the choline molecule, which 

are illustrated by the other compounds listed in Table XI, led to increased 

stability towards radiation, and the G(-M) values obtained need no explana-

tions in terms of chain reactions. The differences between electron andY-ray 

bombardment are striking, if real . 

]'f:iscellaneous Compounds (See Table XII) 

As we have already seen, the radiation stability of organic compounds 

can vary enormously in a closed system. Geseous carbon dioxide is one of the 

most stable compounds observed, probably because o£ back reaction between the 



Table XI 

Radiaiil,on Changes of Quaternary Ammonium Salts 

Compound~: 

TrimethylethylammoniUm chloride 

Choline- chloride . 
. UCH3)3NCH2CH20HJC1 . 

Choline iodide 
, Q CH 3) 3NQH2m~2o~ I 

Betaine hydrochloride 
_:Qmi3)}~~2Qo2I!Jm .·. -:o 

Trim~thyl~2-chl oroethylammonium Chl. or ide·· 

.... 

Radiation 

l .3 Mev·"( (co60.) 
2~4 Hv e-: 

1.3.Mev Y (co60
) 

2-4 Mv e"= ' 
5o kV ~.;.,- ccJ-4) -

1.3 Mev .. Y- (co6or 
. 2-4 }1v ei- . 

1.3 .·Mev Y (~o60 )-
2-.4· Mv e- · -

1 ,J Mev . .Y (co60) 
2-4 Mv e-

Trimethyl~J.=.hydraxypropylanunonium chloride 1 S Mev,-Y (co6°) 
. . . . -2-4 Mv 9- . 

Acetylcholine- chi"oride 
. (CH3 )3NCH2CH20COCH3Cl .. 

·1.3 Mev Y (Co60) 
2-4 Mv e- ·· 
50 kv ~- (tJ14) -

.;.jf_,b 

2 
.2 

178 
19 

7 
.4 

i8 
14 
12 

2 

2 

.G Values 

Trimethylamine 

1 

.171 
21' 

490 

1. 
1 

. 12 
6 

4 
2 

5 :· 
1 
'5 

(a). 

(b) 

The.~symbal n...;M''- represents the starting material ·that :is permanently altered. 
. . 

This value determined by Reinecke salt precipitation. 

.. 

Reference 
~ 

58 
58 

58 
58 

50,58 

58 
58 

58 
58 

·58 
58 

58 
58 

58 
.··58 
-·58 

(58)- R. M. Lemmon, M •. Parsons, and D. Chin, Abstract of Papers, Division of Organic Chemistry, 
Acs, September 1954. 

C.! I-:" 'r! ·{ 

i 
'v..l 
.t--
I 

~ 
I 

1\.) 
-J 

~ 
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• \. 
<-, 

Compound 

Carbon monoxide 

Carbon dioxide 

Hydrogen cyanide 

Cyanogen, C2N2 

Diisopropyl ether 

Dibutyl ether 

Propionaldehyde 

N'ethylmethacrylat.e 
CH2=C(CH3)C02CH3 

Table XII 

~diat~ Changes iiL!~p~l~aneous Or~nic Cgmpoun9£ 

Radiation =IlJ. 

6. Nev a (P..n) 6.6 

6 1'1ev a (Rn) 0.016 

6 Nev a (P..n) 38.0 

6 r43v a (Rn) 23.4 

27 J1ev He+2 · 

27 Hev He+2 

. 
1.5 Mv e--

X rays 

G Values 

Others 

N2, 1~2; H2, 0.4 

N2 , 1 ~0 

H2, 2.3; CH4, 0.88; C2, 0.16 
c3, 1.6 

n2, 2.7; c2 , 0.16; c3, o.25; 
c4, 0 .38; polymer, 2.5 

H2, 1.25; CO, 1.60; CH4 , 0.115; 
c2 ; 1 .. 46; c3 , o .05 

Polymer, 1160 (-18°) 
.Poiymer, 3750 (25°) 
Polymer, 9700 (72°) 

-~ ·( 

Reference 
~ 

59 

59 

29 

29 

38 

38 

32 

39 

Calcium glyqolate-l-Gl4 50 kv B- (c14) 166 04alic, 61; formic, 105 50,60 

Calcium glycolate-2-al4 50 kv f3- (cl4) 176 Oxalic, 56; formic, 120 50,60 

(a) The symbol 11-M' represents the.· starting material·: that is permanently altered. 

(59) 

(QO) 

S. C. Lind and D. C. Bardwell, J. Am. Chem. Soc. !{l, 2675 (1952) . 

N. E. Tolbert, Private communication, Narch 17, 1954. 
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CO and 0 formed by the radiation. Mixed gas studies I·Tith isotopes could 

definitely confirm tJ:lis theory. Methylmethacrylate has. a G(polymer) value 

of 9700 at 72°. The activation energy for this radiation-induced polymeriza­

tion (4.25 kcal/mole) is very similar to that calculated for phot~initiated 

free radical pol,ymerizations (4. 7 kcal/male). The anamolous radiation in­

stability of al4~labeled calcium glyccilate may be d~e ~ither to the ~mter 

of crystallization Of to the fact that the compound was not stored ill'VaC'l!Q. 

Ack:nowl€!9-gments.;; The auth()i'S. ~ish ·t~. thai'Jk R. M. Noller for making a 

nu.mber of the G value calculations and Dr. A. S. ,Ne1-rtori and Professor M. 
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