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 ABSTRACT

. A review is presented on the changes produced in organic compounds

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

water-free,; air-free irradiations of single compounds. Data are reviewed

regarding the_typeé 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 Enérgy Commissione.
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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, or equivaleht artificiélly—produded
radiatioﬁe ‘Indeedp'real progress has been maaé’in this field only in the
last ten years or so. |

- This review will attempt to cover‘oniy radiation changes of a chemical

: . . v .1
nature in "pure" organic compounds produced by ionizing radiation.” "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. S. Atomic Energy Commissione
(1) Recent bibliographies on this subject includes

1. Frances Sachs, "The Effect of g =, B8 =,y = and X-rays on Organic
Compounds ; ® Carbide and Garbon Chemo Gooy Y;14 Piant Report
Y904 (% 52)

2.  "Tonizing Radiations, Their Production, Effects and Utilization
(With Special Peference to Food and Packlﬁg Technology), "
Bibliographic Series No. 4, Quartermaster Food and Container
AInst., NP-5214 (1954)9 chlcag09 111,
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(including dimerization and polym.erlzation),2 @olecular fission into many
different size fragﬁents, cxidaﬁion,'reductioﬁ, rearrangement, and exchanges.
. By tﬁe tefm'pure organic compounds; we mean to.exclude all salution

~ work, aho mixturee of organic compounds. Since about half of the papers
that have appeared in recent years have dealt.with aqueous solufloos,and of
.the - remaining onl& a few are purely organic chemical studies, we dre dealing
 with a rather specialized subject. Our subject is, however, fundamental to
:'the effect of radlation on organic compounds in aqueous solutlon° Changes
in organic compounds in aqueous solution are the result of at least three
'proceseess the direct effect of radiation on the organic comfound £5 pro»:
'duce new stable molecules, the effect on the organic compound of the species
arlslng from the water itself; and lastly, the interaction of reactive
spscies derived from the orgenic compound, either;with themselves or with
ﬁaier aod products derived from the water by fadietiono Only the first of
thesa three effects is common to scolution radiation chemlstry and the data
revieved in this paper° This direct effect is especially important for
solution work,as iﬁ is an-isclation of one of the contiibutore.to the over;ell
.‘changes observed in the irradiation of solutionsw

| We have pmeferreo to avoid irrediation studies made with air-saturated
compoﬁods, since the effect of oxygen in particular adds but one more compl i=
cating variable° Such limitations have not always been p0351ble° If should
be reallzed that ideally, the radiation changes of pure organlc compounds
can be determined only by extrapolatlon to zero_radlatlon tlmeo As soon as

. & compound is'irradiated it will be impure, and the effect of thSe impurities

(2) The term "polymer" has been used in this review to mean all of the
non=volatile products formed during irradiation ==~ as useful but
not necessarily chemically accurate terminclogy.
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on further irradiation can be potentially very important. Thus Jesse and

Sadauskis3 have found marked changes in the 1onlzat10n potential of noble

‘gases by a—particles in the presence of trace impurities, and many experi-(

menters have found that decompos1tion products_in radiation studies change -
w1th 1ncreas1ng time of 1rrad1at10n.
The chemlcal changes in organic compounds described in this review

are restricted to thos produced by a, B and y rays, and s1m11ar articially

produced radiation, 1ncluding cyclotron—accelerated protons, deuterons, and

- Helium 1ons, accelerated electrons above 100 kv, and X—rays. SOme pile

irradiation data are also presented, . Radiation decomDOS1tlon produced by
cathode»discharge electrons‘and ultraviolet irradiation are not included in v
this review 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 provide an excellent theoretical background for the work_described
in this re#iew, but'thefproducts of'ultraviolet irradiation are often quite
different. In photolyS1s 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 1on17ed sp601es are quite different. |

For consistency within this review, all data are.presented as G #alues;
much of the earlier work 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).

il
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:deflne the number of a Spec1fled 1on, atom, radlcal, or molecule 1nvolved
'1n the radlatlon process per 100 ev of energy absorbed by a system

Although 1on palr yleld (-M/N) 1s very 1mportant in radlatlon -
4

.chenlstry, partlcularly in gas reactlon as polnted out by Lind, 1t 1s-m
rather dlfflcult to 1nterpret such data for sdllds and llqulds,.and so 1t
is not used here One part of thls expre351on, —M, lS used to represent
'\ the startlng materlal that 1s permanently altered in the radlatlon process,
and the express1on G(—M) is used here to mean the molecules of startlng
materlal permanently altered per lOO ev’ energy absorbed. 4”.:-
:VRadlatlon and Matter ) .A_ ” R o

At ~one tlme 1t was thought that the radiatlon decomp031tion process
-uas very unselectlve, and that the energetic partlcles or rays broke mole~~
cules apart in a rather haphazard manner . It is. now known uhat thls 1s
‘ ce;talnly untrue for gases and llqulds. Even salld state 1rradiatlons,
;where very llttle is known on the details of molecular forces, appear to be
eapable of correlatlon and predlctlon°

| The p0331b1e processes 1nvolved in the 1nteractlon between radratlon

[N

) S. C. Lind, "The Chemical Effects of Al a Particles and Electrons,"
-~ 2nd Ed., Chem. Cat. Co., New York (1928); S. C. Lind, J. Phys. Chem.
A'i,, 920 (1952)
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and matter have recently been rev1nwea in Qeta1135 11 and only as much of

thls matarlal as is needed to clarify this paper w11l be reviewed here.

The interaction of beta and alpha particles with matter is funda-
méntally similar, and the losSAof energy in both cases is chiefly by inter-
action with orbifal electrons. OUnly a small part'of the total anergy is
transferred to any one electron,and further the mwlacule—atoﬁ recei#es but
a small.fraction of this transferred energy. In the energy fanges used iﬁ
the studies covered in this review, and in partlculav for organlc compounds,
gamma rays lose most of their energy by the Compton effect in which process
the photon transfers part of its energy to an electron. The gamma rays are
thus degraded and scattered. .At low energies the most iﬁportant process
is photoslectric absorption. The quantum of radiation is compleﬁely absorbed -

in this process and a bound electron is ejected from the molecule. A1 of

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

6) J. L. ¥agee, Ann. Rev. of Nunlear Sei. 3, 171 (1953).
(7) J. L. Megee, J. Phys., Chen. 6, 555 (1952).
(8) A, H. Samuel and J. L. Magee, J. Chem. Phys. 2L, 1080 (1953).

(9) " Symposium on Radiobiclogy," Ed., J. J. Nickson, John Wiley & Sons,
HNew York, 1952.

(10) M. Burton; "Ann. Rev. of Phys, Chen .;’ G. K. Rollefson, Ea%, Vol. I,
Amn. Rev., Inc., etanford ua‘lf .y 1950, p. 117.

(11) . 5. Dainton, Ann. Rept. on Frogfesw Chem. (Chem..Soc. London) 45,
5 (l%b) . | | | :
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these pmo»esses can pmoduoe secondary electrons of many hundred ev energy°
For one—Mev gamma rays the e soattered electrons have & mean energy of AAO kv. 10
On a moleeular level the energetlc radlatlon can . e;ther scause the .

egeohlon of an electron from a moleeule or pwoduce an exolted moleculeo )

: M'\M-e :'M+
M ‘Mﬁ;A

oyt .

A The secondamy electronsAfrom thls 1mpact process nlll contlnue to pmoduce
more 1onlzed or exolted molecules untll the energy of the electron lS less
than the lowest ex01tatzon potentlal of the bombarded molecule and the |
,reglon of’ pmoduotion of these excitatlons and 1onizatlons is called a "Spur n
Some of the electrons reaot w1th moleeules, pmobably by resonance absorption

to produce negative ions (Uee Flgure 1)

L FTH ey M

Most of these electrons, however, are thermallzed and reaot w1th pos1t1ve
nons to form excxted neutral molecnle Thls entlre process 1s very rapdd,

probably taking place within a molecular V1bratlonal perlod, and certainly

6,85

before any gross movement of molecules oan oceura The transfer of energy

.to nuclel can pmoduoe atomlc dlsplacement by re001l and chemlcal change but
. (PO

tnese effects are very small for the systems consmdered here, and repmesent

12
less then one part in a thousand of the incident energy absorbed. - .

(12)  R. I§ Flatzman, "Symposium on Radiobiclogy," J. J. Nlckson, Ed.,
John Wiley & Sons, New York, 1952, pp. 97-117.
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Chemieal Effects

 The fate of the excited or ionized molecule determines the chemical
effects described in this review, In an ionized mdlecule the charge apparently
assumes a normal pmobablllty dlstrlbutlon very rapldly 13 The.excitatien
energy 1s converted into fibratlonal energx and a fragmentatlon of the mole-
culemlon_can occur at a point of low tran81tlon—state bond energy, which may
be Quiteifemote from the point of impactol4 The ionized molecules may react
in other ways, for example, b& rearrangement and/er polymerization.' The |
excited dblecule cen also undergo'fragmentation or reaction. Expefimental
.determinaiions of the number and nature of these activated or ionized inter-
mediates 1n certaln organic compounds have been made by a number of investi-
ganorsol§"l7 ‘ |

The_fete of the excited or ionized moleeule is influenced by the
envxronment for pure compounds this means whether the radlatlon is taklng

place in the gas, liquid, or solid state° The con81derab1e mobility of mole-

eules in gases and liquids should permit the active partieles to enter more

(13) J. Lennard-Jones and-"G G. Hall, Trans. Faraday Soc. 48, 581 (1952).

(1) . Eyring J 0. leschfelder, and Hs S Taylor, J. Chem. Phys. 4,
479 (1936).

15) L. H. Gevantman and R. R. w:'i.lliams, J. Phys. Chem. 56, 569 (1952).
(16)  A. Prevoft-Bérnas gt al., Disc. of the Faraday Soc. 12, 98 (1952).

©(17)  W. Minder and A. Heydrich, ibid,, 12, 305 (1952).
S Y

o !
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often inﬁo'reactions withllowvfransition-state energies than is possible in
solids. In addition the fragments p&oduced from the excited or ionized mole-
cule by internal rup&ure'ﬁéy'belgreéti&'iﬁflﬁenced by fﬂévéﬁVifonment. There-
fore, one can expec£ to find different pmbdﬁéts from irradiation of a given
c0mp§und depending on its physical state. Ejring et al, 14 suggest that
theré is a smaller diversity of products formed in the liquid state than in
the gaseous i::haseo - | | |

The effeéts of varying dose rate and of using different’t&pes of
radiatién, @y By or Y rays, is QSuéily_not_predictablen~ hanges in eifhe:v
of these two variables éan,produce concentrationvchénges of reactive species,
depeﬁding upon the time scaie. These result in variations in quantity,
rathef than of type, of chemical products. A number of such examples may
be found in the tables. The G(~M) for self-decomposition of C'*-labeled
organic compounds 1is uéually larger thén fér Y or eu_irrédiations, but in a
number of these cases this effect could also be due‘to'oﬁhér conditions,
including purity, temperature, time (compound instabiiity), rate of irradia-
tion, and exposure to dxygen (air) and water.

Irradlatlgn of Gases

The only recent comparative study»on the.irradiation of gasesiand
liquids is the work of Manion and Burton.18 Table I shows the results of
this studx'and there we see that in fhe gas phase pméduction of hydrogen is
greatly depressed and s fragments increased as compared to the 11qu1d state.

" Although the relative dlstrlbutlon of positive ions formed by electron

(18)  J. P. Manion and M. Burton, J. Phys. Chem. 56, 560 (1952).

L4
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Tatle I

(I"hnlon and Burton)18

(@)

Benzeneﬁ- . Cyclohexane ‘
VaportPhaSea'Liquid Fhase Vapor Phasea quuld Phase
¢ (Hy) | © 0.036 . 14 57
0.011 ' S Y
G (GHA) ‘ : 0.0012 - 0.07 0.09
G (C, gas) 0.16 0.022 0.48 0.21

Tho G values for the vapor phase 1rrad1atlon may be low by a factor
‘ag large as 2. :
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bombardment can be observed by means of a mass spectrometer, the data so
obtained are very difficult to interpfetl9 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 translationdl energies
are imparted to fhe ions és they are formed, and the greéter the translational
energy the greater the'accelerating voltagé needod to cause the ion to reach
the collector. Therefore, relative peak heights are not reliablé indexes of
relative émoﬁnts of ions formed. In addition, of course, all neutral frag-
ments are lost in mass spectrometer‘workn For these reasons attempts such as
that of Pahl”s20 to derive an index of radiation sﬁability from mass spectro-
meter data are of questionable significance. ‘

' wallonstein, Wahrhaftig, Rosenstock, and Eyring19 have considered the
problem of ioniziﬁg radiation decomposition of a polyatomic molecule,vand

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

general outline of the exoerimentél 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 molecule is accompanied by Simultaneous transfer of ekcess 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,
"Symposium on Radiobiology," Ed. J. J. Nickson, John Wiley & Sons, New
York, 1952, p. 70. See also M. Magat and R. Viallard, J. Chim. Phys.,
48, 385 (1951).

(20) M. Pahl, Zeit. flir Naturfurschung 9b, 188, 418 (1954).
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o Quaniltat1§e.data.on.rédlatlon chanées with known radiation ennrgles
have'been publlshed for about ~one hundred organlc compoundsoz¥ In the follow-
lngiser;es of_eleven @ables_we.are:going'to review, by c;asses of organic :
H.compc#qu;.the mofe important quaptitative data for these substances. The |
éccﬁragy of thesé‘reported G values can vary widelyo . Absolute values of
radiatién,dosage measnremeﬁts ére often in question by one hundréd ﬁercent,
lMény_of these irradiations have been made without specigl regard td_pu,ri'ty~
of mgterial, especially oxygen degassingu After irradiation it is often
very diffiéulf_to fémove all of the product gases from an organic solid or
liquid,.and; therefore, gas G values can be in coﬁsiderable error unless
spec1al pmecautlons -are, takeno
o Of great lmportance to the speclallst in food and drug sterlllzatlon
are G(sM\ and G(polymer) values, and these in partigular are lacking in
'mo:sltpalses° ;t is ve;y_des;:able that'mgre of these values be detarmined
in the futurea
Table II summarlzeq the present status of knoﬁledge on rad1at;on
effects for eight types of organlc co.mpounds° Gomppunds that do not undergo
known polymerization reactlons have G(-M) values varying from l to 15. Tw§
~notable exceptions are calcium glycolate and choline salts. Produetion of
hydroéen, methane,ané.other gases are not reliable indéxes for molecular_»v
étability, even in saturated hydrocarbons . Slmple aromatlﬂ substances are
the‘most stable class of compounds. Saturated hvdrocarbons, halldes,

alcohols, and aliphatic-g-amino acids are &ll quite’ stable.

(21) The authors regret having neither 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(lM—ypolymer).

LY



+
' &4

-15- UGRL~270,
‘Table II
Sumation of Radiation Changes in Organic Compounds

Major G Values Determined

Saturated hydrocarbons

Unsaturated aliphatic and
alicyclic hydrocarbens

Aromatic hydrocarbons

Halides
Al cohols

Carboxylic acids

a-Amino acids

Quaternary ammonium salts

H," 4= 95 Hyy 2= 65 CHy, 0.06- 1

Polymer, 10-2000; crosslink, 6 = 14;

Hy, ~L; CH, 0.1~ 0.

Polymer, ~sl; Ho, 0.04 — O.4;
CH,, 0.001 ~ 0.08

1/2 I, 2= 43 HI, O

1/2 Br, 0 — 0.5; HBr, 0 =15
1/2 012, 0; HCL, ~4

M, 3 —12; Hy, 1 = 3.5;

hydrocarbons, 0.5 = 1.5; carbonyl, 1 = 2;

vie-glycol, 0.5—=1.5

-M, ) 0.35 GOy, 0.5= 4; GO, <0.5;

Hy, 0.5— 2

-M, 3—10; NHy,~1; COp, ~d; amine,~1

-M, 1 = 170; amine, 1 — 170

(a) The symbol "-M' represents the startlng materlal that is permanently

altered.
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(See 1able iIL}

Hydrogén gaslls one of the magor produbts that has been isclated
from irradiation of saturated hydrosarbons. The C(Hy) values gradually
decrease with increasing chain length in aliphatic compounds to-a value of
about 3.5. Extensive branching causes marked deviations from this simgple
observation. | “ | |

The G(CHA) #aiues‘afé increast by the pmeSen@é 6fVme£hyl grbups;
Alicyclic compounds show_only trace methane formation, consistent with the
idea that most methane is derived from methyl groups. G{~M) values are
probably mors uniférm fér this grcup-bf compounds than for any others known,
and vagy:from AQS,Mthch.ﬁeaﬁs ﬁhat_while these campounds are not particup

larly radiation-stable, neither are they subject to chain polymerization

reachbions induced by radiation.’

(See Tables IV and V)

"‘Pydrogen gas pmoductlon in thess @ompounds ig. only about one-
fourth the amount for the equlvalent -saturated oompounds, 1.8 G(H ) values
are about ocne. Scme methane productlon also is observado The double or
'trlple bond of unsaturated hydrobarbon% doe& not in itself weaken the mole-
cule with respect to radiation fracture. Indeed such bond energies are
40 to 60 kcal/mole larger than for a simple C=C bond°23 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 bs polymerized by radiation energy.

(23) L. Pauling, "The Nature of the Chemical Bond," Cornell University
Press, Ithaca, N. Y., 1942, pp. 53, 131.
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Table III

Radiation Changes in Saturated Hydrocarbons

U
a2}

(24)  S.C.Lind and D. C. Bardwé_n, J. Am. Chem. Soc. 48, 2335 (1926).

G Values

Compound Radi?t_i"oﬁ H2 C'HZ+ ) Othferé References
Methane 6 Mev '@ (Rn) B 65 - -M,2 8;6; éfhaneg 1.3 24
Ethane 6 Mev o (Rn) 5.0 1.0 -M, 6.63 'i:’ropéﬁe, 0.3, _ 24
Propane 6 'Mev « (Rn) 4 26 1.17 -, 6.6; ethaﬁe, 068 2
Butane 6 Mev g (@&n) L.77 . 0.88 -M, 6.<§; eihané, b.% 24,
"Cycl'ghexane' 1.5, 017 I & 4 0.09 Polymer, 1.7; 02,._0.2i 18,25,26,27
,g-_Heptarie faSt electrons 4.2 0.22 Poly'mer,. 1 7, gas, 4 ' .25.;26
n-Hexane 0.17 v &~ 41 0.33 | | 25
Me‘tl;lylcyclohexa‘ne fast ’eléctrons . | 3.5 - Gaé, 45 25;26

" n-Decane 017 W o 3.5 0.09 25
Q-Tetradecane 0.17 My e~ ' 3.4 Q.O6 ' L2500
2,5;Dimethy1héxane 0.17 W e~ 2.3 0.62 25
2,2,4-Trinethyl pentane 017 My o~ 1.9 0.82 25

 Decahydronapnthalens  0.17 My e 3.9 25
Polyethylene Y and n (pile) - - Crosslink, 4 28
(a) - The symbql"‘_-il\d" represents starting maté_rial'l”that‘ is per'manentlj altvere'd.

=41

0L2~"TI00
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(25)°  G.'S. Schoeptle and G. H' Fellois, Ind. Eng ‘Chem. 2 ,;, ‘1396 (193'* J. ' Recaloulated values
using cyclohexane as a standard. Cf. Reference 27 nelow.

(26) “* M. Burton, J. Phys. Chém., 52, 564 (1948). Tablé"ascr.ibed-'fo“'ﬁénagah, Hochanadel and
T Pannem.an° . ' _ L - \

(7). M. Burton and W N Patmck, J. Phys. Chem, .i,.,, 421 (1954)

(28) . _A,.‘,A(_}ha‘;'l‘esby, Nucleonics 12, No. 6, 18 ,(1954)0

8T=

70Lz=Td00
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Tsble IV

G Values |

Compound Fadiation Hp CH, , Others _References
Acetylene = - 6 Mev ¢ (Rn) 075 - Polymer, 75 2
Ethylene ‘ Y rays ' ' - - Polyethylene, 10-2000° 30

g : : g b : .
Ethylene 6 Mev g (Bn) - - -M,” 20; Hp + CHy, 3.8 29

' Diiscbutylene 017 v & 0.87  0.36 - 25
Octylene L 0.17 Mr e~ 1.2 0.09 | \ 25
Cycl ohexene 1.5, 017 Mr e~ . 1.2 0.009 ~ Cp, 0.4; C18,25,26

o : : ' ' polymer, 4. 2 12 4 _

1-Methylcyclohexene  0.17 My o 11 0.07 | | 25
{a) - These values were observed after an induction period which could be due in part to :unpumtles ,
h in the gthylene. :
(b)» ~ The symbol "=M" represents the starting material that is permanently altered.

- (29) 8. ¢.Lind, D. C. Bardwell,and J. H. Perry, J. Am. Chem. Soc. 48, 1556 (1926).

- (30) - J.aG. Lewis, J. J. Martin,and L. c Anderson, Chem. Eng. Progress 50, 249 (1954).

Y0L2~"T0N0
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(31) A. Charlesby; "Effects of Ionlzlng Radlatlons on . Qleflnes and
: Acetylenes," AERE Report M/R-m,s, Aptm,l 1954 oo

v
{&. Charlesby)™ .
Compound - | R G (Crosslink)
- A' -cig~stereoisomer trans-stereéisomer
Decenewl. kclO)  ' B - 10. 9
‘Oqtadecenéwl (Crg) w . 10.3 R
Octadeceneé2- icls) 9;2& ;1 éoéé
Octadscens~3 (C1g) 7.3 7.7
Octadecene=4 (Cyg) 6.9 760% '
4Octadecene;5 ,2018)' - =
Ogtaﬁecene;6 (G g) 6.3 6°4;
‘Octadecene~7 (Clg) 5.9 §ali
‘pctade_cénefs (©18) 6.1 -
Octadecene-9 (C1g) 6.4 6.1
Decyne-1 .(C10) 14.3 -
o Heptadecynéfl f(é17) } 1803
Octadecynesl (C)g) 17.0
oétacosyne.-fa '(028) 17.4
' Docosyne-11 (Co2) : 71
| Dotrlacontynemlé (032) 8.4
2,5~Diznethylhexad1§ne-l,5 13.9
N
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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 induction 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 found crosslink

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

molecule, and that the transéstereoiSOmer Seems fo be about 5% mére stable
than the cis~iSOmer; This is in agreement with one of Iéhl}s'cOnclusionszo
f;om mass spectrometer data that the least stable.alkenes are those.with the
double bond in the one-position. |
Arométicvﬂxdrgcarbogs (See Table VI)

Simple arcmatic hydrocarbons are one of the most stable classes of
organie compounds known. The radiation excitaﬁion energy can be absorbed in
considerable}quantity without bond rupture in these molecules, forming

Atriplet states. In the case of benzéne, the lowest triplet state has an

energy of 3.5 ev,27’32’33

An excellent protection effect is cbserved in
radiation studies of mixtures of benzene with cyclohexane, and fhis fact‘;
should be remembered in the pmoblems'of storage of radiation—senéitive iso-
topic compounds. However, this protection was not observed for mixﬁurés of
propionaldehyde and benzene-d-6, probably because the lowest'excited'state of
the propionaldehyae lies lower than that of benzené. Even polystyrene shows

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

. (32) W. N. Patrick and M. Burton, J. Fhys. Chem. 58, 424 (1954).
(33)  S. Gordon and M. Burton; "Radiation Chemistry," Disc. of the Faraday
Soec. 12, 88 (1952). . E

=9



Tabie VI

Radiation Changes in Aron

tic Hydrocarbons

| G Values

4

Compound - - . Radiation . - H; . CH, . Pdlymer Others Reference’
Benzene =  15MW et - 0,03  0.0002 0.7 . Gy, 0.022 - . 18,263,

Tluene - - 1.5, 1.8 & 013 . 0.008 092 Gy 0.0043 . 27,3536
- _- S S -2 S A
Ethylbenzene  18We 0 .048 . 003 .. . 3537
Isopropylbenzene C18we 0 1-7 ‘ '°°°’? ‘ T 6 :'3
Isopngpyi‘benzéne- 27 Mev H'% . - 0 311 - 0.078 ‘ o CpHg, 0,005 36,38 -
tertsBﬁ+yibenzene o Al°5 My 'e“’ p L 0.11 - '.O'_ov_O’] ] | - B 36

Mositylene 1.8 W e 0.24 0.8 S 35

(1,3, 5-=tr1methyl benzene ) . T o '

- Styrene ' - . Xrays . S 40 (-180) | . 39

(Ce,HsCH—CH:e) e 250 (259) ¢ ; ’
: B : ~ 800 (80°) '

-

Palystyrene’ . Yandn {pile) - " Crosslink, 0.08 28

(34) ~ W \I Patrlck: andM Burton, J Am Chem Soc . 6, 2626 (1954)
(35) R Rs Hentz and M Burton, ;"1 5y z;, 532 (1951) _
(36) M. Bu,rton, s Gordon and R. R. Hentz, J. Chim. Phys. 48, 190, (1951)

(37) r.J. SxJorski R. R. Hen'hz, and M. Burton, J. Am. Chem Soc. 73, 1998 (1951)

ole=T800

(38) A 8. Newbon, Um,vers;x.ty of Cal:x_f’ornla Radiation Laboratory Report, UCRL==2AS5 (1.954)

{39) D6 S( Bal]),antine, P. Colombs; A. Glines;and B. Manowitz, Chem. Eng. Progress Symposium 50:11,
207 (1954

- t—
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28,40,41

presumebly because of the protecting benzene ring. The small amount
of hydrogen and methane produced on irradiation of these compouﬁds, in general,
increases w1th 1ncrea81ng number or 31ze of alkyl side groups.

Organic Halides (See Table VII)

The interaction of rad#hion with organic halides,particularly the
iodides and bromides with a small percent of carbon and hydrogen, will cer- -
tainly be greater with the orbital electrons of the halogen atom itself.
Hewever, if charge'distribution theories of the érimary impact procees'are
correct, this should not be the critical factor, and the molecule should
rupture most often at its weakest bond. Ih an interesting'study of free-
radical formation in the irradiation of iodides, Gevantman and ?IilliamslS
have shown that in alkyl iodides the C-I bond is more readily brcken than
the C-C or C-H bonds. However, some C-C bonds are 'broken,and this type
of sﬂi‘b'bing is more important in the gaseous state of the halides than in
the 1liquid state. The ilodine atoms released by this rupture process
usually appear in'the form of free iodine.

 Organic bromides can give either free bromine, .HBI', 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 Energ;y Comm1ss:|.on Unclass:.fled
~ Document, ORNL-928 (1951) _

(41) C. Bopp and 0. Sisman, U. 3. Atomlc Energy Comm:.ss:.on Unclassified
Document, CRNL-1373 (1953). '



Table VII

Radiation Changes 1n_ Organic Hielides

I . N T GValues

Compound - -,-.fRadiation 1/2 X2 HX O+her§, o Reference

Methyl iodide 15w e . 33 A T 42
Methyl fodlde - - X rays 120 p.v. or 24 = H2, g 08; CHA, 0. 54,,;: 43

1.3 Mev.Y (6c°0) o L Gl t
Methyl iodide 50 k¥ 5_ (A_c14)~_- S ;M,av,B,,éff i
'Methylene lodide .66 T 250 Lo o 42
Ethyl iodide 16 MW e™ 2 42
Ethyl iodide X rays; 0.96 R or 4 A - ;5_.72 Ce N 45
: 6 Mev g (Rn) or . 24 - R - :

-~

Ethyl bromide

Ethylene bromidé 1 SR 05 R . : o N "1;2

i _ __..'_l X Mev X rays '.-. 5 0.0 B g ‘ S : :
Ethylene chloride . ' 'l‘:.,6 Mev X rays. - . . 4.1°¢ : : # 1.2 .
‘n-Propyl iodide 1.6 MW e” 25 el R - 42
Bromobenzene l 6 Mev X rays o ‘ - : 2 ,0° C L " | 42
(a) The symbol "-M® represents the starting matemal that is Apermanently .‘alte':'rede | |

{b) .Alr-satu.rated e'thyl 1od1de°

—- .

-
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Yields relative to an assumed G(1/2 I,) = 4.1 for ethyl iodide decomposition by X-rays.

’

Table VII, Cont.

(e)

(42) R

(43) R

4y c©
45)

. H. Schiler and W. H. Hamill, J. Am. Chem. Soc. T4, 6171 (1952).
. C. Petrey and R. H. Schuler, ibid., 75, 3796 (1953).
. D. Wagner and V. P, Gwinn, ibid., 15, 4861 (1953).

. Lefort, P. Bonet-Maury and M. Frilley, Gampt. Rend. 226, 1904 (1948).

Pt

~Ge-

© Y0Lz~TI00
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6 i -
Shilte gt al, 4 have found no oxidizing agents and only traces of Gl formed
when specially purified chloroform is_irradiateao The-CmC bopd is probably
more readily bfoken than the C=F bond by radiatidn,and indeed Teflon shows

almost no gas formation on pile irradiation and only crumpling of the poly-

1

mer to a powder on protracted radiation, presumably due to C-C bond ruptures,28

When Teflon is irradiated as solid pleces in a sodium hydrexide sclution, &
certain amount of.fluoride is immediately fo?med, énd more slowly éppears
over the ensuing month. A4 value of G(F™) = blﬁ& was measured for this de-
cémposition by Y-irradiation,by Ryan°47 These data continue ﬁheitrend ob=
served in the irradiation of iodides and bromides that j’..odides'.ffom iodine,
_bromides tend to form HBr, and chlorides formfho free chlorine.. The results
on the radiation decompositién of alkyl haliées.ére_also;in accord witﬁj
known bond -energies: GC-F, 107_kca1/mole; -G, 59 kcéi/mgle; chi-, 54, kcal/
mole; G-I, 46 keal/mole.>? In genersl, organic halides do not seem to be

much more sensitive to radiation changes than are sdturated hydrocarbons .

(46) %., WO)Shul‘te, J. F. Suttle,and R. Wilhelm, J. Am. Cliem. Soc. 75, 2222

(47) " 3. W. Ryan, Mod. Plastics 3L(2), 152 (1953).

,,,,\‘
LY -
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Mlcohols (See Table VIII)
In one o the most complete radlatlon decomp031tlon studles made to
date, McDonell and I\Temrl:on48 have determ,med a large fraction of the produc‘bsv

produced from He'~ bambardment of tén normal-, iso- and tert-aliphatic

_alcohdls. - Only a small fraction of the data from this paper is reproduced

in the table. Large amoumts of hydrogen are observed in‘ all cases, as are
also aliphatic hydrocarbons. IWater and carbon moncxide were alsalformed in
all cases. A total of abowt 7-8 mclecular 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 carbindl

carbon a“bom°

The stabJ.l:Lty of these alcohols toward radiation changes, as well as
that of cholestercl and cholestanel, is nomal, and G{~M) values varied from
3.5~61. Self-radiclysis of methancl-1-CM* gave a value of G(-M) = 12.
This value is rather high, bub this may be due to the difference in
radiation.
Amino Acids (See Table IX)

Relatively little data are avallable on the effects of radiation on

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

. solutions of these compounds. The available (f}."(-wM)-values for the'._ pure com-

(48)°  W. McDonell and A. S. Newton, J. Am, 'Qhem. Soc., in press.



. G Values:

| C=Cs- . SR :
Hydro-" % SR - Reductlon

Compound 4 _\:. ﬁadiation carbons - Hp - Garbon.y’l v1c=Glycol Eun.valen’bs - i;:Rei“-ere.n!é:e
Methyl &licohol ; . 2§5Nbv-Hé+2‘ 150;40 aBQAé:_ 1,é9 :5,;1 75 _" ;7f67}, S 5;8b 48
Mothyl alechal - 50 lev B (C14), 54 53 - 16" e 120 T 49
Bthyl alcohol = 27 Mev He*2  0.84 3.6 110 1.05 839 . 473® 8
mPropl alechdl C 27 MevHe'2 1.3 2.80 205 - 0.85 7.0 6.06° 48
iso-Proil slohal < 27 evie's 176 2.7 2.9 039 830 47 48
n-Butyl: alﬂohol fi 27"Mbv He'? \11079 13,59, | 4 : '

j;s;‘o?Butyl alcohol - 27 Mev He'?

11.98 2,77 65 - 087 T 7TUT - 483° 48

T ST

sec-Butyl alcchol . 27 Mev He'® ~ 2.22 2.61

N

095 o . 0556, ‘8 033 V - 6006b . :' 48
tert=-Bu‘byl alcohol . R7 Mev He+2 - 2,64 1 .24 48 .
n—Octyl alcohol 27 Mev He'= . 0.03 3.48 0.87 50,56 710 L < :; 48 |

aDecyl alechdl . - 27 MevHe'© 0.0, 3.47  0.76 B R -

a78 ‘ "_ Oovlo ._ . 6 397 : 4 ?ll

Cholestercl '.; 2l W ; o 35 50,
Cholesterol 1.3 Mev Y (0060) ' | E 3.7 s
Gholestanol 1.3 Mév Y (Go™ R ST 46 s

(a8)  The symbol "=M" represents the starting material that is 'fzemanently altered.

g ~
P
1
N

=gC=

704200



Table VIII, Cont.

(v) Calculated from authors! data as a minimum value.

(c) The G(-M) for this refeience is 170 and is now believed to be in serious error.

{49) . W.J. Scraba, J. G. Burr and D. N. Hess, J. Chem. Fhys. 2L, 1296 (1953).
(50)  B. M. Talbert, gt al., J. Am. Chem. Soc. 75, 1867 (1953).

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

-6z
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Table IX

G Values

Compound - Radiation - Others " Reference
Glyeine 2.4, My e~ 2.75 cma.mgymg,oﬁx.f. 52
: CH3NHp, 1.183 GHaCORH, 0.48;
R{COgH)2, 0.61
Glycine X-rays - N 91 53
. Norleucine 50 kv B~ (CH4) 9 ' 50
G, HoCHNHoCOH | , -
Valine hydrochloride 50 kv p~ (GH4) 816 50
_(CH3)2CHCHNH2002H°HCI ,
Norvaline nyarodhiloride 50 kv g~ (cH4) 9 50
. GH, CHNH,COpH -HGL
(‘a)_'_ . The symbol _f?mlvf‘ .Ijem_f,esenfbs the starting material that is permanently altered.
(52). . .B. M. Dolbert and R. Noller, Unpublished data. :
{53) W, M. Dals, J. V. Davies,and G. Gilbert, Biochem. J. 45, 93 (1949). . .

mog an

 Y0Lz="T900
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pounds are probably not very accurate and, furthermore,.are restricted to
glycine and three homologues of giycine. Major gas:pmoducts from irfadiation »
of solid glycine include COZ’ NHB,and GHBNHB' Acetic and dxgliclacids are
also formed‘in appreciable quantities. Amine formation from proteins could

be partially responéible for off flavors produced in radiation sterilization
of high-protein foods.

Carboxylic Acids (See Table X)

The American Petroleum Institute Research Project 43C, located at
Massachusetts Institute of Technalogy, has pfoduced an extensive serds of
comparative G values on radiation changes in'fatty acids under ¢-particle ‘
(Rn) bombardmer_lta?4 Carbon dioxide is the major gas produced. Other gaseous
mroducts include G0, Hy0, H,,and low-molecular-veight hydrocarbons. Ina
study of temperature effects on hexadecanoic acid (0165 palmitic acid) it
vas shown that G values for GO, CO,and Hz'productioﬁ incfeased'with in—‘
creasing temperature. The temperature-vs.-gas production cur?e for docosanéic
acid (022, behenic acld) was rather anomalous°

In a very recent study, W. M Garrison et al. 55 ‘and A. S. Newton56
have shown that dilution of acetic acid with water decreases 002, CO,vmethane,
and ethane'production proportionally to the added water. This indicétes
that these‘producps»are the result of direct interaction of radiation with
acetic acld molecules. |

The stébility of benzoic écid toﬁard gamma radiation, as measured

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

(54)  W. L. Whitehead, 'c. Goodman,and I. A. Bregor, J. Chim. Pays. 48, 189 (1951

(55) W. M. Garrlson et al., University of California Radiation Laboratory
Report, UCRL-2605, May, 1954, p. 28. '

(56) A. S. Newton, ibid., p. 28.




Compound - - Radiation 6o, . €O Hy - Others fReference

festicaeid 0 20 MvEe? | 40 . 04 0.52 . Gge, 0.85 - 38,5
L PR Co . . CHy,1.38
hcetic acid  6Meva () 28 05 09 - 5
Benzoic acid =~ [ 1;3_- Mev Y0 (6c®0) . 0.266  0.0025 o‘...ch->oz6j Polymer,'é,jo3 s
Octemole scid (G 6Mva (W) ~ 22 05 14 s
D‘ééecanoic acid (Giz)' " 6 v ‘q (Ra) - L5 . -@4 o 1s B _- |  .€54
Hexadecanolc acid'(Gg) .« 6 Mevaa (R2) . 1.3 03, 1.7 s
Eigosanoig acid (6’26) " 6 Meva (Rn) 67 02 14 ; s
-D’§qo§énoiq za__gi;:fi._'(_c:zzj 6 Mev a (Bn) 0.5 01 1@:2 - : _ : 5L, |
Triagdn@anoic acid (§36) .,6.Fbv_q (Rn) ;_ b°8 | m_0.2 .23 ’ - } _754
<) " 6Mvg (Ra) - P 2.2 57

Oleic aci@ (¢9=09)

(a)  The symbol "-M" pe'pzresents' the starting material that is permanently altered.: -

(57)  V.L. Burton, J. An. Chem. Soc. 7L, 4117 (1949).

I
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consistent with the known stabilizing effect of the phenyl group.
aternary Ammonium Salts (Seé'Téblé XI) - o

The simple quaternary ammonium salt, trimethylethyl ammonium.chloride,
is quite stable towards both beta and gamma rays and has a G(-M) value of
about two. However, the introduction of a B-hydroxyl group into the ethyl
radicél, giving the biclogically-important compound, choline, gives rise to
a very radiation-sensitive molecule. Choline chloride has been found to split
quite selectively into trimethylamine and acetaldehyde while, at the same time,
giving only very small amounts of non-condensable gaseous products. The very
high G{=M) values for the self-decomposition of ClA—labeled choline chloride
and for the Y-irradiated compound are especially striking -- they suggest thét
o chain reaction must be taking place during ﬁhe decomposition. ‘Thé great
differences in the G values obtained by the differept kinds of radiation is well
outside any possible errors ofvradiation dbsage méasureménts, A ti@e 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. | _

A1l of the six systematic changeé“made»in the choline molecule, which
are illustrated by the other compounds listed in Table XI, led to increased
stability toﬁardé radiation, and the G(-M) values obtained need no explana=
tions 3n terms of chain reactions. The differences between electron and Y-ray

bombardment are striking, if real.

Misgellaneous Gompounds (See Table XII)
As we have already seen, the radiation stability of organic.compouﬁds
can vary enormously in a c1osed_éystem; Gaseous carbon dioxide is one of the

most stablé cbmpoﬁnds o'bse'fved5 probably beéausé bffback reaction between the



" G Values

(58) -~ R. M. Lemmon, M. Parsons, and D. Chln, Abstract of Papers, Division of Organlc Chemlstry,

ACS, September 1954 .

V2

Compound:: Rédié't.ioﬂ «MP  Trimethylamine Reference
Trimethyl‘ethylammgnium_cm.oride 1.3 Mev ¥ (0060) 2 1 58
o T - 2=, My &7 B 2 - 58
Ch[.c(;llm; chlorldeJ - 1.3 Mev Y (co ,) 178 1in 58
GH+ ) 3NCH,CHoOH]GL 2}, My oo 19 2 58
3/3NCHpCHp :

] , 50 kv [3= (GL4) - 490 50, 58
CholJ.ne iodide i 3 Mev' Y (0060)’ 7 1. 58
[_(CH3)3NCH20}120rﬂ I S | A 1 58
Betan.ne hydrochlorlde. I 3 Mev Y (_Coéo_)‘ i8 - 58 N
C_(CH NCH,COH[CL . o, 2=l My e 17, - 58

3'3% : | | : | .
'Trlmethyl=-2—chloroethylammonlwn chlorlde" 1.3 Mev Y (0060) 12 S1R .58 -
Prinethyl-3-hydraxypropylammoniun chloride 1.3 Mev. (00601) - 4 58

T S _ L 2-4 My e- - 2 58
Ace(tylc):hdliné- chloride 1.3 Mev Y (0060) - 5 58
~ (CH, ) ,NCH,GH,,0GOCH ,CL 2-4 My e~ 2 1 .58
. 2Lt . | 2%

e 50 kv g= 014) - 5 58
'(a) The* symbol "=—M" reptresents the starting material ‘that is permanently al‘bered
(b) ThlS value determmed by Reinecke salt precipitation.

oLz-1a0n



(a)_ - The symbol "=M" represents the ‘starting materlal tha‘b is permanently altex'ed°

- (59) S. C. Lind and D. C. Bardwell, J. Am. Chem. Soc é_, 2675 (1952)

{60) N. E. Tolbert, Private communlcatlon, March 17, 1954

\ﬂ ey N «
Takle XIT
Radiation Changes in Miseellaneous Organic Compounds
G Values
" Gompound Radiation o af Others , Reference
Carbon monoxide 6 ¥ev o (Bn) 6.6 59
Carbon diaxide 6 Mev o (Rn)  0.016 59
Hydrogen cyanide 6 Mev g (Rn) = 38.0  Np, 1:25 Hy, 04 29
Cyanogen, Collp 6 Mev q (Rn) 23.4 iy, 1.0 )
Diisopropyl ether 27 Mev He'?' ' Hp, 2. 3, CHy,, 0.88; 02, 0.16 38
Dibutyl ether 27 Mev He*? By, 2;7; Gy, 0.165 Cg, 0.25; 38
Cy4, 0.38; polymer, 2.5
Propionaldehyde 1.5 My &~ Hg, 1.25, co, 1.60; CH,, O 115, 32
Methylmethacrylate X rays Polymer, 1160 (-18°) 39
CHp=C (CH3)C02CH3 Polymer, 3750 (25°) |
P, , Polymer, 9700 (720)
Calcium glycolate—l«014 50 kv B~ (Ct4) 166 - Oxalic, 61; formlca 105 50,60
Ca101um glycolate-z-cl4 50 kv B~ (014) 176 . axalic, 56; formic, 120 50,60

70Lz=T00
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CO and O formed by the radiation. Mixed gas studies with isotopes could

. : B
definitely confirm this theory. Methylmethacrylate has a G(polymer) value ¥
of 9700 at 72°. The activation energy for this radiation-induced poiymeriza- %
tion (4.25 keal/mole) is very similar to that calculated for photo-initiated
free radical polymerizations (4.7 kcal/mole). The anamol cus radiation in-
stability of ClA;labeled calcium glycolate may be due either to the water
of crystalllzatlon or to the fact that the. compound was not stored in‘vacuo.
AcknoWledgments-' The authors wish: to thank R. M NdLler for maklng a

.,number of the G value calculatlons and Dr A S. Newton and Professor M.
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