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Huat of tht: nit.:s:·osan-containin6 <.:Onl._f)ounds that have oeen studied 

in ra.d:La.tion c:hemistry IfJ£J..Y be rorrnally classli.'icd as derivatives of arlllllonia., 

The actions u.f 1on1z1n~ ruiiiations on this system of nitro~en com:.;>ounds in 

aqueous media have been related in terms of the initial reaction 

+ -H2o~ H2,H2 o2 ,~ ,OH,euq' Substu.ncas ·that have been treated re.n3e 1n 

CQ!nplexlty from ammonia onthe one hand to theN-heterocyclics on the 

other. Emphasis has ·ueen placed on the reactions of e Vith the various aq 

types o.t' nit1·oge11 function. 
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Host of the ni'tro;d;en-conta.ining crnuvounds that have been studied 

in radiati<m chemistry-a.nd particularly those that have been studied 

because of their bioloL:;;ical interest-may be fonaa.lly classified as organic 

derivatives of ammonia i.e., as RNH
2

, R
2

NH, R
3

N. The radiation chemistry 

of these compounds in aqueous media is f1·equently detennined by the nature 

of the substituent 5roups R. However, unde1· certain conditi(Jns, the re-

activity of the nitrogen loc~s is manifested as the characteristic radiation• 

chemical property. Hence, we consider here first the radiati<)n-induced 

reactions of' the parent compound, ammonia, and its closely related inorganic 

derivatives, h.ydrazine a.nd. hydroxylamine. 

l-3 . 
It is assumed in accord with current theory that the earliest 

. chemically detectable products of the dec•:lmposi tion of liqu:l.d water by 

ionizing radiations are ~iven by 

(0.1) 

where e- represents. the hydrated electron. 'l"'he formation of H atan$. in aq 

irradiated wo.ter is ·then attributed to .the seconclary reaction 

( 0.2) H 0+ + e- -+ H + H
2
o 

3 aq 

In developing the present discussion, u.n effort was made to tt·eat 

separately all o:f the possible reactions of on, II o.nd e with eo.ch nitrogen 
o.q 
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compound in its various possible forms in aqut:oue solution. Howeve1· 1 in 

most cases the availallle data are not comvlete enough to permit such a 

Wliform and Bytrllnetrical treatment. 'l'h13 reactions, therefore 1 have been 

grouyed arbitrarily simyly :.t'rom the standpoint of f'acilitating discussion. 

( l. ) Ammonia 

(1.1) 

(1.2) 

tm
3 

+ on --. mr
2 

+ H
2
o 

NH
4
+ + OH --. NH t + ll 0 

3 2 

)._ 
Ri~5s 1 Stein and Weiss established in 1952 that ammonia Wldergoes 

a radiation-induced oxidation to yield nitrite ion in oxygenated solution. 

'l'hrough interrelated studies of the effects of pH and solute concentration 

it was established that G(No;·) is 4epend.ent on the concentration of free 

base as given by the equilibriwn I~ + H
2
o -+ Nnt' + OH-. For example, it 

vas four1d that the production·of nitrite ion in a dilute solution of ammonium 

. ( -1~ ) 6 sulfate 5 x 10 M at pll 9· 2 follows practically the same course as in a 

1 more concentrated solution (lo-11_) at pll 6.90; the concentration of free base 

in these two solutions is approxima.telJ the same. Removal of OR radicals, 

then, in the l'£ldiolyeis of fll!J.Inon1a solutions a:ppa.rentl,y- occurs exclusivelY' 

through hydrogen abst1·a.ction frcm tlie free base vla. reactlon-(-l--;1-)-. -The-----

mechanism proposed for the radiolysis of OXJgena.ted solutions of ammonia 

includes reaction (1.1) nnd the steps 

NH2 + 02 -+ NII., o2 c. ; 

rm~p2 + o2 
-+ 1IN0

2 
+ H0

2 

H(e-) + 02 ~ 1102(0~) 

no4 
p 

02 + It 

2no
2 

_.... 
H202' + 02 
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'l"'lw conclusion b,y HifY..sS P.t al. that the rumu~.mium ion is inert toward .. 

the b.;:,.·drux;yl :cudica.l is in accord ·w-ith rect!nt studies which give D(NH+ -H) 
3 . 

~ 130 kcal~) as compared to D(H0-11) !:::·llG kcal.
6 

(1.4) NII+
4 

+ H -?l'l}l+ + II 
3 2 

+ ' 
The available experimental evidence indicates that neither N~ nor NH4 reacts 

with atomic h;1;drogen in aqueous solution. Collinson and Da.inton 7 conclucied 

that H a·tom :~.~emoval via l~eaction (1.3) does not occur even in liquid ammonia. 

Hea.ct~on ( 1.4) is eoti.ma.ted from the work of Tal' roze and Frunlwv1ch5 to be · 

. endothermic by about 27 l~cal. 

3 . 
Jortner et al. investigated the effects o:C Nll! on b;ydrogen productiOn 

in the r·radiolysis of' oxy&"Cn-free lilolutions o:f formic acid at pll values 

above 7. They found G( H
2

) ~ 3. 0 for 10 -'11 wmnonium forma.te o.s compat·ed to 

G(H
2

) ~ 1.8 f'or 10-i1 sodium formate under identical conditions. This increase 

in G(H
2

) is attributed to the formation of Ii atoms via. re.o.ction (1.5) followed. 

by 

H + ncoo- -.n
2 

+ coo-

'rhe rate of c,onversion of e- to H by runmonium ion iB eotimnted by Jortner o.q 
-4 -et al. to ·be about 10 times the ra.tc of con·1eroion of e by the- hydronium 

• . l:l.Q. 

ion in reaction (0.2). 

( 2) fud.ro.z ine . 

(2.1) 
,t 

-7 Nant + N2H5 + OH H 0 2 

(2.2) N2n; + H ~N2H~ + II2 
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Dewhurst and burton9 in 19)5 r'olluJ. that the ra.Uiolysis of oxygen-tree 

solutions oi' hyd..ra.zine collld ·oe inte:c:p:cetell over a vid.t:! range of pH in tenus 

of reactions (2.1) and (2.2) followed by the steps 

Product yields vith co60 
y -rays were., found to be strictly independent of pH 

through the range l to 8 with G(H2) ~ 2.),G(N2) ~ 2.5,G(l'm
3

) := 5.2. These 

results were iu r·easonubl~;: agreement With the theory of water decom_poaition 

generally accepted at that time-namely.that II and OH were the primary products 

of water· radiolysis. 10 It is interesting, in retrospect, to observe that of the 

various solutes then known to react with II via 

only hydra.zine failed to show the characteristic decrease in G(H2) with in

creasing pH above values of 3 to 4~ 

+ N
2

Hr:: + e _,. N
2
n4 + H 

) aq 

(2.4) 

The data of Dewhurst and Burton are consistent With the present 

concepts of the primary process in water if the assumption 1a made -that 

reactions (2.3) 1 (2.4) are in competition with reaction (0.2) 1n the removal 

of e- . The detailed reaction scheme otherwise remains the same. Since the 
aq . 

basic dissociation constant of hydrazine corrcsponds11 to K ~ 0.5 x 10-7 it 

+ is clear that the concentration of N2H
5 

is not greatly affected by pH belov 

a value of -7. The observed decrease in product yields at higher pH values 
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+ occUl·s over the pii range in which N
2
H

5 
is neutralized to give the free base. 

( o r:: ) ·~, + - """ Iffi NlL c;.o) .u2II5 + ea.q z + · j 

(2.6) N2H4 + e~q """ HH2 + NH; . 

11' reactions (2.5), (2.6) (followed by NH2 + N2H; """ NH
3 

+ N211:) also 

occurred in competition with reaction (0.2) and (2.3) then G(~) would 

gradually incr~o.ee with pH e.t the e~<pense of G( n
2

) and G( N
2

) • The dll.t.a of 

Dewhurot and Burton show no indication of' ouch a trend. 

( 3 • ) Ilyd.J.·Q?c'lla.mine • 

( 3 .1) NH
3 

on+ + on """ Nn
2
on+ + n

2
o 

Lefort and Tarra.go12·llave shown that the production of N2 a.n4 N~ · 

1n dilute aqueous solution of hydroxylamine unde:t· r-rays incr·eases abruptly 

with increasing pH above "'3 a.nd then levels 'off a.t pH values above·~ to 

give the limiting yields: G(N2) :! 2.7 1 G(NII
3

) ~ 2. 7. 'l'hia effect of pH 

is interpreted by Lefo1·t and '.rru·rago e.a evidence fo1· the equilibrium 

That is 1 decanpoaition of. hyclroxy~nine is not observed at low ~{.because 

oi' a. reconatitution'rea.ction between Nil; and the product of reaction (3.1) 



-6- UCRL-1 Ol:i:?.7 

Lei'ort and ~~an·o.go proposed tlia.t Nil; does not react with NH
3
on+ because of 

cho.rge repulsion. However, as the pH is increased, rm; dissociates to Im
2 

1n which i'orrn it is o.ssumBd to l.·eact preferentially with NH
3
0it and/or 

Nli
2

0H 

I 
.to give nitrogen through the step, 

( 3.3) NH
3

on+ + e --" Nil..., + H
2

0 aq c.. 

'l'he data of Lei'ort and Tarrago may also be explained in terms of 

electron capture by rm
3
on+ o.o indicated by equation (3 -3). On this 

assumption the obo,erved pH ei'i'ect would o.rise as a r·eoult of a. competition 

+ + -between NH
3
on and n

3
o for eaq" Subsequent steps leading to observed 

products would oe essentially the some a~ those given above. However, the 

reconsitution reaction in acid solution would in this case con·eapond to 

or the equivalent. 

(4.) Amino Acicls 

~ NIIOit 
3 

The l'adia.ti..m -induced reactions of glycine and alanine 1n neutral 

solution contaf.nin-3 oxygen lead to the formation of ammonia, C£-ketoacid, 

- 13 14 
aldehyde, and hyclroc;en peroxide. 1 Doth the qualitative and quantitative 

- . 15 
aspects of the deo;ra.dation are c_onsistent with a mechanism involvJ.ne; 

hydrogen abstraction by Oil at the a-carbon position via reaction (4.1) o.nd 

the otepo 



NH;(\H)COO~ + o
2 

e -(11) 

02 

+ 02 

+ II+ 

21IO 
2 
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--. Nn
3 

+ ncocoon + uo
2 

--. NII
3 

+ HCIIO + CO
2 

+ IIO z 

_., o;(l-ro
2

) 

--. no 4- 2 

+· ( ) -'l•he reaction between Nlr
3
c R COO and o

2 
ao written above repreventa only 

the over-all st.oichiometry. A detailed conHiclcra.tion of the nature of the 
. .· . ~ 

1ntermedia.te involved in cleava.gc of' the N-C bond io aiven elsewhere; the 

ma.in point here is that all OH radicals am;>ear to react pt·eferentially at 

the a-carbon position of th~ simple amino a.ciua in the zw:l.ttcrion form. 

13 Maxwell et al. report for Jl..1 c;lycine under r-re.ys the va.lueo G(IU~) ~ 4.3 .. 

) 
. 14 

G(r.G::~O ~ l1-.5 G(H
2
o2) ~ 3.6. ·Similar results are obtained with alanine · 

at concentrations above "' o.~. Other ei.111ino acids give lower ammonia yields 

16 as a resUlt of OH attack a.t side-chain J.oci. Product yields from solutions 

of ·~he zwi tteriono o:C' glycine o.nd a.lanine are markedly dependent on solute 

concentration and do not be3in to level off' at conccntra.tiona mucli belov 0.5!,1 

* and O.J.M reopcct1vely. 'l'his apparent. low reactivity has been shown by 

1'7 Habb.ni and Stein to be a. pr·opcrty of thE' Z\1:1. ttcrion forms. They fo'I..Uld 

* At these concentrations of dipolar ions the dielectric constant of the 

solution io considerably increased over that for pure water. The molru· 

dielectric increment for glycine is -25 a.nd it would seem that the modes of 

water decomposition might be app:ceciably modit'ied by dipole solutes 

particularly in ..Jiew ol' the marked influence of both dielec~ric constm1t 

and relaxation time on primo.ry procccsco in u condensed pha.oe. 
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tho.t the velocity oi' the reaction or on with the zwitteriona of glycine 

and alanine are respcctive\y· ~500 und ~30 tbnea slower than the velocity 

ot tbe corresponding reactions with the negative ion forms. Actually, o.s 

indicated by equations {ll-.2), {l~.3) below, reaction of' the amino acid 

negative-ion involves two loci-the N-H bond of the Wlcbri.rged amino group 

as well as the C-H bond at the a-carbon position. 

( 4 .2) NII
2
CII(R)COO- + OH ~ Nlli(H)COO- + H

2
0 

(4.3) NII
2

CII(H)COO- + OH ~ .. lniCII(R)COO- + H
2
0. 

J a.yaon et a1. 1n f'oi.Uld in their ra.diolysia studies of allro.line solutions 

of the a:-am1no acids that hydroxylamine as well. a.a amnonia ia produced in tbe 

presence of oxygen. Formation of hydroxylamine is associated with OH attack. 

at the uncharged amino group via reaction ( 4. 3) followed f'or example by 

I~HCII(H)COO .. + o
2 
~ o

2
NHCII(H)C00-

02NHCH(li)COO- + H0
2 

~ NII
2

0H + RCOCOO- + o
2 

Although this effect of pll on the reactivity of the nitrogen locus ie 

a.m:q.ogouo to that involved in the :cadiolysia of aqueoua ammonia., it should 

·be noted that the reaction of Oil with glycine and alanine even at high pll 

va.lueo still occurs predominantly at the o:-cu.rbon atc.m. 

(4.4) rm;cn(R)COO- + e~ ~ ll + J:UI
2
CH(H)C00-

(4.5) ~'~k+ I~C(R)C00-

(4.6) ·~ NII
3 

+ cn(R)coo· 
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' 19 Several years ago HLl..'<Well o.nd co-authors 1'i1'S·t; established the 

principo.l stoichiametric.relationshipo involved 1n the over-o.ll radiation 

chemistry of oxygen-free oolutions of gl;'/Cine under r-rays •. Major products 

from l. 0.21, solutions. at pH 6. 5 include hydrogen, wmnonia:, acetic e.cid1 

glyoxylic acid, formaldehyde and carbon dioxide.. Shortly thereafter it 

20 
wa.s shown tho.t theoe chemical changes could be interpreted both qualitative-

ly from l:.nown values of the ro.dica.l yields in water ra.d.iolysis o.nd the 

reaction scheme: 

11 + mt~cn(n)coo-
.) 

-7 NI< + CH(R)COO-

.... +. ( ) -liz + NII
3
c H COO . 

OH + l'UI;CH(H)COO- .... +· -H
2

o + NI1
3

C(H)COO 

cu(n)coo"' + NII;cn(n)coo· -+ ncu2coo·· + wn;c(n)coo· 

+ . 
a wn;c(n)coo- -+ ~l~==O(H)coo'" + NII

3
cH(R)coo· . 

11
2
0

2 
+ mr;c(R}COO- -+ NII~"'C(H)COO-. + H

2
o + Oil 

n2o + Nll~c:c(n)coo- -+ NH
3 

+ HCOCOOH 

Independent evidence for the propooed intcrmeclla.teo. CH(H)COOII o.nd 

NII
2

C(R)COOH, io to be found in the obsermtion20 that, succinic o.cid; o.apartic 
. 

acid, o.nd diruninosuccinie o.cld o.re produced in the rad.iolyaie of oxy:3en-free 

oolutions of glycine, albeit in relo.tively low yield. 

The mechanism Gl ven above is also o.;,Jplicab~e with minor o.djuatmenta 

21 
in tho two branching ratios to corresponding d.D.to. obtained in the r-ro.diolysia 

of' o.qu~ous ooJ.utions or · o.lo.nine • , 
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It,:J.s.obviC:Jua, hw\fev0r, thn.t th).::>. .rc(.!.ctlon scheme must uc :ce:vlsed · 

to to.lre into o.ccount the fact tb.:~t the rc:tlucinc; upecies initially i'ornted in. 

water ra.clioly·o:Lo io e r·o.ther then II. 'I'he qucrYtiion here of couroe is: what 
aq 

are the reo.ctions of o- in. the cocc:ntit'..ll•' nuutnll oolutiono or the zvittcrion . 13.(1 J 

tha.t OJ::'<:! stoichior.H:.:trico.lly C:lqui vo.lc.;nt to the II atom reo.ctionG 1'ormulo.tod in 

. the ori[;ina.l mecl:u:mis;ni 

One possil.Jil:l.ty is ·tho.t the m:r; g:cou1) of the o.mino o.cid Dimply reacts 

. + 
in the name way that NH4 lmo been ohmm a.s an a.c id with c- to yic ld II much 

o.q . / 

to x·eo.ct. 'rhe rneclillllism then would stand au w.L'itten except for the prior 

addition of reaction (lt-.J.t-), Dr, B. 111. Wecl:.:s o.nd Hro. Sibyl Cole of thio 

lo.bOl~o.tory ho.ve investigated t.hio posofbility in the following way. •ro o. 
. . I . 

. ]~ 

Oel·ies of 1. 0~1 alanine oolutiono containinG IJII
2

CII(CII
3 

)COOl! W<dS added oodium 

~? 

l'ol.J.nato in 1ncreo.oinc runottnts mrer the conccntro.tion l'e.r.~ge )xlO .:>M to 1.5M· 

'rho so aolutionu o.t o. pH of' "-6. 5 wo..-::re 
60 evo.cuu.ted o.nd il~:radlated with Co y~ro.ya 

for "' dor'a· of' --~, , r;-... 1019 .,,,VJ1I~ 1 , N if' tl · tt i J• 1 i ·•' J ... .., ·-.~.. .... -~ "' 1u. .L\1ow, . · · 1c zw~ ·or· on o;; a o.n ne c:wu1) :y 

converts e to II which .then rcacto witll mt(cii(cH
3

)coo- we would e;~pect the 
o.q j 

yield of propionic acid to dccrcuBc with inc:reo.Ging i'ormo.te concent:t'o.·tion. 
. . . 

beco.uoe a competing po.t;.h for. ll x·cmovo.l ho.o been introduced viz 

H + HCOOU .,.. II + COOll 
2 

~le ho.ve found, however, tho:li the ytl.luc G(propionlc) ~ J..O io esscn·cia.lly 

independent of formo.te conccrrtr~tion o.lthottc;h -~he vo.lue bi' G(rnr
3

) _decreo.oea 

rElpidJ.y with increo.oin~ forn:u.te o.nd reu.chco El. minimal value, a.t fol:,n.u.ta 

·concentration oi' .vo. Jlj. 'l'hesc x:crmlta would oug;;eut that e- reo.cts directly o.q . 

with Nli;cn( CH
3 

)COO_ viu. reo.ction ( 4.6) to yield propionic o.cid without the 
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AdClitiona.l evidence in support o:C thio conclusion has bet;;~n obtained' 

by Dx·. Wcelm fx·om utudieo o:C the inte:t'l'ela.ted eff'ec~tJ oi' alanine concent1·a.tion 

and. pli on p1·opionic acid yields. For exoxuple in O.Jl.:;i alanine at pll 0.5 the 

;;rield ol' propionic acid corresponU.s to G Ot 0.05,. 'll1e yield o~L' propionic 

acid inci:eaoea with r>li a.nd reaches a maximum of G ~ 1,0 .a.t pll' 3-5. Fr0111 

the initial slope oi' the pH-yield curve it is estimated that ··the rate of. 

reaction of' aldnine [irr this case a.s the cation Nn;cn(cn
3

)coou] withe~ ia 

.. · ·2 - + ·lH. ·11 i a.pproxiJnately 10 that of the reaction oi' e with H 0 , · owever 1 t 
· · · . aq 3 · 

apperu·s that thC:! yield of propi01iic ·acid ia not detennined exclusively by a. 

· Sil'nlJle COlllPeti tion between the amino acid and the hyd.l:·onium iOn for e- • . 'fi:1iS . . ' ' a.q 

. is ev·iderH~ed by the fact the corresi)Qri<lin3 IJil~yield plot for a. l.<l.i alanine 

solution ove1· the so.me pH ::a.nge <loos not coincide e~cactly With the pH-yield 

plot. for O.J.!i al.o.:nino when displo.ced one pll ui1:it. Alo.lline in l.OtJ. solutinns 

at lm¥ 1>ll · seumG .to be proportionately more effec·fjive tl~ru1 the proton· in 

SCUVengil"lg the decoil'lj,!OSitiOn pr(,)(lucto f:t'Olll water o 

(5.2) 

tnrcH n + Ho:>o 
2 ' " 

* .· ' ' . 
'l'hcse :~:eoulta suggest tl~t in the ro.dioly-cil3 of amino acids in the solid 

otate elec·tron cl1pture rno.y occur via NH~CH(H}COO"' + e- -Y NII
3 

+ CU(n)COO- • 
;) 

** . 22 + + It :1o a.omuncd here that the olowncsa of the react;ion, 11 +.11 ·--+ 112 preclude~ 

o.ny 'mujor contribution of It as a. reo.ctive int.Cl'lllCli.io.te in this OJEi'tem. 
2 
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Atthouc;h thu pr:Lil.O.r'J nli:phutic amitlE:C hn.vt: ueen stuclied much luss 

c:;.ctensively tlla.n the omino aci<.ls there seems to be little quootion but tha.t. 

the rndio.tion-<!hentical 1n·operties of the two cla.sneu oF compounds are quite 

o.no.lo:_::ouo-excegt 1 u:l.' cow:·r;e, for the tmique r>roperty oi' law l.·eo.ctivity 

. 18 
cxhilJited by the amino o.cld zwitterions. Ju.yson ct a.L have otu<lied the 

X~ro.y -induced fonna.tion of O.cetaldehyd.e from ethylrunine in OXY0Cll£J.ted solution 

over o. Witie ranee of pH. At plf vu.lueo below '7 the removal oi' OH O.J?IK:a.rs to 

occu1· viu reaction () .1) to give a.cetaldehyLle and a.rllUionia. o.ccordinJ to 

Im;cm: + o2 + n2o -~ nn~ + i::cno + no2· 

As the pll is increased above 11 hydroxylomine appears o.a a product in.a.ddition 

to o.rrnaonia. and the yield of' the fonuer reaches a. l:i.J:nit~!G value of G ~ 0.6 at 

pH .LO und0r Which conJ.ition G(cn3cno).~ 2.2. Uincc the busic disoocio.tion 

-· -!i. ( ) eonotant of etlvlauiiJJe :is ) .l:>xlO it is assu.mecl tho;~ reo.c·tions ? . 2 o.nd 

(5-3) occur in po.ro.llel at high pH to give o.r:11noniu1 hydroxylu.mine o.nd 

acetalllel.\{Ue throueh intermediat•=s o.no.l<?0ous to thoGe c'onsidel:'ed in 0reo.ter 

detail in Section (4). 

e 
uq 

Althoush reactions of t,y-pe ().~-) u.re O.PllW:dltl:r of importance in the ra.diolyci{l 

ol' cxCJ[}Jn-i'ree oolution of the amino acids, there is no direc't e~q)er:i.mentG.l 

evldcnee either :i:'or or O.[!.O.inst the.occurrcnce of this reaction in solution 

o:L' i:.hc: pr:l.l:ID.l'J o.mineo. In _,:act, it would o;_.JIJCO.r i'J.'Oi•l. the lite:i:o.tUl'C tho.t 

l'u.J..Lution-cllet.nico.:~ ~t,ulllcu oi' u.lii•ho.tic o.minco 111 ox:y0cn-i'ree solution ho.ve 

noli uoen undm·tu.: :en. 

'l'llcre w.·e however certain uncxplu.inuJ. o.upect,s of' the do.·ta obtained 

·IJy ~lU.yuon et ul. W in their ::;tull.icr. oi' o:.<:,:,}:mu.t,cd oolu·bions of eth.ylamine 
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tho.t nppoCJ.r now tn Le l'U .Lu.t<.:(.l to reu.ction (). 4) , Before e onr..ildtn· int:.~ these 

WD .Ci:::st conolder. ·;n·:teJ'ly IJ'JiilC:.~ ~CllOl'tll :t'l!G.tm·es o:f ·the ro.dio.tiun-in<luccd 

I)Xilln.t:lun of or,~~an:Lc eor!lpotm(lo 111 n.qucous solution, How 1 the oxidation o:t' 

quite tt lD.l'(~(! number of compoundB ca.n be repl'~oented in tcr.ms of the 

23 (ir:!llel'a1ized scheme. 

0 

Hll + OH 

c o.q + 0 
2 

+ 
+ 1130 aq 

H + o.., 
" 

HOi:! 

21102 

~ 

--. 

~· 

~ ... 

R'li + no 
2 

0-
2 

li + Hr,O 
t:. 

no,, 
c. 

n+ .. 
+ oz 

On the basis of thio. ocheme, 1>roduct yields would be indepenclent or pH with 

G{H ·~I) ~ .GOII" G(IIC!o2 ) ~ G11 + G(Dll +. GII
202

• 'l'he o:=idation .of formic o.ci<J.
24 

to . 

cm·bou dioxide o.nd hydroJell lJeroxi<le and of ctho.no125 to aceta.ldehyde and 

* Som:....y}w.t hiGher product. yicldo a.re ollserved ut a. low pH. 'l'hesc effects are 

o.ttrfbutcd to a.n inl.'luence of pH on the prirnar.> yield of' decornposition prod.ucts 

26 from water, 
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Wo have seen o.loo that t.he l'CLdiation-incluced dco.raina.tion oi' glycine 

u.nd alo.nin~: in o::cygcna.tcd oolutlon at pH 7 io in accord w1 th this reaction · 

scheme o.lthour~l the effects of pH in the radiol;ysis of amino acid 69lutioua 

18 have not us yet been examined in o.n;y dcto.il. Hm~ever, Jayson et a.l. 1n 

theix· early studies of the effects of X-rayo on ethyla.mino in oxygenated 

solution report yields of both hydrogen peroxide o.nd a.ceto.ldeh,yde ove1' the 

pH I'a.nge l to 12. The 1ntereotiug thin3 here is that they report G(CH3CHO) 

to he eaocntinlly conotunt over the pH range l to 7 whe:rea.a G{ H
2
o

2
) d.l·ops 

rapidly from o. value of .... !.1 .• 2 at pH 1 to -1.1 at pll 7. Since the ethylo.mine 

is esoentia.lly all in the salt form~ Nn;cn
2
n, over this pH range, the effect 

o.i' pH on G(II2o2) co.nnot be attributed to reactions involving OII-pa.rticulo.rly 

in view of the constancy of G( cu
3
cno ). Dut 1 11' the cation of. the o.rnine 

scavenges e- via. reaction ( 5. 4) in conipeti tion with 0
2 

and n
3
b 1 t follmra aq . 

that the course of the .~.·ea.ction will char~e as the pH is increased. The · 

decreaoe ~f' G(H 0 ) then wouiu follow as a. consequence ·.of reaction ( 5 .4.). if 
.. 2 2 

as seems 111rely the subnequent reaction of CI~R with oxygen gives an organic 

peroxide instead of lzyd.ro;sen peroxide. 1·1iss Hinifr.ed Bennett of this 
' 

la.bol·o.tory has reinvestiGated the radiation chemistry of oxygenated ethylo.mine 

solutions from thio stru1dpoint and in fact finds that the yield of total 

·peroxide (hydrogen peroxide plus orgo.nic pero:dde) o.t pll 6.5 col"responds to 

G !::! 3.3 for Co
60 

r-ro.ys. From the slope of' the pH-yield plot for hydrocen 

peroxide production it is estimated on the bo.ois of the above arc,rument that 

the rate of the reaction of rm;cnln3 with e~q ia rvl0-
2 

tho.t of the reaction 

of e- with n
3
o+. It is noted that a. vo.lu'1 of 10-2 for this ratio ws alao 

o.q . 

estimated for alanine in the cation form (Sec·tion l~). 
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( 6.) Second.ru.-y J\mi!l£,fl 

(6.1) 

(6.2) lOOlCl~R + Oil 
6 

-+ HlmCHH + II.., 0 
" 

• 
-+ HNCII

2
H + H

2 
0 

A principal radiation-induced t·eaction of secondary e.mines 1i1 oxygenated 

. . 18 27 
solution leads .to formation .of. primary amine and a.lil.ehyde, . 1 1'hc 

d.egrad.o.tion proce11aea u.re related to thooe ·o'tae:..~vcd with .the lliil.inO acids. 

Primary OH attack occurs predominantly at the carbon position a to nitrogen 

in the simpler o.ntlnea. Diethylamine 1 for example 1 yields ethylamine and . 

e.ceta.ldoh.yde throUGhout .the entire pH range. Deg:t·a.dation e.pparentl7 involves 

reaction (6.1) followed by 

Riifir)FH11 + 02 + H20 -+ rum; + RCHO + 1I02 

In stron("J,'/ a.l)to.r.i.l.i.r.e solution·, the reac:t;ions of OH involve both the C-1~ and 

N-11 bon<_ls as indicated in reactions (6.2), (6.3). With diethylamine o.t pll 

Vill)Jes above 101 l'eo.ction (.6. 3) accounts i'or the 1·einoval of a.ppro:x:ilna tely ten 
w. . 

. percent of the OH ro.dica.ls. With the unsymmet1·ica.l ominee 1 OH a.ttacl\ · 

may occur at either of the two a-carbon pooitiono. Sarcosine for cr..wnplc 

gi veo formaldehyde as the princi:po.l cO.rbonyl product together vi th .smaller / 

amounto or glyoxylic id 16 
ac • 

Oxygen-free solutions of the simpler secondary a.mines ha.~ not been 

· studied in o.ny detail. Information on the efl.'ecta of various typea of 

substitution on the possible reactions of e- with rmn'fu R would be of 
o.q .. 2 

interest, 

/ 
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' 

• 
HCO:NHCIUt

2 
+ OH -+ RCONHCH

2 
+ II

2
o 

(7.2) 

Peptides show the chw:·o.cteriotic properties of second.a.ry am1nea 
. . . . . . . . . . '16 27 

toward the indirect action of' ionizing radiation :Ln oxygeno.ted solution:. . ' 

Simple peptides ouch ao e.cetylglycine 1 acetylalanine 1 .etc. undergo rudiation

induced cleavage of th~ N-C bQnd to yield amide and. cw·bonyl products. 'l'he 

degradation involve a a.n initial on atto.cl~ via. reaction (7 a) a.nd the subee-

quent step 

• 
RCONIICR

2 
+ o

2 
+ H~p ·.,.... HCONH

2 
+ n2co + H0

2 

In certain cases there is evidence for the fonnation of the debydropeptide 

16 28 1n the parallel reaction ' 

HCdN11~H2 + 0
2 

.,.... RCON=CR2 + H02. 

The importance of react'.ion (7 .1) in the over-a.li radiation chemistry of a 

particular peptide will of course, depend on the nature of the subetitue~ts 

R. In the case of o.cetylgly·:::ine G{acetamid.e) ~ 3.0, Whereas for a. number 
...... ·.. . 16 

of aqueous protein solutiono G(o.mide) ~ 1.0. 

In ~rgen-f1·ee solutions of the simpler peptide a the evidence is. 

that H also yielclo HCON1ICR
2 

as indicated in reaction (7 .2). RemoVa.l of the . . . . ~ 

RCOl'niCR
2 

epocieo 1n oolutiono of acetylglycine has been shown · to occur 

largely throUgh dimeri:ao.tion to give 1~2 dio.mine derivatives 

HCONIICH
2 

2RCONI!CR
2 

..., llCONllll
2 
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o.nd to !l leo~;;er extent tl:u:·ouc;h <lispi·oport:l.ono.tion 

and througtl 

Products of the latter :two l'ea.ctiona i.e. the debydl.·opeptide. RCON=CR2 

a.nd the deh;ych·opeptid.e hydrate HCONllC( OII)R2 yield. ammonia and the 

corresponding ~a.rbonyl_proouc1;. on rnild bydrolyais. Oxygen-f1·ee solutions of 

a.cetylg1ycine (O.J.!:l, pH3) after r-il·ro.dia.tion give on bydrolysia28 

G(runrnonia) ~ 0.90, G(glyoxylic acid) :! 0,50, G(form.a.ld.eeyde) ~ 0.20, 

G(~aminosuccinic acid) .~ Ll· The fBct that aspartic. acid and acetic . 

acid are a.lao detected in low: yi~ld vithreapective G Vfllues of ...0.13 und 
' ~ 

...0,.0~ sugG;esta that reductive clea.va.ge· to give the cn2COOH radical occurs 

to o, ema.ll extent in O.·J.M a.cetyl.glycine solutions at pH 3 • Studies of. the 

effect~:~ of pH and solute concentration on the yieldS df the.ae products have 

beell undertalron to' determine th~ contributions of reO.Ctiona of the ty-J?e 

.. 
RCONIIClm

2 
+ H ...,. RCONU · .· + Clffi 

2. a 
'RC0rniCN'R2 + ~=q + ~0 .... RCONH2 + Clm2 + mr ' 

(8,) Cyclic Dipeptidcs 

(8.1) 

Nil '' 

I \ 
li(R)C 

cb 
co 
I + 11( e- ) ..;_. 

a.q 
C(R)H . 

\ I 
Nil 

NH 

I \ 
n(n)c •con 

I I 
CO C(R)ll 

\Ill 
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Bvideuce :ror u. l'udio;tion-imluccil n:U.uction of the :peptiJ.e cu.dioUJl o·oup 

ho.o been obtained in recent otud..ies ol' the c.;clic dipc:ptid..~s in ox;y~~cn-.i.'roe, 

solution~9 I!r o.n <Xtygen-f'rco solution of alo.ninu o..nhJU.rid..o ( 0. :U_i,1,JI 7) 1a 

in·udia.tcd. with r-rayo o.nd theu examined flJ.!Cctrophotowetrica.lly 1 it 1s 

foupd that the absorrJtion spectrum showD nez;lj.cible absor·ption above 2600°A 

a.e long as the aolu·tion in not expoped to the o.tmoophere. However 1 if 

oxygen 1s introU.uced 1 an abson:rtion rnDXLvuun1 in the longer wa.v'e-leneth region 

elowly appearo •. In neutral o.nd basic solution the o.bsorption maximum oi' 

the product from alanine anhydride io at 320 n:t.t; in acid ·solut;ion there is 

a rovereible shift to 34-0 ~. Golut.tono of glycine. unh;yfu•ide exhibit similar 

effects except tha.t the wa.ve-lEmgth of ·mwcinrum absorption is independent of 

pll. 

These phenomena have been sho~29 to involve the l'eduction of' the 

diketopiperazine to the corresponding 1 1 2-dihydropyro.zine which is o::idized 

in air to. give the pyro.zine nucleus·, The proposed mecliani:Wn includes the 

· l~eduction otep (8.1) followed by dispJ,~oportiop ation 

Illi .Nll 

\ 
.'.·N 

\ I '\ I I 
·H(R)C •COH H(H)C C(ll)OH H(H)C 

. C~H . I I ~ ., 
c!n)H 

+ I 
co C(H)H co co C(H)II 

" / ' I \ I 
· NH NH rm 

I II 

where ·II 1a. ·simply· the enol form of the diper)tide. 'rhe subeequent reaction 

of I with oxygen io o.ccoiirpanied by isomerization i.e. 
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Nil\ N \ I . - I Oli 
H(R)C C(ll)OH + 0 -. (H)C CH 

' 
\ 

2 

' 
+ H

2
0 

\ 
co C(H)ll HOC C(H) 

\ I \u / !lH 

1 Ill 

The yield of 2-llyd.roxy-3:6-dimetlJylpYJ.~azine (III) in O.J.M a.lanine ~nbydride at 

Go 
ph 7 correapond,a to G ~- 0. 5 'W'i "'h Co r-ra.ys. li' tl1e ioiicated mech£l.niuln for 

pyrazine fol"mation is co:crect, the initial yield q:t' reaction (8.1) UlUBt be 1n 

the order o:t' ~ 1. S~e the highest estima.te :t'or the primary H yield 1n neutral 

aolutiou 1a ...0.4; it would appear that .e~q rather. than ~I is involved i:n the 

initial reduction reaction (8~1). 

I should lU:a to ta.lte this oppoi-tunity of thanking Dr. Boyd M. Weeks 

and Dr. Michael E. Jayko for the many discussions and also for the many 

arguments we .ha..ve had dUl·ing the preparation of this paper. · 
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