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nmtODUCTION 

Cupaki and Schwarz (l) have offered proof that the reducing radical 

fonied in water radiolysis, generally referred to as H, bears in fact a 

negati~ charge. (It ia probably a solvated electron, and is denoted in 

this paper as HJ<) •• ) Their method is based on the effect of added chemical• 

ly inert salts on the relative reaction rates of the radical with positively 

and negatively charged 1011 species. The method depends ou the fact that 

rate constants for reactions between ions of similar charge increase with 

in.creasing ionic strength, while rate constants for reactions between ions 

of opposite charge decrease, and rate constants for reactions between iona 

and neutral molecules show relatively little change. It seemed worthwhile 

to apply this method to determine the ionic state of the oxidizing radical 

fomed in water radio lye is, usually called OB. 

A system thue had to be found in which the r~dical will react 

competitively in neutral water between two solutes bearing different 

charges. Among the better established reactions in radiation chemistry 

is the oxidation of ethanol in solutions containing oxygen, originally 

studied by Jaysou, Scholes and Weiss (2) and later used by Schwan:, Caffrey 

and Scholes (3) to establish the free radical yields in neutral water under 

irradiation with cyclotron beams. In this system the oxidizing radicals, 

here denoted as OB, react with the alcohol while the reducing radicals n20· 

react with oxygen to form a species <>a- which may be regarded, at least for 

fonialistic purposes, 118 in equilibrium with its acid_ foon H02. The organic 

radicals fonned by attack of OB on the alcohol either add oxygen or react 

with it to form an aldehyde and ll02• Two oxygenated radicals then react 

with one another to fo%m one molecule of peroxide. 
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.. HaO ---.:; H2 1 ~o2 , OH, H2o 

H2o• + 02 ~ o2• + a2o (1) 

Cl> -+ u+ < ~ 2 HD2 

OB + C2H50B ~ H20 + ·C2840B (2) 

•c2n4ou + 02 ___,. HOa + CH3CRO 

2H02 ~ R202 + 02 (3) 

•O.O...C2lf40B + H~ ~ B202 + 02 + CB3CHO 

2°oio-C2840H ----?> n202 + 02 + 2CH3CHO 

From this system we see that each free radical produced from the water leads 

to fonnation of one-half molecule of peroxide, to wb1ch yield must be added 

the molecular u2o2 formed by ·recombination of OB radicals in the spurs. 

The above mechanism thus predicts the observed yields 

G(CB3CHO) a Gou 

where the parenthesis after the letter G denotes the observed yield of 

reaction product in molecules per 100 ev, and the G followed by a subscript 

shows the yields of molecul08 and radicals produced in radiolysis of water. 

In solutions of bromide ion cont.aining oxygen, the reaction mechanism was 

worked out by Sworski (4) for acid solutions and shown by Allen and Holroyd (S) 

to apply as well to neutral solutions. Here the a2o· reacts with 02, wile 



the OH reacts with Br· to fom Br atoms which in tum react with peroxide. 

(1) 

(4) 

(S) 

_(3) 

Each B atom thus gives rise ultimately to one-half molecule of, 11io2, while 

each OH radical destroys one-half molecule, and the peroxide yield predicted 

from the above mechanism is 

• Gu o + 1/2 Gu2o"' - 112. Goa • 2 2 

If both bromide and alcohol are present in the solution the above 

mechanism predicts a yield of peroxide which depends on the ratio of the 

bromide and alcohol concentrations, since if the OB radical reacts with 

Br· it leads to destruction of one•half mole of peroxide while if it reacts 

with c2115cm it leads to foanation of one•half mole of peroxide. The mechanism 

C01l8ieting of equations l·S in fact yields the following fotmula for the 

observed peroxide yield: 

tn experiments described here the applicability of this formula was veYified, 

the competition constant l-"4/k2 was determined, a!Jd the effect of added inert 

~U Oli ~1S competition 'i'JGS detGrtDil\Qd to f:i.nd out whet.her the 08 RciiU,l is 

really neutral or may exist in some form carrying an electric charge. 

. ., 
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Bl.PitWmNTAJ.. 

Triply dlotilled water, C.P. potassium bromide, C.P. potassium and 

lithium pei'Chlomte, and abeolute alcohol from the Commercial Solveuts Corp. 

wen used. 1n most t:UDS 1 the solutions were in equilibrium with ordiaaey 

air; no acid was preeent except the normal small amount of earb® dioxide. 

A few aoluttotua were saturated with oxygen by bubbling with filteNd, waehed 

gas. r-or moat of the runs tha solutiou were irradiated ln glaas-atoppered 

teet tubes which were cleao.ed by steaming, followed by pre•irradiatiOll with 

several mepmcle while filled with pur:lfilad water. ror hydrogen determinatious, 

the sol~ions were sealed in tubes, similarly cleaned, and the hydrogen was 

dete1l'Dliued by the method used by Scbwars, Losee and Allen (6). Peroxide 

was determiDecl by the iodide method of Gbomley ( 7) and ~dohyde by the 

method of Johnson and Scholes (8). To obtain accurate results by this 

method it was found necessary to uae the purest grade of carbon tetrachloride 

as a solvent, to store the din!tTOphenylhydtazine nageat under refrigeration, 

and especially to pay close attention to the evolution of optical density 

with time in both the blank and the unknown solution& •. the optical density 

of the alkaline diphenylhycbiamone solution was detemiaed at 430 uµ. 'l'he 

method waa calibrated by the use of weighed s.amplee of purified aceta:lciehty~&~ 

dipbeny1hydmzoue and the eatiaction eoef f icient in the alkaline solution 

was found to be 161 600 when atmpolated to time of mixing. Two gamma-ray 

sourcea were used: one with an intensity of 5. 0 krad/lqtn, the other O. 22 

kracl/min. 

usm.rs 

'the yields of peroxide and aldehyde were found to be entirely lode· 

pendent of mdiatioa ~neS.ty. Ytel4s in af.t:_~tumted alcohol solutions 

"'-



not containing any bromide are presented in Tables 1 and II and shown in 

Pig. 1. At alcohol concentration& of 0.16 ta! and above the concentrations 

of aldehyde and peroxide increased linearly with dose and no difficulty was 

found in obtaining accurate initial G values. At lower concentrations the 

yield decreased with dose owing no doubt to reaction of OH radicals with 

the aldehyde and peroxide formed in the reaction, and dete'tlllination o·f the 

initial yields is lees certain, but we could f incl no evidence that the 

initial yields changed significantly at concentrations of 0.02 or 0.04 Bl!!· 

The probable error in the peroxide yields 1e estimated to be ±0. OS at the 

higher alcohol concentaltions and ±0.1 below 0.1 DJ!!. 'fhe drep in yield at 

low concentrations Nported by Jayson, Scholes and Weis-a (2) presumably 

resulted from their having used too large a dose. At concentration3 abow 

10 m! the peroxide yield remains constant but the aldehyde yield increases, 

in qualitative agreement with their findings. 

We suspected this increase might be due to a competition between 

alcohol and oxygen for the 11ao· radicals, or H atoms if any of the l'educing 

radicals a-n produced in this fol'l'll: 

(6) 

This reaction would increase the yleld of aldehyde while not af feetiag the 

yield of peTOXide. To see 1f this were occurring the hydrogen yield wae 

deteimined in air-saturated and oxygen-saturated alcohol solutions. The 

results, which are not veey precise owing to the difficulty of detemining 

hydrogen in the presence of a large excess of oxygen and nitrogen gases, are 

shown in Pig. 2. The data are in qualitative agnement with the postulated 

competition between alcohol and oxygen for reducing ndicals, as the hydrogen 

yield increases with alcohol coucentration, decreases.with iucreaeing initial 
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L-
TABLE l 

Initial Yields of Aldehyde in Air-saturated Bthanol Solutions 

(C2S,OB), ! G(aldehyde) 

4.0 K lO•S 2.2 :!: 0.2 

2.06 K 10-4 2. 34 :t 0.1 

2.06 x 10·3 2.34 ± 0.1 

2.06 a 10•2 3.02 :t 0.1 

1.20 x 10·1 3.32 :t 0.1 



8.9 

2.2 

0.22 

0.18 

0.18 

0.044 

0.022 

2.2 

2.2 

2.2 

2.0 

2.0 

2.2 

2.2 

0.18 

0.18 

0.18 

0.16 

0.16 

0.18 

0.16 

.9 .. 

TABLE II 

Initial Peroxide Yields in Air-Saturated Solutions 

of Ethanol and Potassium Bromide 

(KDf) 

~ 

0 

0 

0 

0 

0 

0 

0 

2.02 

2.02 

4.04 

4.04 

4.04 

6.06 

6,06 

o.2oa 
0.202 

0.404 

0.404 

0.404 

0.606 

0.606 

Added Salt 

Kind 

.. 3.18 

- 3.16 

.. • 3.26 

• - 3.20 

LiC104 47 3.20 

• 3.12 

.. 3.13 

- 2.30 

L1C104 so 2.34 

1.83 

.. .. 1.79 

LiCl04 51 1.79 

.. l.SS 

KCl04 so l.S7 

• 2.31 

LiCl04 45 2.31 

• .. 1.88 

1.86 

LiC104 51 1.86 

1.62 

LiCl04 47 1.61 

G(BaOa>corr 

3.18 

3.16 

3.26 

3.20 

3.20 

3.12 

3.13 

. 2.39 

2.43 

1.98 

1.94 

l.94 

1.74 

1.76 

2.36 

2.36 

1.95 

1.94 

1.94 

1. 71 

1.70 
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oxygen cow:entmti-on and appean to increase further with incNasing dose as 

the oxygen is consumed in the air-otunteci runs. The postulated reaction 

is also couiateat with the fa«:t that Jayson, Scholes aud Weiss (2) fouad in 

oxy~en•saturated solutions a le&S steep rise of aldehyde yield with increasing 

alcohol concentration than we fin.d in air-saturated solutions. BoweveT, the 

increase in the hydrogeo yi.el4 ·in 120 m!§ alcohol is not gr.eat enough to account 

for the entire i~creaae obsenecJ iD the initial yield af aldehyde. The rest 

of the increase irl aldehyde yield may a'fise f rooi reactiou oecuning in the 

spurs at high concentratiorul of alcohol, or possibly fn>m a reaction between 

alcohol and the 'radical liOz. The results of l'tg. 2 sugsest that k1/k6 i8 of 

the order of 1500. 

The eompetitiot\ bettieell k- and alcohol was studied at alcohol COl'leeD• 

trations of 2. 2 DI! and 0.18 or o. 16 Ill!'!· The peroxide yields observed are shown 

in 'fable Il and Pig. 3. It is seen that addition of bromide depresses the 

peroxide yield aa expected from the equatiou given in the Introduction. The 

results suggest that OB ~ta somewhat mow slowly with bromide ion than 

with alcohol, the ratio of the rates beiQI in the neighborhood of 0.6. It 

ts seen however in Fig. 3 that the peroaide yields depend aot only on the 

ratio of bromide to alcohol but also to a alight degreG on the tot.al eoncen­

tration of the sub$tancee. Such an effect was expected siaee the work of 

Sworski <4> and of Allen and ftol~yd (S) had shotm that brom14e ion at milU.• 

uiolar eonceutratioQS produces siguificast lalieriug of the molecular yield of 

hy4t.<>gfn peroxide 1 which iS 4ue to scavenging of OB mdieale by bromide i01t 

in the spurs. Since alcohol reacts with OB even faster than bromide, it too 

will contribute to this ef fec:t. Tile result is that iu the ~uatioa for the 

,erox1cle yield the term Cuaoz will appear to be $omewh.at smaller and the term 

G08 somewhat larger 'at the higher concentrations than at the lawet. To determine 
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the eompetition between bromide and alcohol a correction must be made for 

the scavenging effect. Exactly how to make this correction depends on what 

is assumed regarding the reaction of the radicals in the apurs. The correction 

is small, however, and it tunis out that the magnitude of the correctioft.l!l 

calculated on various asswnptions differ f t.'Om one anothei; no moTe than the 

experimental enor in the deteminations of the peroxide yield. The conected 

values shown in Table I~ were obtained by assuming that when Jh:-· or C2B50H 

reacts with OB in the spur the resulting 't8.dica.ls Br or •C2840B diffuse out 

.into the solution without further reaction, awl that an additional OH radical, 

which would in the absence of scavenger react with the other OB to form R202 1 

is also released into the solution. The data of Allen and Holroyd (5) on 

peroxide yields in neutral air-saturated bromide aolut ions, when coirected 

to initial yield values by the method mentioned in the 1958 Geneva paper 

cf Allen and Schwan (9), give the empirical ·result G(H202) = 1.00 - l.43(Br•>113• 

On the basis of the above assumption, and neglecting the ef fec:t of scavenging 

on the ccnnbinat1ou of OH with the reducing radieals in the spur, this result 

may be interpreted as indicating that the molecular pe"t"OXide yield is decreased 

by an amount eciual to half the total observed decrease in the peroxide yield 

or o. 71S(Br .. ) 11l, while the effective yield of OB o~ the equivalent Br radical;~ 

is increased by l.43(Br·)l/3. Ia eolutioua containing alcohol, sinee alcQhol 

nacts even faster with OH than does ar·, the total increase in radical yield 

should be the aum of the coutributions of both species and is then reasonably 

taken as l.43((Br·) + (l/0~6)(C2B5011)) 1/3 (hereinafter called W), since the 

ratio of rates of reaetioa of OR with bromide and alcohol is o. 6. The yield 

of peroxide ou these assumptions is thus given by 



G(B20a> • Gu262 0 W/2 + 1/2 Gaao· - 1/2. Gos - W/3. + 1 + .6(Br"')/(Ca850B) 

• ~o + 1/2 Gaio ~ \I~ c08 + Gou - w 
_ 2 l + .6(tr•)/CCiUsOB) l + (Ci850ll)/.6(Br"') 

where the G's with aUbecwipte refer to the valuae approp~iate to pure air• 

aeturated water. The corncte.d yield, which is the ~tUd that would be 

obtained for aay given ratio of Br"' to alcohol coacentntioos :ln the absence 

of sesvenglng effects, is 

Thes.e corrected values are given in Table Ii. It may be seen that on the 

pnsent assumptions, the pel'OXicle yield in solutions containing alcohol but 

not bromide should not be affected by scavenging. lf the asaumed mechanism 

for the reaction holds, the cort'Gcted yields should follow the equation 

Gem 

since by Holroyd's correeted results, 

Gaao
2 

+ 1/2 Guao· - 1/2 Gou = i.oo 

figure 4 _ebows a plot of the reciprocal of the quantity (G(BaOa>corr • 1.00) 
a -

which should be/lineer fuuctiou of the eoncentntion ratio. The points iie 

within experimental error on a line_ of intercept 1/Z. 3 (the value expected 

from the aldehyde yields) and a elope corresponding to a competition constant 

of 0.6. A different fomula, based on the aoaumptiou that th~ radicals It" 
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and Ca1l40R foimed by scavenging ill the epur do not escape from the spur but 

react with aaother OB, was also tried and found to give eonected peroxide 

yields praeticall1 in.distinguish.ab le from the ones here presented. The results 

thus are entirely consistent with the assumed me.cbani.sm involving e<mpetitlon 

between B~"' nd CaHsOH for the oxidizing free radieal. 

Table 11 end Pigs. l and 4 show also the peroaidG yields obtaiiled in 

the b~id6'-alcobol miKtuns whea an inert salt, lithium or pota&S1um per• 

chlonte, was adc1ed in a concentration of SO ~· The added salt is seen 

to have n.o effect on the peroxide yields within experimental enor-. Thie 

i.S ill stl'OQS coatrast to the ff&ul.U obuined by Czapatd and Schwan (1) on 

competition for the reducing iradical B3<>9 between N02 • and H202 or between 

a+ and a2o2• They found that adding as littl~ as 20 ~ of perchlorate or 

other ineJ:t salt cbaqed these competition constants by, as much as 40t,, in 

agreement with the accepted theory ef the ki~ic salt effect. 'l'bue if the 

oxidiziag radial OB were a o.haqed speeiea, the points of Fig. 3 eoutaining 

a4ded salt would be displaced along the horizontal axis of the f igt\n by UIOA 

than 40L In other woqte, the obse-ned peroxide yield& in the PftSe.nGe of 

added salt would be equal to those found in S.ts absence for a mt io 

(Br-)/(CzHsOH) over 401 gteatet o!' smalltu: than eh4t used, which• as !1!$f 

. be seen from the ~une, would cause a la.qe cbaqe in the yield. Since n.o 

cha.age is observed it must be coaclude.d that essentially all of the oxidizing 

Tadicals are uncharged and presumably actually exist 111 the foni OK. 

DISCUSSlOll 

lt u eu~ising that OB radicals react with alcohol evet\ faster 

than with bromide iona. These reactions are presumably diffusion coat1:0Uec!l 

and the ac~ivetion energy for the reaction of OB with ethan.ol muet be mnallar 

than the activation eaergy for diffusion of the&e radicals tc vater. 
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Since the oxidizing radicals formed in water radiolyais are neutl'al 1 

while the conju3,ate reducing radicals are negatively charged, a positive ion 

must be produced simultaneously to obtain charge balance. This is presumably 

the hydrogen ion, and the radiolysis of water must primarily oecur with the 

~duction of equal amounts of three species: H20·, OH and u+. There is 

evidence that a~· reacts at every encounter with either itself or a+ to 

give respectively H2 molecules or H atoms. Thus one would ex,pe~t that in 

the diffusion out of the spur a2 and atomic H should ba fonued in comparable 

amounts. Such a picture agrees with the conclusions of Allan and Scholes (10) 

that the reducing radicals in water tadiolysis include H atoms with a yield 

of O. 6 together with the larger yield of B20·. lt seems in.conslotent with 

the finding of Czapski and Allen (11) that in solution of oxygen and hydrogeu 

peroxide the reducing radicals behave as though they were all K20·. 

SUMMARY 

Solutione containing ethanol, bromide ion ac.d oxygen have b~n 

irradiated with gamma rays. The accepted mechanism for the oxidation of 

alcohol has been confirmed and the competition foT OH between Br .. and 

c~50B has been demonstrated. The OB radical reacts somewhat faster with 

ethanol thEin with bromide ion. Addition of inert salts had no effect on 

this competition, which demonstrates that the radical is in fact a neutral 

speef.es and ie ~~t represented by the conventional formula OH. 
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Figo 1. Yields of peroxide and aldehyde in air•saturated aqueous solutions 

of ethanol. o, peroxide; O , aldehyde. 

Figo 2. Hydrogen concentration vs. dose. o, 2 ~ C2H50H, air-saturated; 

D , 120 m!! C2H50H, air-saturated; • , 120 ~· C2H50H, oxygen­

saturated. 

Fig. 3. Peroxide yields in air-saturated solutioll8 1 with and without added 

KC104 or LiCl04, vs. eoneentration ratio of Dr to C2B50H. 

0 1 (C2H50H) near 0.18 JB!, no added salt; + , same vi th SO ID!! 

LiCl04 added; a I (C2B50H) near 2. 2 111!:!; x .. same with so ~ 

LiCl04 or KClo4 added. 

Pig. 4. (G(H202)corr - l.o)·l vs. concentration ratio of KBr to C:zB50H. 

The line corresponds to koH,sr·1~,c285ou = 0.6 • 
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