BNL 6147

g g ~ MASTER

Radiation Chemistry of Aqueous Solutioms of Ethanol

and the Nature of the Oxidizing Radical oml

by Andries Hummel? and A. O. Allen

Department of Chemistry
Brookhaven National Laboratory

Upton, Long Island, New York

3 copies
17 pages
4 figures

2 tebles



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or 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 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. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



ey

-2-

Hatuse of the Bedieal OH

A. 0, Allen

Department of Chemdetry
Brockhaven HEntiomal laboratory
Upten, Long Island, New Yorn



3=

INTRODUCTION

Czapaki and Schwarz (1) have offered proof that the reducing radical
.formed in water radiolysis, generally referred to as H, bears im fact a
negative chazge. (It £8 probadly a solvated electron, and is denoted in
this paper as H20".) Thedir method is based on the sffect of added chemical~
ly inert salts on the télative reaction rates of the radical with positively
and negatively charged ion species., The mathod depends on the fact that
rate constants for reactions between ion§ of similar charge incresse with
1ncieasing fonic strength, while rate constants for reactions betwzen ioms
of opposite charge decrease, amd rate constaants for veactions betwesn ions
and neutral molecules shaw télatively little change. It seemed vorthwhile
to apply this method to determine the ionic state of the oxidizing radieal
formed in water radiolysis, qually called OH.

A syctem thus had to be found in which the radical will react
competitively in neutral water betwzen two solutes bearing different
charges. Among the dbettey established reactions in radiation chemistry
is the oxidation of ethamol in solutions coataining oxygen, originally
studieﬂ by Jayson, 8choles and Weiss (2) and later used by Schwarz, Caffrey
and Scholes (3) to establish the free radical yields in neutral water under
irvradiation with cyclotron besms. In this syatem the oxidizing radicals,
hexe denoted as OH, react with the alcohol while the reducing radicals HZO‘
react with oxygen to form a species Oy~ which may be regarded, at least for
formalistic purposes, as in equilibfium with its acid form HO3. The organic
radicals formed by attack of OH on the alcchol either add oxygen or react
with it to form an aldehyde and HOj. Two oxygeﬁated radicals then react

with one another to form ome molecule of peroxide.



Hy0 ~—> Hy, Hy0,, OH, Hy0"
Hy0" + 03 —> 03" + Hp0 (1)
92. + HY == HOy
OR + CoHgOH —> Hy0 + -C,H,OH (2)
*CoHsCH + O3 —> HO, + CH3CHO
2W0; —> By0, + 0, e
!

or “CaH,0B + Oy ~—> +0-0-CyH,0H
+0-0-C9H,408 + HOp ~—> By0y + 0p + CH,CHO
2-020-CoH,O0R —> H,0, + Op + 2CH;CHO

From this system we see that each free radical produced from the watexr leads
to formation of onme-~hslf moleéule of peroxide, to whiéh yield must be added
the molecular Hy0y formed by vrecombination of OH vadicals in the spurs.

The above mechanism thus predicts the observed yields

G(CH3CHO) = Gy

vhere the parenthesis after the letter G demotes the observed yield of
reaction product in molecules per 100 ev, and the G followed by a2 subscript
shows the yielda'of moleculea end radicals produced in radiolysis of water.
In solutions of bromide ion containing oxygen, the reaction mechanism yas
worked out by Sworski (4) for acid solutions and shown by Allen and Holroyd (5)

to apply as well to meutral solutions, Here the Hy0 reacts with Oy, while



the OH reacte with Br™ to form Br atoms vhich im turn react with peroxide.

HyO" + 0p > 0p° + Hp0 (1)
0" + B > HO, ' o
0% + Bt~ —~~» Br + OH “)
Br + g0 —> KE' 4+ Br  + EO, (5)
200, > Hy0y + O, 3)

Each H atom thus gives rise ultimately to one-half molecule of Hy0y, while
each OH tadical‘destroys ona-half molecule, and the peroxide yield predicted

from the above mechanism is

G(H02) = g0, + 1/2 Gyyo~ — 1/2 Goy .

If both bromide and alcohel are present in the solution the abowe
mechaniem predicts a yield of peroride which depends on the ratio of the
bromide and alcohol concentratioams, since if the OH radieal reacts with
Br™ it leads to destruction of one-half mole of peroxide while i{f {t reacts
with CZHSGH it leads to formation of one-half mole of peromida., The méchaniem
consisting of equations l-5 in fact yields the following fo:mula for the
observed peroxide yield:

Gon

C(H202) = Cpyo, + 1/2 G0~ = 1/2 Cou + T3 g (Be™) Ty (Cqligom)

In experiments described here the applicability of this fowxmula was vervified,
the competition constant k;/ky was determined, and the effect of added imert
galt on this compatition was detexmined to find out whether the OH gadical is

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



EXFERIMENTAL

Triply diotilled water, C.P, potassium bmide; C.P. potagaium and
lithiun perchlorate, end sbsolute aleohol from the Commercisl Solvents Corp.
ware used. In wost runs, the solutions were im equilibrium with ovdinagy
air; no acid wvas present except the normal amall amount of carbon dioxides.

A few solutioms were saturated with oxygen by bubbling with filtered, washed
gas. For mopt of the runs tho solutions were irradiated in glass-stoppered
test tubes which were cleansd by stesming, followed by pre-irradiation with
several megarads while filled with purified water. For hydrogen determinations,
the solutions were aealed. in tubes, similarly cleaned, and the hydrogen was
detesmined by the method used by Schvars, Losee and Allen (6). Peroxide

was determined by the iodide method of Ghommley (7) and aldehyde by the
method of Johnson and Scholes (8). To obtalm accurate results by this

method it was found neecessary to use the purest grade of carbom tetrachloride
as a solvent, to etore the dinityophenylhydrazine reageat under xafrigemtion,
and especially to pay close etteantion to the evolution of optiesl density
wiﬁh tima im both the blank and the unknown soilutions. The optical density
of the alkalime diphenylhydrasone solution was determined at 430 mi. The
method vas calibrated by the use of weighed samples of purified acetaldehydés
diphenylhydrazone and the entinction cocfficient im the alkalinme sclution

was found to be 16,600 wheq extrapolated to time of mixing., Two gamma-ray
sources were used: one with an intensity of 5.0 krad/min, the othéx 0.22

kead /min.
RESULYS

The yields of peroxide and aldechyde were found to be entirely inde-

pendent of vadistion fintensity. Yields in air¥saturated alcohol solutions



not containing eny bromide are presented in Tables I and II and shown in
Pig. 1. At alcochol concentrations of 0.16 mM and above the comcentrations
of aldehyde and peroxide tncteased linearly with dose and no diffieulty was
found {n obtaining accurate initial G values. At lower concentrations the
yield decreased with doze owing no doubt to reaction of OH radicals with
the aldehyde and peroxide formed in the veaction, and determipation of the
initial yields is less certaim, but we could find no evidence that the
initial yields changed significantly at concentratioms of 0.02 or 0.04 miM.
The probable error in the peroxide yields is estimated to be :0.05 at the
higher alcohol concentrations aand ¥0.1 balow 0.1 md. The drop in yield at
low concentrations veperted by Jaysom, Scholes and Wetss (2) presumably
regsulted from their having used too large a dose. At concentratioﬁs above
10 mM the peroxide yield remains constant but the aldehyde yield increases,
in qualitative agrecemgnt with their findings.

We suspected this increase might be due to a competition between
alcohol and oxygen for the H.0" radicals, or H atoms i{f any of the reducing

radicals ave produced in this foym:
H,0" + CHsOH = CgHOH- + Hy + OH (6)

This reaction would f{ucrease the yield of aldehyde while not sffeeting the
yield of peroxide. To see if this were occurrimg the hydrogeh yvield wes
detemined in air-saturated and oxygen-saturated alcohol solutioms. The
results,; which are not very precise owing to the difficulty of determining
hydrogen in the presence of a large excess of oxygen and nitrogen gases, are
showvm in Pig., 2. The data are in quaiitative agreement with the postulated
competition between alcohol and oxygen for redueing radicals, ge the hydrogem

yield inereases with alcchol concentration, decrveases with increasing imitial



TABLE I

Initial Yields of Aldehyde in Air~Saturated Bthanol Sclutions

(C,H5O0R), H G(aldehyde)
6.0 = 10~ 2.2 2 0.2
2.06 x 10~% 2.3 £ 0.1
2.06 x 1073 2.34 ¢ 0.1
2.06 x 1072 3.02 ¢ 0.1

1.20 x 10°% 3,32 2 0.1



Initial Pevoxide Yields in Afr-Saturated Solutiona

-9.

TABLE II

of Bthanol and Potassfum Bromide

(C3Bg0R) (RBE) Added Salt G(H00)  G(H309)corr
oM uM Kiod Conen, , mM '
8.9 0 . - 3.18 3.18
2.2 0 . . 3.16 3.16
0.22 0 - . 3.26 3.26
0.18 0 - . 3.20 3.20
0.18 0 LiC10, 47 3.20 3.20
0.044 0 . . 3.12 3.12
0.022 0 . . 3.13 3.13
2.2 2.02 - . 2.30 .2.39
2.2 2.02 L1C10,, 50 2.34 2.43
2.2 4,04 - - 1.83 1.98
2.0 4,04 . - 1.79 1.9
2.0 6.06 L1C10; 51 1.79 1.9
2.2 6.06 . - 1.55 1.76
2.2 6.06 KC10, 50 1.57 1.76
0.18 0.202 - . 2.31 2.36
0.18 0.202 L1C10, 45 2.31 2.36
0.18 0.40% - . 1.88 1.95
0.16 0.404 - - 1.86 1.94
0.16 0.40% L1C10, 51 1.86 1.9
0.18 0.606 .- - 1.62 1.7
0.16 0.606 L1C10, 47 1.61 1.70
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Aeiygen concentration and appeare to imereass further with increasiang dose a3
the oxygem is c¢onsumed in the air-gaturated runs. The postulated veaction

is élao consistent with the fact that Jayson, Scholes and Weiss (2) found in
oxysen-gaturated golutions a less steep vise of aldehyds yield with incressing
alcohol concentragion than we f£ind in air-saturated solutions. However, the
increase in the hydrogen yield in 120 mlf alcohol iz mot great enough to account
for the entire intrease observed in the imitial yield of sldehyde. The rest
of the {ncysase in aldehyde yield may avise from reactions oceurrimg in the
spure at high concentrations of alcohel, or poseibly from a reasction between
alcchol and the radical HO3. The results of Fig. 2 suggest that k)/kg is of
the order of 1500,

The competition batween Br™ aad alevhol was studied at alcchel concen~
trations of 2.2 mM and 0.18 or 0.16 uM. The peroxide yields observed are shown
in Table IX and Pig. 3. It is secen that sddition of bromide depresses the
pevoxide yield as enpected from the cquation given inm the Intgoduction., The
results suggest that OH veacts somewhat more slowly with bromide ioa tham
with alcohol, the ratio of the rates being im the neighborheod of 0.6. It
15 seen however im Fig. 3 that the peroxide yields depend not omly on the
ratio of bremide to alcohol but also tv a slight degrves on ths total concen-
tration of the eubse#ncea. Such an effect was expected since the wbrk of
Sworski (é) and of Allen and Holyoyd (5) hed shown that bromide ion at millie
wolar concentrations produces significant lowering of the molecular yield of
hydrogen peroxnide, which is due to scavenging of OH zadicals by bromide icn
in the spurs, Simce elechol xecacts with OB even faster than bromide, it too
will contribute to this effect. The result is that in the equation for the
peroxide yield the temm Gyn09 will eppear to be gomewhat smaller and the temm

Gon'somevhae larger at the higher concentrations than at the lower. To determine
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the competition between bromide and alcohol a corrvection must be made for

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

is assumed regavding the rveaction of the radicsls in the spurs. The corxection
is small, however, and it tu:n# out that the magnitude of the corrections
calcuiated on various sssumptions differ from one another no movre than the
experimental ervoy in the determinations of the peroxide yield. The corrected
values shown in Table II were obtained by assuming that when Br~ or CoHg0H

reacts with OH {n the spur the resulting radicals Br or -CaB,CH diffuse out

into the soluticm without further reaction, and that an additiomal OH radicsl,
vhich would in the absence of scavenger react with the other OH to form Rq0p,

is alsc released into the solution. The data of Allen and Holroyd (5) on
pevoxide yields in peutral air-saturated bramide solutions, vhen corrected

to initial yield values by the method mentiomed im the léss'eenava paper

of Allen asd Schwars (9), give the empirical‘tésult G(Hz02) = 1.00 - 1.&3(3:‘)1/3.
On the basis of thevabove assunption, and neglecting the effect of scavenging

on the combination of OH with the reducing radicals in the spur, this vresult

may be interpreted as indicating that the molecular peruvxide yield is decreased
by an amount equal to half the gotal observed decraase in the paroxide yield

or 0, 7153713

» while the effective yield of OH or the equivalent Br radicals
is increased by 1.43(Br~)1/3. 1n solutions containing alcohol, since alcohol
reacts even faster with OH than does Br™, the total increase in radical yield
should be the sum of the comtrxibutions of both species énd is then yeasonably
taken as 1.43((Br”™) + (1/0:6)(C28500))1/3 (hereinafter called ¥), since the
ratio of rates of reaction of OH with bromide and alcochol 18_0.6. The yield

of perozide on these assumptions is thus given by



.12'.-".

G

o + ¥

G(Hz03) = < W/2 + 1/2 Ggpo~ = 1/2 Gy — /2 +
(B202) = Ggaoy = /2 + 1/2 Crpo” = 1/2 Goy — W/2 + —— .6(Bz") /(C,HgOH)

€on ¥
BrT)/(CoHg0H) 1 + (CoHgOH)/.6(Br")

® Cgo. + 1/2 Bgg = /2 Goy +
%2 “t M v

where the G's with subscripts refer to the valuss appropriate to pure air-
saturated water. The corvected yield, which is the yfdéld that would be
obtained for any given ratio of Bx” to alcohol concentratiops in the absence
of seevangtng effects, is

W
1 + (C,HgOR)/.6(Br")

6(8y0,) o = C(H30p) p . +

These corrected values are given in Table II. It may be seen that on the
present asgumptions, the poroxide yield in solutioms eontaiﬁing alcohol bdut
not bromide should not be affected by scavenging. If the assumed mechenism
for the raaction holds, the corrscted yiglda should follow tﬁe equation

: o

G(Ha0y) - 1,00 +
2%2)corr 1 + .6(Br™)/(C,H08)

since by Holroyd's corrected results,

1

Og0, * 1/2 630" — 1/26n = 1.00

Pigure akehows a plot of the reciprocal of the quantity (c(ﬂzoz) - 1.00)

core
8 )
wvhich should be/linear function of the concentration ratio. The points lie
within experimental error on 3 line of intercept 1/2.3 (the value expected
fyvom the aldehyde yields) and a8 slope correspording to a competition constant

of 0.6, A different formula, based on the acsumption that the radicals Br
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and CaH,0H formed by scavéngmg in the spur do not escape from the spuz but
react vith another OH, was also tried and found to give covrected peroxide
yields practically indistinguishable from the ones here presented. The results
thus are entively consistent with the assumed vechanism 1nvolv1ng campatition
between Br” and CoHgON for the oxidizing free radical.

Table 1I end Fige. 3 and 4 show also the peronide ylelds obtaimed inm
the bromide-slcohol mintures when an inext salt, lithium oy potassivm pege
chlovate, was added in g concentration of 50 ml. The added salt is seem
to have no effect on the peroxide yilelds within experinentsl exvoxr. Thie
iz in stronrg contrast to the yvesulto obtained by Czapaeki and Se!méts (1) on
competition for the reducing radical Hz0" betwsen 802;3@ Hg0p or baw
H' and Hz0,. They found that adding as little es 20 uf of perchlorate or
other imert salt changed these compstition constants by as much as 40%, in
agreement with the sceapted ehéory of the kinetic salt effect. Thuo 4f the
oxidizing radical OH were a charged species, the poings of Fig. 3 containing
added ealt woﬁld be displaced along the horigontal axiz of the figure by more
than 402, In ethet‘wotgé, the obesevved yeraui&a yields in the presence 62
added salt would be equal to those found in 4ts aebsence for a rxatio
(Br*) /(C4H50H) over 40% greater or smaller than that ueed, which, es mey
‘be eeen from the curve, would cause a large change in the yield., 8ince no
change is observed it must be concluded that eésentially ell of the exidiging

tadicals are untharged and presumably actually exist 4in the fowm CH,
DISCUSSION

It {5 surprisiang that OR radicals resct with alcohol even ﬁastér
than with dromide ions. These veactions are presumably diffusion coatrolled
and the activation‘energy for the resction of OR with éethanol must be emaller

than the activation encrgy for diffusion of these radicals in water.



Since the oxidizing vadicals formed in water radiolysis are neutral,
while the conjugate reducing redicals ave negatively charged, a positive ion
must be produced simultameously to obtain charge balance, This is presumably
~the hydgogen ion, and the radiolysis of wateyx must.ptimatily occuy with the
production of equal amounts of three species: H20", OH and H'. There 16
evidence that Hp0” reactz at every emcounter with either itself or B¥ to
give respectively Hy molecules or H atoms. Thus one would expect that im
the diffusion out of the spur Ez and atomic H should ba formed in comparzable
egmounts., Such a picture agtees'with'tha conclusions of Allaa and Scholes (10)
that the reducing radicals in water vadiolysis 1nc1ud¢ H atomg with a yield
of 0.6 together with the la:ger yield of HZO'. It seema inconsictent with
the f£inding of Czapski and Allen (1l1) that in solution of oxygen and hydrogen

peroxide the reducing radicals behave as though they were all Hq0",
SUMMARY

Solutione containing ethsnol, bromide ion and omygen have been
irradiasted with gomna rays. The accepted mechanism for the oxidation of
~alcohol has been confirmed and the competition for OH between Br~ and
CoHgOH has been demonstrated. The OH radical reacts somewhat faster with
ethanol than with dromide ion. Addition of inert selts had no effect on
this competition, which demonstrates that the radical is in fact a meutral

specieas and is best represented by the coaventional formula OH,
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Pig. 1.

Pig. 2.

Fig. 3.

Fig. 4.
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Yields of peroxide end aldehyde in air-gaturated aqueous solutionas

of ethanol. O, peroxide; (Q , aldehyde.

Hydrogen concentration va. dose. 0, 2 m¥ CpHg0H, air-saturated;
0O, 120 =M CoRsO0H, air-saturated; m , 120 m¥ CoHgOH, oxygen-

satuzated.

Peroxide yields in air;saturated solutions, with and without added
KC10, or LiCl04, vs. concentration rat-io of KBr to CyH4OH.

0, (C2H50H) near 0.18 mM, uo added salt; + , eame with 50 mi
LiCl04 added; 0 , (CaHgOH) near 2.2 mM; x , same with 50 mM

LiCl0, or KC10, added.

(G(H202) cory = 1.0)“’1 vs. concentretion ratio of KBr to C,HgOH.

The line correspomds to kou,sr”kaﬁ,czuson = 0.6 .
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