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SUMMARY -

THE DECOMPOSITION OF WATER BY. RADIATION

In drdef to account for the observed aécaﬁpoéiéion-bfﬁﬁater by radiation
(; €y x-ra&sg protons,ialphas, extramelultra-v1olet, etc. ), 1t has been suggested
that the prlmary effect of the 1rrad1at10n of water 1$ the creatlon of H-atoms
and OH free radlcals° ThlS hypothes1s has been found to be frultful and satisfactory
Wlthln the llmlts)of thls dlssertatlon, A general analys1s-of the problem indicates
that the decomp031tlon of water is dependené on (&) the rate of energy loss of the
radlatlon, (b) the rate of dlfquIOn, (¢) the 1nteractlon of the decomp031t10n pro-
ducts w1th the H and OH free radlcals, (d) the probablllty of capture whlle in a
solvent cage, and (e) the purlty of water. |

The decomp051tlon of air-free water by radléflon félls, essentlally; into
two groups, In one group the decompos1tlon of water is large with the result that
~ the number of Hy and Hy0p molecules is almost equalﬂto the number of idn-pairs
éreated by the radiation, This group is characterized by only that type of radi-
ation in\whi@h the rate of energy loss is greatgr than 70 Mev/ém/bmz of water,

This cdfrespdnds to enefgies less than 6 Mev for protons and 125 Mef for alphas.»
Thé'secénd group includes all radiation_ﬁith a lower rate of energy loss and is
characterized by a total dec;ﬁposition which is.émall and difficult to evaluate
- since minute impurities in the water introdqce_additional complicating factors.,

In order to determine the detailed mechanisms that control the aecomposition‘
of-Water, it became necessary to study.the influence of O, Hy and H50, on the
}decbmposition of water: (a).ozAhas a high affinity for H-atoms and, therefore,

- its presence pre&ents a recombi#ation of the H and OH free radicals; (b) the
effsct of Hy in an OZJaquéous solution is to eliminate the interaction of OH and

HO2 and, therefore, enhance the formation of HZOZ; (¢) the effect of Hz on a

Ho0p aqueous éolution, on the other hend, is to enhanée the decomposition of H202°
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Thus from these and other experiments it was possible to determine the influence

of H, 0H, and H02~free-radicals in the decomposition of water,

The most distinctive featureihf any of the free radical reactions, however,
was the.prpbability of capture whiie in the sol&entvdage; Once this.faétor has
been detennined, then the'range and 1ifetime of the radicéls.can be calculated

for apyvgivén set of conditions. The probability of capture while in,the“solvent
cagé &épeﬁds'on_the_type of.inferaction; radical-radical interactions have a prob-
vabilify wﬁich is qiose to wnity while;raﬁical~molecule interaction probabilities
may Be a8 small.aé 10f6'and depehd,vin_the ﬁain, on the type‘pf radical rather
than thefmoleéuleg Among the free radicals, the H-atom is predominantly active,
mainly, bgéause of its felafively simpie structure and ifs gbility to diffuse

rapidly, The OH is next with the ﬁoz being the least active of the three,
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Part 1

fDecompcsitign by,Protons;,Alpnas, and X=-rays

I, INTRODUCTI o

a The purpoee of:the'experimentsIdeecribed nefein is to deternine in greater
detail the;mechanism by_which’water decomposes in the presence'of radiation, The
experinenfai evidende, so far, appears to be‘meegefvand; in sc;e cases, contra-
Edictbryo; Consequently, the mecnanism for the decemposition of water is quite
vegue and inccmclece° In a 1arger sense, thls nrocess is fundamental in any ex-
fperlments 1nvolv1ng matter in Whlch the water content is 1argeo This is partice-
ulaply true in blologlcal experlmentsrw1th n-rays and radloactlvédsonrcesov Thusy
.n?eencerted.effcrtlto'furthen clarify the subject appears to be very desirable.

'The“deccmpoeifion.of.water‘by radiation atfracted attention.eaf1§ in the

Hcentury and, 1n1t1ally, in search for clues that mlght lead to the solutlon of
the mysterles surrounding radlcactlv;tyo_ Con51derable WOrk was done w1th alpha-~
and beta-rays (riz2g).* | The-prinary deccmpcsition products were found to be
'hydrogen and hydrogen perox1de, while oxygen appeared as a secondary. decomp051t10n
of,hydrogen perox1de, Comparlson of the number of Water molecules decomposed
'ﬁith.the'number.of'idn—palrs created by alphe-rays'showed,thet they were almost
‘éqﬁgio ”Invcne'case of betas, however,.the'nmnber'of water molecules decemposed
was found to be considerdbly snalleru

1.1 Histofical_Summaryy The first informative experimenté were recorded by

Cameron and REmsey in 1907-1908H(L128, po 76). They used radon dissolved in water
as a source of alphas and concluded that the rate of reactlon is alwavs propor—

tional to the quantlty of radon present. The ionic yield, @/N), determined by

Refers to list of references in last.part of the report, In addition, the page
number will also be 1nc1uded whenever necessary. :
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7 tms method, has been found to be 0,78 (Nu34) end 0,72 (La38) water molecuies
decomposed‘per ion-pair, Another measurement, in which only the Hzoz was ree
corded, shows that 0.17. Hzoz moleoules are formed per ion-palr (Bo48) This
is, esseptlallyg equivalent to the decomposition of Q°34;water molecules'per
ion-peiro'

In order to confine the radon within a small and restricted reglon, Duane
and Scheuer employed in 1913 (L128 Pe 104) e‘small glass»bulb.w1th very “thin
walls° Thus this geometry was deslrable but it ﬁed a‘serious aisadvantage in
: thaf most of the alpha energy was spent in’penetrating the glass walls, Their
" measurements indicate that M/N = 0,86-1.05, Ueing the same ﬁethod, Lanniﬁg and
Lind (Le.38) found an M/N = 0,87, )

Kernbaum (Li28) reported that Hzoz is formed in small quantltles when betas
from :adloactlve sources are used to irradiate water, Mb:eqver, he found that
theig&s.evolved"during_irradiation is pure.hydrogen°\ Some. exper;ments with x-rays
eipdicateesimilar results while_ethers.deny the existenee of HoO2 in the irradiated
jweter. Fricke's (Fr33, Fr34) analysis of the decomposition broduets showed that )
no 3202 was defectable, He ettributed fhe gaseous decomposition products of Hy
‘,end €0, tq the existegce of a‘smali concentration of organic matter in the care-
1£u11y purified water, Therefo:e, helconeluded, x—faye:purify'watef rather than
@ecompdse it. . The resulte_of Bonet-Maury (Bo48) wers also negative, It should
.Be'noted,_howeverm thatkthe 70lume of the ifrediation,unit'used by Frieke‘was
20 ec,_wherees, that of Bonet-Meury appears to have been no biéger'fhan 3 ce
(Bc44).. The latter capacity is definitely too small and may, ih part, account
fer the failure to oﬁserve any HZQZQ | .

On the other hand, A, O, Allen (Al48) claims that purified water decomposes
into Hp and Hy0, when exposed to one‘Mev electrons or X-rays. His results cor;

réspbnd, appfoximately, to an initial yield of 0.1 Hy molecules-per ion~-pair,
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Concerning Hzozgﬁhe nerely'states that i§ exists in comparable amonnts but
gives no definifelor'further*info‘r.mationo 1t appears that if the Hp0p was
.comparable to the mnount of . HZ’ then it would have been more con51stent and
easier - to titrate for- Hzoz than to.measure the pressure of H2
‘In addltlon, Allen observed that the evolutlon of hydrogen dld not increase

‘ indefinitely but reached a finite steady state pressure which was a function of
both the density and energy of the radlatlon (A146) He gives a pressure of 1-2 em
(Hg) for high energy electrons and 10-20 cm (Hg) for tritium betas. The cause
ofxthls.equllibrlum;he ascrlbeS“to baok.reactlons° The principal of fhese is the
intéraction of Hy with the OH free. radical. . | |

- Of the types oft radlatlon not already mentloned the -rost important are the
neutronp protong deuteron and the ultraviolet, No-lnformatlon is available on
the first-two.and only a small'amountzon-the last two. The initial yield for
8. Mev deuterons was found to be O 19 Hz molecules per ion-pair while the steady
state pressure has been estimated to, be greater than 60 cm (Hg) (4148). The
effect of ultrav1olet 11ght on water has also been studled with results that
do not dlffer materlally from those for x-rays (T116 Fr36) o

i

1 2 The Meohanlsm of Decom0031tlon, The mechanism by which irradiated

;water‘decomposes is a comnlex process 1nvolring a series of events whose exietence
can'only;5e=surmised;.VEsSentially; the processes to'oe described are oased on‘
the formetion of hydrogen-(H).afoms and hydroxyl (OH) free radicalss The-essence
of this wes first suggesned by Jo. Weiss (We44) and in a somewhat different form
be Lea,(Leé79 P 47) and-Burton:(Bu47), This hypothetical essumption for the
existence of these unionized radicals:was;neceseary to account for -the long .
lifetime of the activation of irradiated water, -

.Tﬁe water decomposition process may be summerized as'follow§:Aionizing,

,radiation*on‘passing through water loses energy, in part, by-ceusing’water
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moledules.to;iohize; that is, ~° " 77 Co
‘H,0 ¢ ionizing radiation——>Hpo* + e~ . - (I-1)
-ThE‘ejected electron;'withta‘meén'kiﬁetic eﬁérg& comparsble to its bound‘enérgﬁ,
will thus have an opportunlty to get' away from the positive ion and eventually
become attached to another molecule or positive ion: .
| H20+»e-———_—>nzo I e ©(1-2) -

By

+ e‘.————e'H - o ? ' " . ).(I-S) L
wﬁere tﬁe subecript on the poeitive-ion signifies‘that thefh&drogen ion 'exists
in:e structurebﬁhich involves cne or ﬁore ﬁatér’mclecules; 'The-sz*'ion, on
“the-other thand, remsins relatively close’ to the tréck of the~ionizing'ra&iation
since its mass is more'than'lo4 times'greatervthan that of the eléctrono It
readlly 1nteracts with its neighboring water molecul es and, 1n the process, leads
to dlssoclation.

| H204;-—'v——.—'>HAq"’;'+.'OH T | ’f. : -(154)'
Slmllarly, the greater afflnlty of the OH rad1ca1 for the electron causes the

20 of reaction (I—Z) to dlssoclate' .

H20+e-—-‘—>0H"+H - (1-5)

Directrevidence for the existence dflreaction“ﬁ-S)is weager and inconclusive,
The 1nformatlon for this and the other reactlcns are examined and dlscussed in
. some detall by Dalnton (Da48)o‘ | |

Therefore, the resultant effect of the 1rrad1atloﬁ of water 1s to create
free radlcals close to the track of the 1onlzlng radlatlon and H-atoms 1nter-
spersed in a cyllnder which is coax1a1 with the track. It is estlmated that the
OH and H free radlcals are w1th1n & radius of 8 and 150 angstroms, respectlvely,

frcm the track (Da48, Le47). Thus, in part, this accounts for the difference in
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decempoeition between alphas end,radiation_with_low density ionization but it is
-notveneugh in a quantitative formulation of the detaiied mechanism of decomposition.
Lack ofvconsistent and oxtensive experimenﬁal evidence hé§y'se far, prevented a
satisfactory formulation of the problem.

1.3 .The'Definition of an Ion=-pair. -The ion-pair is uSed-exclusively in this-

report. to express the dosage or the amount’ of energy absorbed by a given configu-
ratlon, It .is used not only for. 1ts convenience in x-ray’ 1rrad1atlons, in partic-
ular, but it is felt that there is considerable amount of 51gn1flcance between an
ionepairﬂand the degree.of,decomposition, at 1east, for the problem under cegeid-
eretienou,lt will be-assumedvthat-aniion—fair is created whenever.the ameunt of
- energy abserbed is 32,5 ev for lightly ionizing radiationvand 35-ev:for heavily
-ionizing_rediatioﬁ (Gr44}, a A
Alphdugh this evalﬁation of the ion-pair is basedvon a gaseous state, there
is<§o particular reason why these values should differ radically in the liquid state.
Thevcohesive.ferces in.%he li%uid,correspond to -an energy of -one eleetronivolt or
less; wﬁerees, the lowesﬁrbinding energy of an‘electren ih'Hgo is 12,6 ev. Con-
| sequently, the process-of energy,absorption in the 1iquid,s£ate should not differ,
appreciably, from‘the‘gaseous.state, However, e‘roentgeﬁ will be assumed to
.ereate 10 percent morejion—Pairs'in a gram of wafe: than in a grem of eair to

account for the larger absorption in the former, - ' o

rzo"’DECOMPOSITION WITH PROTONS AND ALPHAS

2, l Experlmental Techmqueso The exper1menta1 arrangement used in con~ -

nection w1th the Univer51ty of Callfornla 60-1nch cyclotron is 111ustrated in
Flgo (I 1) The average energy of the beam on the vacuum side of the alumlnum
f011 has been found to be 37 5 Mev for alphas and 9, 45’Mev for protons° on pene;

‘ tratlng a 1 5 mil aluminum foll 13 cm of air path 8 3 mil pyrex window, the beam
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arrives at the surface of the water in the 1rrad1atlon unit with an energy- of 31
Mev . for alphas and T4 Mev for protonso |
The 1rrad1at10nvun1t shown in Fig, (I;l)-eohsisbe of.pyTEX-glass with a total

volume of 45 co end usually filled to 2/3 its full capacity with distilled water.

A partially filled unit'is desirable since it‘is necessarYVto sh&ke it violently

"

while bombardlng with: protons and alphas; that is, the range of the alphas and

protons’ in- water is approximately 1.0 mm and therefore, 1t becomes necessary to

, prevent the plllng»up of decompos1tlon products at the thln window.and causing

uhdesireble back reections. -

In order to determine the_pressure of the gaseous'decompesition products,
& long column is attache& to the irradiation unit which-permits absoluﬁe deter-
minetion of pressure, Initia}ly, all the air is removed. from the unit with the

aid of & mechanical pump so that only water vapor exists in'it. Under these con-

ditions, the water level -is the seme in both the column and the mein part of the

vessel,:- On 1rrad1at1ng the unit with protons. or -alphas, the water level in the

column rises in proportion to the gaseous pressure Ain. terms of centimeters of.

,weﬁe:.-'When the column becomes filled and hlgher pressures are‘to be measured,

- thevwater is allowed to flow out of the column and, at the same time, trapping a
- certain ffectioﬁ_of the gaseous products ih the 1ong column. The pressure in the
;column“is thus calculable with fhe pressure already recorded and the.geometrical

:.dimensions»of the unite Therefore, w1th ‘this arrangement low and high pressures'

may be recorded without the ald of ‘external; devices. . - -

A platinum wire is shown'attached to the irradiation unit in order to die-
charge the protons or alphas that are.absorbed bylthe water and also to serve
as a'meene'offrecofding the numbef of protons or alphas with the aid of an

Esterline Angus recorder. A current emplifier wes necessary for the latter since

.the effective beam current was 1low: 1/3 and 1/10 @icroamperes'for protons and
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" alphas, respectively., In ofder to control the duration of the gombardment;
accdrately, a string operated shutter was found to be_vefy convenient,

HThé concentration of hydrogen~peroxide in the bombarded water wﬁs detefmined
by means Sf the potassium permanganate method. 'Ihis method allowed a meximum
lsensitivity‘of +6x 1014 molecules of quz‘perugram of water, Tests for the
concentration of otygen 'in the gaseous state were carried out wifh the aid of
eroéalliﬁ'acid inva‘bdsic solution.

- 2,2 Decamposition with Protons, The decamposition of water by high energy

vpfotons repreéents'ﬁhe miséing 1link whiéh tieé in the'results of previous eiperi-
mepfalists;. At 1ow energies, the decomposition of water, in terms of Hp0, for;
mation, is large and comparable to that from alphas. At high emergies no B0,
is defectabie and, thérefore, tﬁe resﬁlté are cqmpérable;to‘x;rays end electrons,
This is'experimentally{demonstrated in Fig. (I-2) where tle number‘of,ﬁzoz‘s
produéed per protoh is plottéd‘égainst the energy of thé.prdfons, The. pro-
vﬁﬁcfidn ofbﬁzbzl pér proton risés‘répidly for'energies up.tors Mev ﬁnd then levels
. fo'at QEOut 6 Mev, Thérefore; raising the energy of the profons above 6 Mgv‘
fdoes not contriﬁﬁte to an ihcrease.in.fhe co#centrationAof thé Hp0pe In fact,
‘.the'tendgncy-is‘ﬁo decrease the cdﬁcentrdtion since the radicals created in the
' highér énergy portions of the track are freebto attack.the H202 already formed
in the boﬁbarded water, V

 The'iow energy‘portion.of the curve of fig;a(I-Z) is drawn in dashed form
:to indicate the expérimeﬁtal‘eyidence for itsfshéﬁe is indirect; that is, it was
' drawﬁ so that the éldﬁe at zero dogage is high, or M/N'approaches unity, since
low energy protons are expeéted to behave like alph;s from natural radiﬁactive
sources. ﬁofeéver; the Cufve is dfawn‘above'the 1.5 Mev éxperimental point Singe
| the”iatter is subject to a considerable amount of uncertainty arising from th¢

very short, or 0.1 mm, range of these protons in water, This leads to an
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accunulation ofhﬁzdg moleéules in évthin,film nexﬁ to the.ﬁindow anég therefore,
subject toAdeGOmposition by newly ﬁreated radi&élso

Flgo (I~4) 111ustxaue> naw ihe gaseous dacomp031tlon préducts rlse as 2
tfunctlon of the dosage of 7.4 Mev protons, The curve consists, essentlglly,-
of two linear portions. The fl#st corresponas to a rate of 0.15 gaseous molecules
per ;onfpair while the second has a rate of 0.18, Tests for oxygen proved to be
.negative atvloﬁef dosages andbpogitive,%% higher &oéagésa Conséqueﬁtly; the.impli—

cation is that whlle pu“e hydrogen is given off during the 1n1t1a1 period, oxygen
‘is not evolved until the HgOg concentratlon is hlgh enough to 1nteract with the H
- and OH free_rad;cals andv therefqreg cause 1t$ decomppsxtlon° 

Actually, the pattern presented by Fig; (Iné).isasha;ply contrédicted'by the
plotted results in Fig. (I-3). The latter predicts_that the decomposition of HoO2,
énd therefore the formaticn of Oy, begins ati§osages_wﬁich are'much,anllgr than
. the bend.qf‘the curve in Figo (Imé) would p:edicto Accdfding_tolFiga (st)g the
Tate of 0 évoiution should reach half its meximum value at & dosage of 3 x 10°
ion-pairs. -In contrast,. the same poiht in Figo\(I?4) appeérs to ocauf at é
dosgge~of ;3-3,1019 iqnmpéirso ‘This contradiction hinges on the absorption of
.oxygen by i@puritieg.in'the distil}ed water and wili be gnalyzed ?urﬁher invéonm
nection with the irradiation of water by x-rays in the next chapter,

Accofdingvtp Figo (I-4), thé qulution_of hydrogen and_oxygen rises linearly
with the do§ég§o Acﬁﬁaliyg.the rate of'yield for a total dosage of 180 x 1019 |
ion-pairs and & final pressure of QéscmA(Hg);éotresfonds_to 0,07 gaseous molecul es
per ionwpair; . Another sample in which the initial pressure of electrolytic
hydrogen and_oxygeﬁfwas.one stmosphere gave,an'average_yielgvof 0,047 gaseous
mblecules pef ion=pair, Thué_the gaseous steady staﬁe is approached %er slgwly
and will occur at a pressure which is much grgater than one atmosphere, It

should bé noted, however, that the dosage to cause a Ho0s steady state is'much
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smaller than the dosage at which the gaseolis yield levels off. Therefore, the

mechanism of decomposition for the two cases is nbtllikely £6 be the same.

2,3 DecomboSition by Alphas, A prolonged breakdown in the operation of
fhe 60-inch cyélotfon haé preVented a detailed study of.the alpha-ray prdpertieso
However, scme-measurements-weré mede which bring out the more imp;rtant'chéracter-
istics of the dedomposition of water by alphas.,

-On[plotting.tﬁe gaseous decomposition'ﬁroducts'as a function of the dosage
of 31 Mev alphas & curve similar to Fig, (I-4) was obteined, The two linear
portions of the curve were more distinct and were charactefized:by slopés of 0,25
and 0,34 molecules perwion-pair° Hence, the gas evolved, initially, is hydrogen
jwith an'ionic'yield M/N = 2 x 0,25 = 0;500- Later, the yield increases almost
- 80 percent to account for the decomposition of Hzozrgndg therefore, the evolution
of 020,.Thus-since the gaseé evolved are nearly in electrolytic proportion, then
in contrast to the case of protbns, only a small amounf of oxygen sappears tq be
absorbed in'reacfions with impurities.

In order to éccount for‘this‘difference, it is necessary to compare the
relative densify of'ion—paifs for 7.4 Mev protons and 31 Mev for alphas, A
study of the rate of energy loss in water (see next section) shows that the ion-
”ﬁair density, and therefore the free radical concentration as well, is considerably
higher for the alphas, Aé a fesult, the number of rudicalé that are able to es-
cape uncombined.froﬁ &hvalpha-track and initiate oxygen absorbing reactions with
low concentration impurities is rélatively sma11o

In contrast with Fig., (I=-4) but more nearly in agreement with Fig, (I-3), the
dosage'a€.Which Oz'becdmes prominent for 31 Mev élphas ig 10%° ion-pairs. Analysis
of the bombarded‘waﬁer for H,0, showed that the expected steady state concentration
is not likely to be much larger than that shown in Fig. (I-3), Of course, the

concentration of H202 is expected to be higher for lower energy alphas since the



UCRL 583

-16-.

probability of;raoicals eeqaping,qnoombined from the treok_iS‘emailer; This

wae experimenﬁeliy verified by Booet-Mauryv(Bo48) wpen‘he'showed that the:Héoz
formation with‘ragon alphas. is a linear function of the dosage, for dosagée up to
.1019 ion«-pairs per gram of water. - ; o _ ..

Za&__SQmQ;Analxﬁigal_ngngiinna. The experimental results with protons and

1alphas 1ndloate that the degree of decomp051t10n depends on the den51ty of the free
.radicals along the track and,_therefore, on the rate of energy loss 1rrespect1ve

of the t.ype.of.‘radietion° According;to Fng (1-2); fhe energy at Whicﬂ protoos”
cease to create Hy0p is‘6 Mer, The rate of energy loss, (- dE/dx), at thls energy

may be determined from (L137, Po 263)

_— g.E_ MZ__?__ Zln(?mvz/E) ' : S (1-6)
dx 'A.vmv2 : - RO , C o

where v is the velocity of the;bombardiﬁg.particle,and ze its charge;. N is the
number of atoms per gram of absorbing matter, 2 is-the-ngmber of electrons per.
atom, m ié the mass of en electron and ﬁ—is.the average excitation ootentigl‘for '
.the:electrons in the atom.

Iﬁrorder to determine the»excitation ootential for a water ﬁolecule; it will
“be necessar& to con51der 1t as an atom of'Z = 10 electrons but with an average

'excltatlon potentlal deflned by the f0110w1ng equatlon (Li37, p. 271):

(z 1n2mv /E)Hzo = 2(2 1n2m.v2/ﬁ)H + (z anmvz/E)o ‘ | (127)

that is, the effectiverstopping power of the water molecule considered as an
atom-is equivalent to the sum of the stopping powers of the atoms of which it is
composed. On solving the equation for the average ekqitation potential for the

'Y
water molecule, 1t is found to be.

= 1/5 4/5 o | ,
'Eﬁzc o : L ) (I'B):.

The potentlals for hydrogen and oxygen are not unlque but vary somewhat with

the energy of the bombardlng particle (Gr 44) For 31mp1iolty, however, the
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.empirical expréssion,ﬁ = 11,52 will be assumed to apply (Wi41), Under these

cdnditipns'ﬁhzo = 62 ev. Consequently, the rate of energy loss in water may be |

.

expressed as
48 80z2a

dx E

1n(33ﬁ/A) Mev/gn/cm? | , ‘ _ (1-9)

where A iS'the atomic'weight of the cdrpuscular radiatiég agd E its energy in
Mev, | o | .

For 6 Mevvprotons_(-dE/dx) = 70 Mev/gm/bng-that is, this value represents
the oritical condition which determines whether any H,0p will be observed in the
irradiéted w;ter or not, In the cass of alphas,,thié same_gonditioﬁ,shéuld be
.satisfied at an energy . E = 125 Mev, The rate of energy loss for low energy
electrons is diffiéult.to express accurately but it appears“that tﬁisvcondition
_ oceurs at.aﬁ energy of the order of one Kev., .Thus to & good approximation elec-

trons and x-rays may be éonsidered as creating'a uhiform‘distribqtion of freg
radicals.throughout the irrédiafed volume, In the case 6f’highly iénizing pfotohs
iand alphas, & columﬁar disfribution of radicals may be éqnsidered éJaiS) but the

“calculations are considerably handicapped by the presence of delta-rays (Br48), .

*

1T, DECOMPOSITION WITH X;RAYSv_f
The decomposifioh‘6f»disti11qd air-frqé water was conducted with.x-rays
from & source with an acoeleratiné.potenfial of 200 kilov§1ts-§eako )The irradi;'
ation wnit consisted of é disk-gﬁaped vessel made out‘of pyrex:glass,. For
pressure measufing purpéses, a>longvcolumn was attachednto it as:ihﬁFig; (I;l);
The totél volume of the unit was 70 éc, The inside thickreés of thelﬁnit-was-
only 1/2 1nch so that to - good approxlmatlon the xpray energy absorptlon was unl-
form throughout the sample of water (BaZB, p. 152), The ‘average rate of dosage of
10.4 x 10* Ion-palrs/hr/gm of water was determlnedvby con31der1ng n?t only‘the

field distribution but also the wall thickness of the irradiation unit.
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‘3 1 Exberiﬁéntal bbser%ati;ﬁsa A considerable émount of reséaréh was carried -
out to determ;ne why prev1ous experlmentallsts observed only pure hydrogeﬁ gas from
,Vxéfay 1rrad1atlons\of water and why the Hzoz y1eld was not ‘observed in all cases., As’
" & result a series of expériments were perﬁoﬁmed with both Barnstead still Water and
conductivity water, These and.othgr'related experimenﬁs:afe.enumefated in the fole-
ioWing subsections. | )

8, Barnstead S5till Wétero Initial attempts tofdeﬁerhine the rate of deccmpo~',

51tlon were based on the assumptlon that the hydrogen gas belng given. off durlng the
1rrgd1atlon was due to impurities 1n the Wa’qero Therefore, accordlng to Fricke
, . . ‘ |

(FrZG);'anlexténsive‘irradiation of the water with x-rays should improve its purlty
and, és a result, ;educé the ﬁydrogen jield to?the 1éve1_where.it.cofrésponds,to the
decompOSifion of pure water, 'Initiaily9 fhe rate‘of‘gaseous evplqtipn_was:OQGQ
moiécules/ion¥pair'and decreased to a2minimum,df.0003 molecuies/ionfpai: at a dosage
of 200 x 1016 ion»pai;s/gm of water, At higher doéagesglthé raté_incféased rather
then decreaéed-or’reﬁained cOnstant:sovthat'tge éondition cogstitu%ing purefwater
remained unresolved

"A test fof.HéOZ_in an:irradiated.Samp1e>proved to be positivéo-gFﬁrtﬁer éxpéti=-
mehfé showed that the H,0, yield rose gfadually to a steady'sfaté'concentrgtign of
_4 x 1035 moiecules/gm;offwater in a péfié& of ten‘hoﬁrs'gf continuoﬁs irfaaiatioﬁo
Suprisingly; howeverg a steadj state of 3 x~10l§»H 0 3s/gm of water was diséovered
at very low dosage= "It was necesoary to decrease the exposure to as 1ow a dosage
as b x lO11 1on/pa1rs/gn of water to decrease the concentratlon by a facfor of two.
This ;s equ1valent tp a ratg‘of 3000 ﬁZ*Z s/ionmpglr_and must be due.toisome regene-

rative reaction,

bo Cohductivitszatero Keray irradiations of sir-free cbnguctivity water
zgave & sdmeﬁhaf diffefeﬁtibut“siﬁpler pattern than the Barnstead still water irradi-
ations. The conclusions, however, are éssentially»the same, The irradiated con-

ductijity Water”sanples were characterized by‘initiai rates of 0,13 gaseous
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'molecules/ion-pair wﬁich were independept cf the smount of irradiation., The H2
concentration was very.ciose to - the limitfof detecficn wdth a constant vaiue‘of
1015 Hzoz's/gm of water, Thus increasing the purity of the water has a tende;cy
| to decrease the HzoszOpceﬁtrationo ‘. >: 4

. ¢. Other Observations. The absence of Oy in the x-ray decompcsiticn;of air-
_free water suggested the introduction of a small ameunt'of Oy in the unit before
irradiation. - After exposure, an analysis of the gases showed that most of the O
had disappearedsand could not.be accognted. This immedietely.suggests thet oxygen,
Iin‘fhe presence of.radiation, is absorbed byvsome impuriéy-in the seter;

" Further experlments showed that the hlghly regenerative process for the forms-
tion of Hzoz at extremely 1ow dosages is 1nh1b1ted 1n'the presence of oxygen° At -
a total dosage of 1014 1on~pa1rs/gm of water, the Hzoz yleld weas reduced by a
factor of two in the presence of 1015 02 s/gm of Barnstead still watero With con—
.duct1v1ty water, the effect of 02 was. not as notlceable since the rubber tublng |
uéed 1n seallng the 1rrad1atlon unlt appears to have been the main source of ime

purltles rather then the water 1tself ‘This has & tendency to keep the H,0, con-

'Jcentretlon at“1015 molecules/gm of water for concentratlons less than 1016 02 s/gm

9
5

of ﬁater, ' - . R PR o ";';: e
'The;peseibility'Of‘foreign‘métter %cting ;g e catalytic agent dn’the<con;:"
vefsicn“of Hzodinto Hzoz'mclecules_in the;presence'of radieticn_is;unlikely'since
such a {eecficn iecuires»thatu | | ' | |
| | 2H20 —_ Hzoz + H, ','. | o '(;_io) N

: . \ :
that 1s, the hydrogen to be expected from such a reaction should be readlly

de‘tectable° Tests for HZ at low dosages, hcwever, have proved to be negative,

N

3 2 Ana1y81s of Observatlons. The experlmental cbservatlons made in the pre-‘

vious sectlon 1nd1cate, quite deflnltely, the leading role played by 1mpur1tles 1n _

N e
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o

the vater, An suslysis of the councentraiion of thess inpurities in the water

shnwpé that‘(Fa39, p5.55~7):£he @ﬁou¢gv§f fixed solids in water after a siﬁgle L
digtiliation oflta?'ﬁaief wos BCO-milligramé pcr liter cbgmaréd.té_éao'@ill'; CELTS
per liﬁer,wbén'this water was redis ullled by thn conductivity water ‘method, Thus
purc water is difficult to attain and explains why impurities mey be responsibie
“for the abSdrptionAof 0, even though e%tremely pure water is used (Fr-SG)o

The évdlutionfof_pure hydrogen ffom the irfadigtion of watér d;es not arise -
Lrom a'difecfiunidn of;H-atoms

‘H+ H ~—-——> Hy . (1-11)

H o+ HEO —_— Hoz + Hz . ' | | (1-12)

ate er reactlon is dlscussed rore thoroug hly in Part 1I where 1t is shown

but rather from

l~—‘.

The
uhat in an aqu@ouU solutlnn of ﬁ;ozﬂ the reaction écours once for Dverf thlrd ione
pair. In érdor to account for the smaller rate of Ha . yleld in alrmfree water, it
becom,u necessarJ tg:assﬁme that the H-akom_rather than the OH reacts with the'im~.
purltlcso This is vorlfled in part by the Observatlon that the regeneratlve
process is 1nh1b1ted by O2 Whlch has a strong afflnlty for the Hnatomo |
bone of the conbepts underlylng the decomp051olon of absolutelj pure water
cén te dérlved from the klnetlcs of the free radlcalsn lhisvanalysis applies only
durin; the ‘initial period of irradiatibn when the back réaéﬁiong'ﬁith ﬁgoz are not
béfomiﬁgnt Wﬁiie thé H énd OH éoncentrationé haVel reached"a stegay stéf@o Uﬁﬁer

these co ditlongg the robabll ty of cnemlual 1ntcrnctlon of the rqd &ls to form

~

H,; 02 and HOH w111 dopend on the relatlve conoentratlon of T and GH free radiczlsg
4

ny

.

Horeover, since the nm ber of qz and n202 molccules nust be equalg then the relative

free redical concentratlon can be determlned fron the Rate Law (Ch439 p. 61) which

can be expreésed in terns of'the fonnulation‘in.section 301 of Part IIz
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Nop/2 Ny/2. o -
o CCOH+OH "er+H’  ‘ N o Aﬂ (1-132)

where the N's represent the.coﬁceﬁtrgtions in radiéals/gm of weater and‘the- Trs
are the average lifetimes of the radicals. The factor of 1/2 on each side of the
equation is used to account for the fact that two radicals disappear at each chemi-

cal interaction. On using Eq. (II-5), the relative free radical concentration may

. 4 .
be expressed as follows:. ‘
1 .

2 | |
Yor  Pmm - éLH,H 5 $am

2 = . - = —_——_, - 3
Ny~ Dom,om A§0H,0H ._..:§<>H,0-H o (1-18m)

where the diffusion’ coefflclents DH and DOH are assumed to be 10 x 10'5 and

2 x 10™° cmz/sec” resPectlvely.- The values of the probability constants EZH,H°

and §OH OH

In con51dering'thevinteraqtion of #wo radicals in the some solvent cage, the

are not known but an attempt will be made to estimate them.

probébility_of.cgpture.is cénsiderably eﬁhgnced not only by the finite time of
associatién in the cage but‘also by,thé numerous'collisions with,watér mqlecuies
to }emove the excess reaction enefgy; In the case of two H-atdm;,‘such.a capture
isbpracfically certsin since‘théyihave é very sim?le gtrﬁdfure'and_no'pofential
.barrler to hinder the processo Tﬁé samé-érgumenf, eésenbially; applies for &n
'AH-atom to combine with an OH although the structure of the OH is somewhat more
complex; vIn the case of two OH's, however, a potential barfier may exist since v
the OH's aréfcﬁarébterihéd with electric dipole moments. In considering tﬁe qagi;
mum dipole forcevih conjuncfion with the attractive exéhange force in f;;;; of the
Morse potential function, th;’poténfial-bérfiéf for two OH's bOrreéﬁonds to an
Aenefgy‘Which is less than 4 times the'thermai energy at room témpérature° This' is
not a particularly large value and capture may'occur in one solvent cage. ‘Thus

= ‘ \ - : . H 2
€HgH §}3,01{ 1 but €OH OH < 1. ence- H/NH 2.2 a.nd, consequently,,



UoRL 585

~22-

the initial decomp051tlon of Water into H and Hz 2 is certainly not small,

in order to eccount for the small H202 yleld that is observed w1th x-rays,
it is necessary to cop51der the back reactlons °f-H202 with Hfatoms. The cone
dition for a éteady state will occur when the number of Hgbé'gsdéstroyed equals

those formed, This condition will be satisfied when | <

NOH/ZV“ 1 Yy o |
=77 I : ' (1-14)
Toson = THampo, o -

where the factor of 1/2 on the right side of the equﬁt?én is uSsd,tb account'for
the fact that it.reéuires two H-atoms to destfoy one ﬁzoz. After substltutlng for
ﬁhev q:‘s, the equatlon may be solved for the H202 steady state concentratlon,'
D | oW N | | !
N _ _OH,0H §OH OH COH OH . (1-15)
H,0 ¢ . : "~
B W{Hﬂk Hdg& M 2 ‘ '

| A numerlcal value can bé calculated, approx1mate1y, w1th the aid. of Egs. (II 8),
(Ixmka), (11-22) ana (1- 13b) | o |
o A C;GQ’VG;;'IOS R S (1-16) |
etz ‘ ‘ A .
Where DHzoz lg a;sgmed to bévegugl to 2 xilO'scqz/ﬁip. Thus the Héqégstgédy.'
:state concentration should be expecﬁed te‘vary'as the'squére root 6f the rate
‘ of dosage n. Since n = 29 X 1019 1on-pa1rs/sec /gm of water, then NHZOZ '<:? _
»4,x 1014 molecules/gm of Water in falr agreement with the. concentratlon observed
with conduct1v1ty water, .‘
.-._After,HZOZ eqqi;ibrium hag been established, thevrgte.ofiﬁz.yie1d should be
~aof the order of 0.l ﬁoleéule/ion-pair since reaéfion (11-20) occurs half asvdffén'
és (11-19) while only. 1/3 of the H;atoms may Be'expected to attack the Hy0p mole-
cules. The remainder are absorbed in OH and 0> reactions. »
The condition for ; gasébus.steadyvstate Wiil arise ‘when tﬁe number of HZ

molecules produced by reaction (II—ZO)'eduals those absorbed by reaction (I1-24).
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Ny 5 NQH

o = . ET C(1-17) .
TraHgo, 1 o, »
where the factor of 3/1 is used. to account for the relative infrequency of reacticn

(11-20), Uslng ‘EQ.. (I-15) for NHZO the steady state concentration for HZ cen be

determined- from (I- 17) after substituting for the 7?'5

: Dom,oH €0H,OH Nou Y . (1.18)
NHz D 8 X ' , -
, om,Hp - SOH,Hp . | |

H -6
on u81ng Eq. (11-26) for §OH’H2 with £ = 1/2, Eq. (11-8) fo'r“ Noge end
Dy, = 5 x 10-5 cmz/sec., then | h

lg, 4 x 10? Ji' o | ' ) (1-19)

For'o-=~29 x,lOlzvion—pairs/sec./gm of water, Nﬁ2_= 2 x 10¥§.moleoules/ém;of
water, This corresponds to & gaseous pressure of 3 cm (Hé) and is larger only
by a faotor-of;two from .experimentally observed values. Thus the aésumptions,
used. in tﬁis derivation must~ha§e been approximatelywoorrocto,-MOreover; Eq. (1-19)
COrroborgteS'A;‘O. Alleﬁ's ooservation that the steady state pressure varies aé
the square root of the fafe of dosage:(Al46). N

Thus the agreement.between\theory:and experiment is fair with the exception
of wvery low dosages where impurities appearoto oetermine the initial amount of
decompositioﬁ. At ﬁigher dosages the effect of impurities, for conductivity or

pure water, is.small but large enough to -account for the absorptio% of the 02.

yieldo
IV. CONCLUSIONS
The decomopos1t10n of water by protons is typlcal of the effect of radiation

in general. For low energy protons, where the rate of energy loss is hlgh, thé _
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initigi yield of H, and Hy0p is high. At higher energies where (—dEyﬂx) £ 70
Mev/g@/gmz, the decompogition.gppears to be small and influenced-to a cbnsiderable
degree by minute concent;gtioﬁs of impurities Which Are alsb,rqsppﬁsib%e*for the -
absence of‘oxygen in thg gaseous yield, ?hus X-reys, ?r-rays;.electfo£g and the
' extreme ultraviolet can'ﬁe classifiéd intb the latter categ§fy, ‘Proténs;:deuterons
and alphaé can‘also be inqludedvif thgifvenergies are greater then 6, iz and 125 lev,
respectiYely° The effgpt of néutro£$‘wiil.dgpend on the énefgy of fhe réc;il pro-
tons arising from co;li§ions’with thé hydrogen atoms in waﬁer'molecules;:
.Accdrding.to ﬁhg'experimehtal evidence in both Parts I and II, the ééperal
pgﬁterh of»decomposition for éir-free W;ter may be summarized a; folio&s: initially,
the free radicals created about ﬁhg track exist, gssentiglly, within'tﬁo'cylindriéal
.regions coaxial with the.track'of.thé ionizing radiation; the sﬁgller cylinder with
a_raaius of abouf 8 aﬁgstrohs contains the majorgty of the OH-free rédipgls;‘the
'secqnd cylinder, witb a radius which ;§ prqbaBly‘1arger>£han 150 Angét?omé, contains
the ﬁgjorify‘of the H-atoms; the distribution of the remainingvH ané 0H free radi-
cals depends, in é similar mannér?.on thé tr#ck;Aof the del-ta—r_e.ys° Thﬁs ﬁo a
fi;gt apgrq;i@étion, thé!frée radicals.are segregatea ffom each other and, the}e-
férey favor the forﬁaﬁion of H, and H,0, rather than HOH. This is particularly true
when the épacing of the OH's along the track is small-compafed to the radius of the
' H-atom cylinder, For (-dE/dx) < 70 Mev/gm/cm? of water, thesé distances are com-
?arable so that a distinét'seéregation of the radicals 1o longef exi sts so that radi-
_cal recombination into HOI becomes more favqrableo' | |
In irradiating air-free water, a steadyvstéte éoncentrationﬁfor Hs09 is observed
to occur at a dosage that is gonsidefably smaller than the dosage for the gaseous
steady stafe. Thé mechanism of decamposition.for the fwo cases is'quite distinct.
The Hy0o steady stéﬁe is caﬁsed,ﬁy the interaction of the H-atoms with H,0, (refer to

Sec. 3.3 Part II), Consequently a steady state will_éccur when the H505 concentration
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-is high enough so that the average ldfetime T%+H202 is smaller than the lifetime of
the H-atoms,.’tiH+H,lalong the trach of- anﬁibnizingfgarticle,',Since' ?}H+H
depends on the H-atom concentration and since the latter is proportionel to the
rate of energy loss, then the steady state concentratlon for Hzoz will also be

a fUnctlon of the rate of energy 1oss and therefore, the energy of the radlatlono

Y

272

than lOOO times greater for alphas from radon. As & result thls prov1des & means

v

Thus the H,0, steady state concentratlon is barely detectable for x-rays and more

of determlnlng the H-atom dlstrlbutlon about the track° However, 1n order to avoid
' lengthy bombardments, the use of dlssolved 02 in the water should be found to be
a preferable means of absorblng H-atomsa | | | l |

The gaseous steady state is caused ba51cally, by the 1nteractlon of the OH
‘w1th molecular hydrogen (refer to Sectlon 3.5 in Part II) Here agaln, the steady
‘state will depend on the rate of energy-loss. Thls.ls exemplified by:e o;essufe
~of 8 few centlmeters (Hg) for x-rays to mors than one atmosphere for 1ow energy
protons and alphaso Thus by 1ntroduc1ng various concentratlons of Hz into the
,bombarded Water, 1t should be poss1b1e to obtaln some 1nformatlon on the OH dlS-

'trlbutlon aboutvthe track.
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Part II

Decomposition in Aqueous Solutlons of 09, 22 and H?O9

' I;p INTRODUCTION

The experlments Wlth alr-free Water in Part I have been 1nformat1ve in a
qualltatlve sense but of little value in establlshlng a detelied mechenism of
decomp031t1on>for water’when exposed to radlatlon. ;To phis'eud a series of experi-
nents have been performed to- determlne the actual facfors that control the amount
of decompos1tlon for a glren_set>of condltxons; Aqueous solutlons of O H and
Héoz'ﬂave been irradiated with x-rays from‘a source operating at 200 kllovolts
peak' X—rays rather than protons or alphas were used since the free radloals'
_created by the former may be consldered to be dlstrlbuted unlformly throughout
the 11qu1d and,‘consequently, lead to‘ca}culatlons that are con51derably simpli- .
fied . : . ‘ oo _ , . o _

Very early in the century, 1t wes observed that the presence of 02.1n water-
materlally contrlbutes to the formatlon of Hzoz, Quantltatlve experlments, how-
ever, have not been sufflclently exten51ve or broad enough to establlsh the funda-
vmentalvprocesses, Speclflcally, 1mportant 1nformat10n has been m1381ng due to the
absencelof eny experlments with aqueous solutlons-of Ho and Hzoz.

Frlcke s (Fr34) experlments with Oz dlssolved in water 1nglcate that HoO0sp
vls produced, 1nit1a11y, at a rate of 0.73 molecules per 1on—pa1ro (Thls.assumes
that the number of ion-palrs per roentgen is 10 percent greater in a gram of |
water than in & gram of alr sinee the dbsorptlon in the former is greaterlby 10
peroent approxlmately.) The extensive measurements of Bonet—Maury'(Bo48)9 howaver,'
indicate an 1n1t1a1 y1e1d of 0.57 HZOzlmﬂecules per 1on—pa1r at a temperature of
| 20°¢C, Thls.yleld becomes progre551velj smaller so that it becomes zero at tem-

peratures below -116°C,
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II. EXPERIMENTAL RESULTS

The experiﬁental evidence ﬁresentéd herewith is illustrated in Figs. (iIal) to
(II~6) Thesé measurements were made p0331ble ﬁ1th methods and dev1ces already de-
,scrlbed in ‘Part I and may be summarized as follows- the disk-shaped 1rrad1atlon unit
had & total volume Of 70 ce, conductivity'water was used in'all eiperiments,:the
KMnO, method was used to titrate for Hy0p with a meximum sensitivity of + 6 x 1014
molecules per‘gram'of ﬁéter,:a.rcentgsn is defined as 1,77 x 10lz‘ioh-pairs per grmn.
of water while an ion-pair gppears to be created for éach 32,5 ev‘of:énergy that is
absorbed b&‘thé water, ‘

Curves i,;II'ahd III of Figs. (II-1) and'(II;Z) represen# fﬁe Hp02 yield as é B
function of the dosagé'énd condentration of 0, in the water, vThese.qurves are
characterized by two distinct features, first, the- initial Ho0p yield bf‘o 80 mole-
cules per ion-pair. is 1ndependent of the concentratlon of 02 in the water and
secandlys the steady state concentratlon of Hy0, in the water corresponds, approx1-v

Amately, to ‘the concentratlon of 0.. Attempts to replenlsh any Og that might have

2°
‘been absorbed in the process of reaching the steady state.failed'to increasé'the
Hp0p yield after subje@?iﬂé it to a éecond irrédiétion, Moheovef;‘cufiiné the rate
of dosage by as much as a factor of 30 or pulsing the x-ray source had no apprédiébleé
effect on the H, O2 yleld° | o

However,'theoryidoes réQuire that one Oé‘ﬁbleculu;should.bezabsofbed:ﬁheneVer
twb’HZOZ's are formed. An eXpéfimenfal inﬁeétigétiqn of the aﬁqunt of 0, absorbed
showed it to be of the order’of 5 to 10 percent for dosages up tqbiO x ¥016jion-
péirs/gmxof Waher.fdr Curve IIf of Fig; (II-1). This doés ﬁot odntradict the theory
since back reabtioﬁs tend to replenish the Oziin thé<water; that is; one 02 molecule
ié‘producea whehever two HéOzumolecules are ﬁeétroyedo

Curve IV in Figss (II-1) and (II-2) corresponds to a mixture of Hy and Op |
dissolved in water. Thus'thé presence of Hy, enhances the rate of HgOé formaﬁién

sc that 1.20 molecules per ion-peir are created during the initial period. In
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contrast, atAhigher dosageS'thevHZOZ yield reaches a maximum concentration and
.tnen declines with dosageo, Thg?expérinental_pOints of Curve IV were taken with
ths ifTadiation”unit,a1m6§ﬁ completely filled with Water‘sq‘tnan the,szfrom the
_gaseous phase could not diffuse readily into the liquid, Then's partially filled
unit was used instead and shaken periodica11§,lthe Ho0p yieldcié:similgr in form
%o Curve IIL but with e steady.staie.congentration of 17 x 1016 & 20, "s/Em of
water - Dractlcally the same. concentratlon as .the oxygen content of the water,
~ Thus in the presence‘of Ho, oxygen is contlnuously absorbed the end result of
which is the formation nf water or 2H2+02'; 2 Hy0, for‘large dosageso.

Increasing the H, concentration by as mucn as a factor of § had no discernable

2
effect on the szz yield indicated on Curve IV at lowﬁdos'ages° On ﬁhe other hénd,
on decfeésing»ﬁhe concentration of,Hzltg,g;Zux 10}6 molecules/gm of Watera'the |
.initial_yield dropped to 0095 HZOZ?S/Eon—pair; This is illuétratéd by Curﬁe V

in Fig. (II—Z) Exper1ments in whlch only H wes dlssolved 1n'water showed that
the Ho0p yield did not differ, materlally, from ‘that observed with eir-free con-
aquct1v1ty watero

| Flgo (II 3) 1111strates the behav1or of aqueous. solutlons of Hzoz when exm
:posed to x-rays. The 1n1t1a1 rates of HZQ-'decomp081tlon area00453 0,68 -and 0,80
molecules/&on-palr for.Curves I, II, and III,. respectlvely,_ The tendency for |
these curves isto agxbach nero rather than a steady state as in Figo (II-2) since
most of the 0, was able to escape 1nto the gaseous space above the liquid or
absorbed, in part,vinnreactions with 1mpur1tleso. The gaseons yleld curve ln.

Fig. (II-3) had an initial and final concentration of 16,5 x 1016 and 2,9 x 10

| d,‘é/gm of water, réspectively° Theniniéial-jield for this cunve corresponds

to 0,58 gaseous molecules/ion—palro' Using the pyrngallio acid method, the oxygen
content for this sample was found to be 45 percento A second and similar sample !

showed that at the lower dosage of 7.8 x 106 1on-pa1rs/@m_of water the relative
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amount of Oy was still the seme. Thus, approximately9 1/3 Hz‘s/ionepair'may be

expected. to be produceds.initially;
| Figso‘(II-4) and (II-S) il;ustrete the‘effect of‘introduoing Hz into a .
solutlon of H 029 Tﬁe resulteotmeffect is to enhanoe, great1y, the process of the
decaposition of HzOZov The iﬁ&tial rate of'decomooeition in Figc'(ilf4)rjumps from
0,68 in 'a solotion without any 5ydrogen to 3.0 molecules/ion~pair in the presence
‘of hydrogen° In fact, the dashed portion of the curve indioates thet & hipher and’
'crltlcal rate of decomp051t10n ex1sts in that reglono A similer but more‘extreme'!
81tuat10n is shown in Figo (II 5), that 1s, although equal care was taken for all
experlmental p01nts, yet there exlsts a w1de dlvergence in the uni formi ty of the
‘two curves, Only a crltlcal chaln reaction can, probably, aCCOunt for such a wide
' diversity in these observatlonSa

The curves of FlgO.(II 6) were determlned for the purpose of establlshlng>the

influence of temperature on irradiated aqueous solutionso The total dosage wa.s chosen
1ow in oréer to av01d a multlpllclty of reactlons° The results, hOWevar, are anythlng
but 81mple since the temperaturevcoefflclent is negatrve at room temperature and
fluctuates rapldly tlth temperature° Informatlon on the subject is limited and,

therefore, ‘the cause Of the rapld varlatlons w1th temperature unlrown° A satis-

factory explanatlon, however, should include not only the effect of the'solvent

i u o~

-cage but ». 8lso, the varlatlons in the polymolecular structure of the water 1tselfov
Regardlng the con31stency of the experlmental data with’ X~Tays, measureﬁents
w1tﬂ conduct1v1ty water were found to be 1nvar1ant with tlme, whereas, measure-
ments with Barnstead'stlll water were found to vary. Invpartlculer, measurements
of H,0, in oxjéenated Barneteao still‘water With'uitratiolet radiation were found
to vary by as much as 400 percent; in contrast, variations with conductivity weater
were limited to 10 percent by the seﬁsitivity of the. titration method for HoOpo

Again, Fricke's (Fr34) limited measurements are consistent with Curve III
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in Fige (II-l).whereas.those of Bonet-Maury (Bo48) are found to be st variance,

A plausible explenation for this is given in Chapter IV,

III, CALCULATIONS, AND DEDUCTIONS

5}1 Kinetids-of Radicgls.- Béfore proéeeding“with the analysié of the
experimental resulfs, if,Becomes ﬁeceésary to establish'a mathematicai'formulation
of the kineticsof" radlcals and molecules in the liquid sta‘be° Sbecifiéally; the

'de31red form. must be con31stent w1th the rate 1aws and should preferablys glve the
average txme that it takes for a radlcal A or B to 1nteract chemlcally° In general,‘
the average tlme for a given radlcal or'molecule A‘tO'coll1de with anyone:qf thé.

' B’s w111 be 1nversely proportlonal on the concentratlon of the latter- v' :

| . ‘tle L/W '; "t‘ o o o ‘(ilflg)'

F o "‘NB R : :

where NB is tﬁe number of é's in & graﬁAof water, L 1s A&ogadro 's number, and W is

7the molecular Welght of Water° The constant of proportlonallty in (II-le) is the

- reciprocal of “the number of B and water molecules w1th whlch A has colllded in one

t

’ sgcond; that 1s,' ,
| No° of colllSlons/éec; = '83 ;"; '- -, - (I1-2).
where j ( 6 /1 ) represents the total nu@bér oflcagemto-cage Jumps per second
(P038) that A makes in 1ts zig-zag motlon, while the factor of 8 corresponds to
the number of new molecules thet A encounters at each new cage; 12 (= 10"15_Cm2)
1corresponds to the square of thé mem dlstance betWeen cages Whlle v

QAB =Dy +Dy '_! I o ~ (11-3)
corresponds to the.effe;tiQe diffusion éoéfficiént.for A end B in‘water.' Thére_
fore, on substltutlon in (IIala)

T

- “alp
A similer expression_can»be set up for the collision time of a B radical or

=1 L/@SWDABNB = 10 /144DABNB - \ (II-1b)
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molecule with the Ats, HencefforAany eoncentration9 the collision time will dcpend
on whether the A’s are considered %o cbllide ﬁith the B's or the B's with the A's.

The resolutlon of the propor 0011L31on tlme w111 depend on the partlcular problan

.
B

undcr con81deratlono In general,
i . . e . s - oy 8. N | - v
fok’B . L12/48WD, gl 5 = 10°/144D, 5N, 5 ” (11-4)

S

whers JAB is equal to NA or NB

The 1mportant qua.n’c;ﬁ:y,9 however, is the tlme that 1t takes A and B to 1nteract

-t S e e e . S
e d +

chenﬁea-llyo Henceg the average llfetlne for an A or a B is

".. P

hqu A 3/§A B o (1I-5)
whers lgéug represegtSﬁﬁhe probability that;A;and B will in@erae%jchemicallyiin‘a
givﬁnhselvent»p&geg fiﬁis;fermulatien}of the.problem_is censisfent with %he rate law
which may be expressed as (QH45,Jﬁ§ 61)3

- No.: of” chemlcal 1nteractlons/6c/seco‘; NBA/'EA;B IR (Ilfsj,;“w

where NBA = N NB/iAB°“-3“' ‘ ‘ ‘

On. occas1on it.becomes necessary to determlne the concentratlon of a radlcal

A when it 1nteracts malnly w1th’;tse1f (i000, CH + OH = H202)° This cen bexdete?m
mined by assuming #hetga,steady,state is esfebliehed when the rate of the number

cremted,equals theQrete oﬁ-ﬁhqse-remeved,by:interaction; alternati#elyg this is

equivalent-to a complete renewal of the steady state cohcentqation,bfbthe,AVSA G x
during the,lifetime‘of»the“radiegls,'or L
al = N II-7
A+A A - ¢ . )

where n represents the number of free radlcals and, therefores the number of
1on~pa1rs/sec /gm of water’° On substltutlng in (II 5) and assiming that
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. ne10° 7
AT \J1aaDg, &y,

(Ix;s)

frhas ~qe steady stebe concentration of the A radicals depends on the square root

-of the rateiof dosage. Similarly, the expression forithe lifetime of the A radicals

may be written as

T, - |1 o (11-9)

3.2 The Idflueﬁce df 05 in Irradiéted Water. Curves I.'II and IIIianigs.

L,(II-l) and (11-2) 1ndlcate that the 1n1t1al yleld of 0.80 Hzoz molecules per ion-pair
is constant for concentratlons at 1east as low as 1015 02 moleoules per grem of water.
The szgnlficance of this statement ig great and needs to be 1nterpreted. _If it is |
’ 'assumgd_that the resultant effect of irradiation is the'creatlon of H and QH f_‘ree~
1rgdicals inlﬁater,-then the formaﬁion of Hy0, canqu accounted in part‘by |
|  OH 4 OE—>H,0, L ‘(11-10) E
thétjis; the'maximum'yield that can be expec£ed-from this source is 0,50 Hzoz_méle-
.cules/&bn-pair;, This aséumesatﬁat éll the H;atamgvare eliminated from recombining
w1th~&n OH by the follow1ng reactlon.. ‘ |
| H + 0, —> £0, R (e
where the HO, is desqfibed.as a semistable‘free-radical infwhichqthe bond energy for
the H-atom ﬁas"been estimated to be about 2.5 e#‘(Da46,‘We47)§ |
~In order-fo,accountffor the largei obser#ed yield of\Hzéz, it bécomes necessary
to consider the possible contributions by th¢ HO», Two possible reactions may be e X~
- pected to asct as & source of HZOé: - . | |
| .‘_H'+ HOZI———-5 Hy0, - a : 1“" : (I;-lé)
and . Hop + HOp——> Hy0, + 0, S (11-18)
Both afe energetically possible but (11-12) hag to be discarded, chiefly, because
the initial yield is independent of the concentrati§n of Op; thak is, with high

0, concentrations, the H-atom is more likely to interact with Os than with the
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mich smalléf-concehtrafion of Hoé‘é (see Sec; 3.7). .
If both (II=- 10) and (11- 15) contrlbute to the HZOZ formation, then the
1n1i1a1 rate of yield should be 1.0 1nstead of 0,80, .The p0351b111ty that
.‘Lhr;x + OH ——_f——>.HOH R (11-14)
can account for thie difference is cntenableo' The reaeoo recertss'again to the con- .
stancy.of the initiel Yield for_concentratione'of OZ;WhiCB are ds low as 10%° mole-
cﬁles/gmgof Waﬁer°  Consequenﬁlyafo\remedy the situation, it becomes necessary to . . .
asoume thet | | . |
| OH + HO,———3 HOH + O, oL (11-15)
Thuso 1n1t1ally9 one 02 molecule is absorbed for every two, molecules of H O that
1sbfopnec As soon as ‘back reactlons become promlnent the net. 02 absorption de=
cregsesqfep;dly so, that the amountxthaﬁ ;e converted into HZOZ is_smglla_ This
egrees quite well with experimenteltobservationsrsioce the absorption of oxygen.
was barely perceptible. |
,ﬂIfIFhe:region atoohichAfoelformatioqﬁof Hzozuis:comperable to the number of
water molecules formed'byfthe'recombination.of H and Ovaree radicals wae known,
then, 1t would be a simple matter to determine the probablllty of capture for re-
actlong(IIfll) wh;le‘}gﬁe solvent cage° Slnce thls reglon lies below the limit of

Hy0, detection, then, only an upper limit cen be estimated. Thus the relative life- -

time of the H-atam may be expressed as follows: (refer to Bq. II-5)

(’tH»,OH . Yoz $H,0,

(11-16)
TH+02 | NOH ) §H OH

where DOH is aqsumed to be equal to DOA (= & x 10”5 cmz/sec ) The OH concen-,
tgationsie unkown but it can be estimated, approximately, with the aid of Eq, (II~8)'
where n = 29Ax‘101?'ionwpairs/éeco/gm.of wate;'o Hence

1/2

Nog = 70 x 100/ 6t 0y OH's/gn H0 S (11-17)
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Onvsubstithting and solving for the probability-of_capfure

EH o < = ‘§H’OH : o :
. T2 N 1400 g1/2 L - (;1-18)
. l OH’O‘Hﬂ R . ‘
To a first appronmatlon the values of '§H,,OH and vgm,oﬁé«may be aseﬁmed #0 be

unlty (see Sec, 3. 2 in Part I)

3.3 The Steady State in 0Q Curveso With oxygen only dlssolved in water, the

formatlon of HaO2 reaches a steady state that equals, approxlmately, the concentratlon
of 05, . As a}ready explalned in the previous section, the ebsence of 0y cannot‘be
(used to'acCOunt for thie phenomenon. An explanatlon based on, the 1nteractlon of the
- OH froe radlcals w1th HZOZ 8 is equally unsatlsfactoryoz Such an 1nteractlon can be
used to account for the reduced rate of H202 formatlon at’ Ooneentratlons below the
steady state but not the drastlc change required at the knee of the=curve.'
" An 1nteractlon based on the decomposition of H202 by H-atoms should fare no ?_
- better than the - OH 1nteractlon unless con31deratlon 1s given to the compet1tlon ‘
between ‘thé Oz's and the Hzoz's for the'Hﬁatome,‘ If?this aff;nity for the H-atom
isg‘eﬁpro#imately;-eqﬁal:for both'of them, thelexplenation:foyfthe,e;istenoeoof
the steady state becomes obv1ous.,b; : L | . o
The H—atom 1nteracts w1th HZOZ in one of th p0851ble ways. _
_Ho+ Hzo2 ~———> HOH + on o _(-Ifulﬁ?‘)'
o '-—-—-——>Hz +H02 o (ir-20)
Thus the destructlon of onse H-atom and one H O2 molecule 1e equlvaleﬁt %o the
creation of an-OH or an HOZ free radlcal Hence the net H202 decomp051tlon per

- e

ion-pair is essentlally zero 31nce these radlcals w111 most llkely, recomblne to

form Hzo2

The theory’given'so far accounts.for the levelling off process bu} does not

expleln why the H,0 steady state value does not. vary llnearly Wlth the 02 concen=

2 2

tration, In order to account for this observatlon, it becomes necessary to assume
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that the OH interscts with the H O to‘a.small'degfeed This -will be discussed

2
further in cennection with theishapeaof theloz-eurveso;

The relatlve affinity of 02 and Hy05 for the H-atom cen be determined from
CurvegII in Figs, (II-1) and (II-2), . This curve isichq§en_in'pgrtieula; in order
to avbidlthe-large probable‘errors—of.Curve I endvtheueffecﬁ of additionel compli-
catingvreeetiOns,in Curve III, denside; a point on Curve II corresponding to a
O16 1on-pa1rs/gm ofwatero -This is characterlzed by |

= 1016 's/gn of Water

dosage of Z;i 1
H'202 )
and & rate of GM/N)HZOZQ = 0,22 Hzozﬂs/ion-paif.
At the seme HZOZ concentration, Cgrve.III<gi€es a rate of
| (M/N) . 0,60 H,0,'s/ion-pair. | | -
Hzo2 2%2 / R=paLr. | e
That 139_1n Curve 11T practlcally all the H- atcms are absorbed by 0 ‘s s1nce the
1atter are 16 tlmes more numerous than the H 02 S Therefore, the dlfference in
the rates of O 60«0 22 = O 58 H202 s/ion-palr must be accounted,approx1mate1y, by

the decomp081tlon of HZOZ s by H-atemso As & result 38 percent of the H-atoms

comblne w1th the HZOZ?S and 62 percent w1th 02 s. On using Eq. (II«5)9_this'leads

. . .
o 7:H*02,n 38 "Nﬂzoz ‘gn,ﬂzoz-_ o
T =52 = N g (II—Z].)
or the relative probabilities of capture
‘SH,Hgoé 58 1,63 x 1006 | : )
S e ————— = 1,0 ‘ L (11-22)
§\H',()Z 62 1pi6 T .

<

This value was further verified, experimentally, when it was observed that the
steady state concentration of Ho0p was found to be the same as the 0, concentration

when irradiating an_ aqueous solution of 0y and Ho, The concentration of 0y in the
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" water was kept constant during the irradiation by shaking the partially filled
unit, The justification for this conclusion is given in the following section.

3.4 Aqueous Solutions bfrﬁ? and 0o, The influence of Hp on the. formation

°f~Hz°2,i? the presence of Oé is exemplified by.Cdrve IV in Figs; (II-1) and (II—Z)
and Curve V'in Fig. (IIeZ) As already explalned, Curve IV is 1nsen31tive to hlgher
concentratlons of Hg, at least, at lower dosages where the 1n1t1a1 yield of 1.20
1H202 s/ion—palr represents the ma ximn rate of yleld to be expected I the rea—
. soning in Sec. 3.2 is correct then, this implies that reactlon (II—15) no longer
exlsts when large amounte of H2 are dissolved in water'ltnet is, one of the fol- .
lowing reactions must occur in the presence of molecular hydrogen
Ho2 + Hz————————é HOH + OH 'd e (11;23)"
OH + Hz———f—~f—?_HOH +H f‘ . : - (Ir-28)
Thué}either the Hoz's;ere ccnverfed into OH free rad{cels cr,theZOH's{into H-atoms
* and then into HOp's. _Reactionv(II-24) is known to be & very slow reaction (E141,

. -p» 303) but nothing is known about (II-23), 'Infornaticn discussed so far gives no

" hint eeltontne.nrobdble choice., The discussion in the next secfion, however, defi-
nitely‘fevors réactieﬁ (11- 24) - | |

| The initial rate of Hzoz format1onA1n the presence of hydrogen is greater
than" 1 0 and, therefore, greeter than can be accounted by the free radicals created
through 1on-pa1r formatlon. prer1ments, hcwever, With non-10n1z1ng radlatlon end
the extreme ultrav1olet, in partlcular, 1ndlcate that free radlcals can also be
formed'by this means. ‘Thus 2 yleld greater than 1. O is not’ unexpected since more
than half of the energy 1ost by ionizing radlatlon goes 1nto excltatlon rather than
1on1zatlon°. It is. poss1b1e, however, a portion of thls excess H202 can be gccounted
by a re-evaluation of an’ 1on-pa1r in the’ llquld state; that is, the energy 1oss cor-
respondlng to an ion-pair is 11ke1y to be less than 32 5 ev and, therefore, a some-

what larger number of ion-pairs than would be predlcted by measurements in the
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gaseous phaseg' _

coooxIn Curve'vlof’Figo'(II-z)g the conversion of COH's by reaction (II~24)'into
H-atoms is only par’ciallyvqompleteo -The initial rate of yield for this ‘curve is
095 H}ozvs/ionmpair compared to 0,80 for the oxygen curves and 1.20 fdr Curve IV,
Consequently, the fraction of the dH5s combining to form szz‘for_qurve»v is prob-

. atly one-half or less, Assume, however, that its actual value i§ K, ‘Then the
relative fraétion Qf the OH's going into reactions k11-24) and (II-10) will be in~

vérsely proportional to the relative lifetimes of the OH's in these féactions, or

- Tomsm, ¢ DPou,on Yow'? € ou o

(11-25)

= -

Tomson  1-X  Domw,m, My, §OHHH2

v. » N ) A' ‘ | .- ‘ 16 _. . . | v
Assuming Bg, (II-17) for Ny HH2 362 x 10 m?lecules/gmvoffwater.gnd DH2-= _
5 x-lOmS»cmz/secob then

2 . 160.000 o 11a08)
§bH;Hg‘§bH,0H' = K/(1-K) ° 160,000 S (11eze)

Thus a value of 1/160,000 is indicated if X = 1/2,

3,5 Aqueous Solubions of H, and Hy0p. Curves I, II and IIT of Fig, (II-3)

illustrate the effect of x-rays on an-air-free aéueoué solufioh Ole202°, These
curves. furnish no additional information but have been Vefy useful‘ingﬁerifying‘”
the hypotheses: already suggested, -In order to ‘account for'the decrease in the
initial“ratéléf degomposition at lower concentrations -of 32029 it iS'bnly necessary
to consider the affinity oﬁAthe-HZOg for the'H and OH free radicals, Sections 3.2
snd 3,3 indicate that all the'Hmétoms'go.into the decomposition of Hs05 through re-
actions (1I=19) and (II-20)s: On the othsr hand, fhe‘interacti;n of OH with szz
O + H,0 | (11-27)

——— HOT + FO,

is very slow unless the Hy0p Concentration is very high. - Thus at lower concen-

272

trations of Hzozg most of ~the OH's may be expected to form Hg0op, - -

The gaseous yield curve'in Fig. (II-3) is interesting in that the initial
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y1e1d corresponds, approx1mately, to 1/3 Hz's/'lon—palr° Thus" reaction (11- 20) is
somewhet less probable than (II 19). This observation is not unexpected since
»the HO OH bond energy in: H202 (Ho48) 13, approxlmately, helf the HOO-H bond ‘energy
_CWe47) A more 1nterest1ng observatlon is the absence of a con51derab1e amount of
05 in the gaseous state- that is, the basic process, of Hy04 decompos1tlon demands
that | | | |
2 ﬁzoé"‘"*‘; MOH + 0, 1 S - (11-28)

The amount of 0o that has been observed. 1s, approx1mately, 30 percent less than
would be expeoted from (*1-28) Thls contradlctlon is dlscossed in greater detall
in Part I. . | », | |

v On 1ntroduc1ng H2 1nto an aqueous solutlon of H202, s in Figs. (II~4) .and |
(II 5)s the rate of decomp081tlon rises sharply to several H 02 s per 1on-pa1r°
. The exPlanatlon of thls phenomenon‘must lle in some hlghly reactlve and regeneratlve'

:processo The OH radlcal has been shown to. be very slow and, therefore, the chaln

reactlon must lnvolve the regeneratlon of the H--atoms° Such a process 1s furnlshed

by .. ) . ) B . ) . .
H + Hy0p ——>HOH + OH = =~ - (11-19)

O s
The only llmltatlon to this explos1ve process is reactlon (11~ 20) which serves to
prevent the complete destructlon of all the HZOq 8 by a single Hwatomo‘

3.6 AnalV81s of Curves, A mathematical formulation of the’experlmental

curves is = tedious‘process since severa1 reactions take place simultaneously and '
in & degree which is-diffioult fo determine exactly. ‘However, an etteopt wiil.be
made to esteblish such a formulation with the ﬁltefior'aim of deté}mining_'gdH’ 1,0,”
.. Curve.IV of Fig, (II-1) is characterized by the fact that .practically all

- the OH's are eoﬁvertea.intofﬁ-atoms by molecular hydrogen. Therefore, the H,05
yield_will-be‘limited by #he,reiative concentration of Oy ana Ho0p since both of

them have an equal affinity for the H-atom. Mathematieally,_the rate of Hs0,
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yield may be expressed-in ferms of the dosdge N as’
02/ H,H,0, J -

where (M/N)H oz*represents the initial rate of 3202 y1e1d per- 1on-pa1r.~ On. sub-

E .,; ' (117-28)

g /éﬁ"%mmg - [

stltutlng and ;ntegratlng‘ LT e L
' S e ' e €H 0 o =
H,0 u/N ?__2_2_ (1129
'NH 0o - JQOQ E“’ Y ( / )HZOZ NOZ H 02 ( v ')'
ez iR S0 l S

o

Thls equatlon is a good approx1matlon for Curve IV of Flg, (1= 1) only at low dosages
' where the 02 ooncentratlon may be con81dered to be oonstanto For a better agreement
'at-hlgherfdosages, Ego (IIFZB) should be 1ntegrated to include the essumptlon_that

one 0.

2 molecule is absorbed whenever one H202 molecule 1s formed.

‘The form of qu (II 29), however, is- satlsfaetory for Curve’ III of Fig. (II-l)
'where.the.oz conoentratlon.remalns essentially constant, . However, an add;#;opa}
term.must be 1ntroduced to- express the 1nteractlon of OH' w1th 32020 The fina¥ form

of‘the equatlon mey be expressed as followss,

3

OH OH

N (M/N) ‘ (N ?’I 202 - 2N .5_0}1,3.?2@?;_: |
Wioo, = Yoy | ,f,_;_ A HzOz Yo, SH,02 Noﬁ OH,O0H (11-30)
e B H202 . 2Noy. - °OH,Hp0p
. ‘53 0, _{-,,__;.Non . om,om
A good fit.wes obtalned at low dosages w1th A
§OHH 0, gl/ 2 1/200 000 " (11-31)

' The velue found et higher‘dosageé was smaller so that at the steady state portion

of the curve ié had a value of 1/450 000,

There are two reasons why the value of

the probablllty of capture appears to decrease with dosage° flrst, the assumptlon

tha.t (M/N)

relatlve concentratlon of the OH and the HOZ

= O 80 Hzoz s/ion—palr 1s an approxlmatlon since it depends on the
292

second, the effect of the Hz glven
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by reaction (1;120) was not included in the formulation since it is difficult to

evaluate and, also, because it is not an important factor at low dosages.

. The meanilifetime of the free radicals

created by radlatlon in water cen be, detennlned with the aid of Eq. (II~6) or Eq.
(II-9), It is obvious from these equations that the llfetlme is not 8 fixed quan-
- 'tity but dependent on the.eoneentratidn of the solute and the rate of dosage° Once
the‘lifetime.of a radieai‘has been-eétablished, then its rangeﬁcan be-determined with

“the ald of Elnsteln s Displacement Lew:

\[_—_ \f__*— d ' (11-32)
' That 1s, the root nmean square dlstance travelled by a partlcle depends on both
_the dlffu81on coefficient D.and the time t. |

' Slnce no reaction was found that could glve any dlrect lnformatlon on the»
propertles of ‘lhe HOo,a mxrber of expenments were attempted to determlne whether 1t
had e\long llfetlme, The results were negatlve, at 1east for a 11fet1me‘greater

,than 15 seconds. Assumlng it had & lifetime of one second, then accordlng to

Eq. (11-9) 3 = 1/1700 forn = 29 x 10%2 1on—pairs/gm of water and -

"HO9,HO2
'Dﬁoé-~ 2 x 10 cmZ/sec,v ThlS value appears to be- too small and should be nearer
“unity, The reasonlng behlnd thls hypothe51s is not materlally dlfferent from that
used in assumlng that the probablllty of 1nteract10n between two CH radlcals should
be close to unlty whlle in a solvent cage (see Part I)° Addltlonal conflrmatlon
vfor this, 1s prov1ded, 1nd1rectly, by the unlform promlnence of reactlons (1I- 10),

(II-15)tand (II-15) 1n describing the behav1o: of the oxygen curvesq
IV. CONCLUSIONS
The or1g1na1 hypoth651s of Weiss, Lea and Burton that H and 0H free radicals

are created in water in the presence of radlatlon, has been assumed to be funda-

mentally correct. As a result, analy51s of the cxperlmental datd, in this light,

€.
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has been fruitfu1~’rather than contradictory. In generel,'a~éimple and satisfactory

theory*has been est&bllshed Wlth the probablllty of\capture whlle in =& ‘solvent cage -
‘ belng the outstandlng property for any glven ‘reaction, Analysls of theoretlcal and
‘eexperlmental data suggests that the’ probablllty of capture may be subd1V1ded 1nto

three dlstlnct groups-

.Sadiealﬁgedieal-Interactioﬁsﬂ;'“: '%
CE s l—— HE. . fy, on. S
. OH. 4 ‘OH A H202 o damon é}" 1
oy .t Hoz———e _,»“,_'Hzoz + o2 | _§H02,H(,2 -,< 1”
B0 4 OH —— HOH4 O . fon o, <
"-v“?‘(H;a&s‘;dm)?t---Mpléé_{zle Interactions '~ -
L R Hy e e e
COHWH04—~% HOE+ 0B - & and S P10 S
R PR o §H,02 | HHzozéMoo '5"7 -
L S Hy f-Hoé, o w0 .. TOH0H
- (OH-radlcal) - Mbleeule Interactlon ‘
OF + ;12 — HOH+E §OH’H2 = 5{;§ /160,000

ThlS arrangement suggests that the probablllty of capture in e solvent cage
: is 1nﬂependent, to a first approx1matlon, of the solute and depends only on the
' type of radicalfwith Whlch it 1nteracts:‘H—-OH,»or‘Hozo ~TheArejectlen‘ef-reactlon
(11- 23) in preference to (II=24) 1nd1cates that ‘the react1v1ty of the HGz free
;radioal is considerably less than that for the OH |

-The'value of . §~ “2 and f‘ " has.been assumed to be given, approx1mate1y,

H,B50
. 2Y2
- by Egq. (II-}B)o This is justified by the close agreement between the ‘experimental
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and theoretioal-results for air-free water in Section 3.2 of Part .I..

Use of the ususl rate constant to express the properties of a reaction has
been avoided, intentionally, since it was felt that a cleeref'preSentation can be
made if emphaéis is placed on the probability of capture for a giveﬁ;reaotion, ~How-

ever, for convenience, the rate-oonstaht may be determined from Section 3.1 as

i,y = (48D, §,p/107 )(L/io3) 0,86 x 101%D,5 €, " (11-33)

.in terms of moles/llter°

-It was noted on page 29 that Fricke's measurements (Fr54) w1th 02 dlssolved
in water: were con31stent w1th the curves in- Fig, (II 1), whereas, those of Bonet-
Maury (Bo48) show dev1ations that need to be ‘explained: (a) a low initial rate of
yield of o°57 H,0," s/&on-galr and (b) a steady-statellp.whlch NH202>> 0s ;ather

than equal, spproximately. According to the deductions already made, such & situ-

ation can only exist in the absence of H-atoms or in. an excess of OH radicals.

'Since Bonet-Maury used 4 angstrom x-reys wherein the eurfaoe“peﬁetretion-is-a’small

fraction of avmiilimeter, then the escape of a portion;of the H-atoms into the ade

joining space or medium appears to be a reasonable explanation-of the observed

" differences. .
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