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ABSTRACT

Deaefated acidic, neutral, and basic aqueous'
NZO solutioqsvwe:e'irradiated with Co-60 jy ~rays
'-‘in order t6:>1) defermine the.prihafy yields, and
2) fesolvé anémaliesvinjrelative rate constant

o B - 3 N . ' |
ratlps<xfﬁhe_type k(eaq+S)/k(eaq+ 2O) The y1eld§

2’ 2
mined as a function of both pH and [N20]..About
o "

| of the gésedus products N 02, and H, were detér—

o

M NZO is éommonly used to evaluate relative

taﬁe constant rakios, but this [NZO] scavenges

10

not only hydrated electrons(e;q)but also another

spécies, X, (where G(X) = 0.65i0.15, resulting in

erroneous rate constant ratios;Yields of primary
: ' . - - + v *

species found were: Geaq 2.410.1, GHZO ~ 1.6,

and G, +, = 0.35%0.05.
-

Kinetic competition studies of the reaction

of N20 and HY with e;q' were undertaken ‘in -the 

concentration ranges 3 x 107> to 2 x 107% M H* and
'1d“1t0‘1643M NZO' The results cannot be explained

-by: 1) simple competition; 2) charge transfer, or

3)twospeciesbeihgscavenged.Theymaykmgexplained
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by assuming a conversion of NZO to another species
in acid solution. This acid species, suggested to

be-H2N202, |
toward e;q than is N,0 in neutral solution. -

Deaeratedneutr&lNzosolutionswe:éirradiated

is apparently five times less reactive

aﬁexéremelyhigh intensity witﬁ.very short pulsesf
of 0.52 Mev elecﬁrons; The yields of the gaéeéﬁs
products N,, O, and H, were stuéied in order to
examine an expected'decrease in solute products,
and to determine primary yieldszithigh dose rates.,.
As predicted, significant séavenging occurs for
highvdos.e rates only at N20 concentrations an order
of magnitude larger than those at low dose rates.
- Also the scavenging, which is gomplete at «,10-214
“NéOfor]xwvintensityirradiations,‘is not complete
ét2.63<10—2M N20‘forhighihténsity\irradiations.
- These results indicate that the radiaﬁion yield
of'scavengable:hydrated electrons‘issignificantly
larger at;the'high intensity used. The yield of
hydrogen inpure water (G(H,) = 1.15%0.2) can be
exélained on the basis of inter-spur reactions of

e_ _, H, and OH, '
aq
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INTRODUCTION

1. The Interaction Of Radiation With Matter:

-(a)'Electromaghétic Radiation (1000 ev or more)

~Not all phdtons‘incident upon a finite thickness
-of material will interact with that material, and those
which undergo no interaction afe éhanged in neither
direction nor energy; The effeét of hatter upon ele;tro—_
magnetic radiétion then is a reduction of iﬁtehsity of
of thaﬁ radiation. This reduction of inténsity by .-
absorption in matter of thickness x is given by
I=1, e (1)

whefe I i§ the transmitted and Ii the incident intensity
of the radiation. Theblinéar absorption coefficient, u,
6f the material is a constant dependent upon both the-
energy of the photon and the nature of the matérial.
When they do interact with the material the photons tend
to lose their enerqgy iﬁ felative;y‘large ahounts°

The effeét of.absérbed photons upon matter may be
one of five processes. Thesé are: coherent scaﬁte:ing;”
ﬁhe photoelectric-éffect; the Compton proceés, pair'
_production, ahd photonuclear reactions;lThe'relative .
_probability of each process.is dependent upon the |

energy of the photon.

(i) the photoelectric effect

Absorption of low energy photons occurs mainly by
the photoelectric effect., A direct collision between .

the photon and one electron of an atom in tHe'materia1-> 



fesults in an'éléctron being ejectéd from this atoﬁ
Qith kinetic energy T given by |
T-hV-@ (ii) |

where tﬁe incident,phbton energy is h Y and qb.is the
bihding.energy of the electron in the atom; This bind-
ing energy need not be equal to the ionization poten-
tial of the atom, Indeed'with.certain metalé quay be
- decidedly less than the ionization potentiélz.v

Sihce EOnsefvétion of enerqgy and momentum is made
poséible by the recoil of the remainéer of the atom,
this process is impossible.with a free eiectfon.‘ln
general fhe phofoelectric effect increases with atomic
number and decreases as £ﬁe photon energy.increases°
The difection of the photoelectron 1s predominately at
right angles to the direction of the incident photon
at low energies, but this anglevdete:iorates‘toward
zeré as the energy is increased. ‘

When an eleétfonvis ejected from an inner shell, -
the vacancy will be filled‘by an ele;tron from_aﬁ
outer shell. This will give rise either to a low

 energy Auger electron, or to characteristic x-rays.

(ii) the Compton effect

Whereas the photoelectric effect can occur with a
bound electron Oniy, no such restriction is placed upon
the Compton process. The entire photon energy is not

_given_to-the electron as.it is in the photoelectric



' effect.‘TheAineident photen is scattered with_altered
energy,v E,' at an angle 9 to the incident d'irection,
while é receil electron with energy T is formed aﬁ an
angle W . The energy relationship is given by |

E, =E+7T (iii)
where E = is the energy of the incident photon. The
angular relafiens are dependent upon the energies
involved. For example, the angle‘.e mey be found from }
the equation . o | | | | | |

Eo/E.= (Eo/mocz)(l - cos 9)' + 1 (1v)
where moc2 ie-the rest energy of the electron. For
large incideht photon energiesb 9 tends to be small,
but increases es the eﬁeréy decreases. Compton inter-
actions will pfedominate for photon energies between
one.and five Mev for materials of high atomic number,
and over a larger range for low etomic number materials.
-For example, in water the Compton interactions pre-

dominate from  about 30_kev to 20 Mev., - ‘ _—

(iii) pair production

When a pheton is completely absorbed in the
vicinity of an atomic nucleus, two particles, an
electron and a positron, are set in motion. This
proceés is called pair production. From conservation
of energy we may write

E, = B, + Ep + 2mOC2 ‘(V)
~which is almost exect'siQCeuﬁhe nucleus aqquires a

'”ﬁegligible amount of energy;‘since the energy that



"

is,assbciated with an'electron or a,positron at rest.is
moc2 = 0;51’Mev,'pair production occurs only at photon -
energies greater than 1.02 Mev.

The positron which is formed is slowed down by

the material and eventially combines with an electron

of the material. This gives rise to two 0.51 Mev Y -

‘rays, emitted in opposite directions._

(iv) coherent scattering
A'photon'may be scéttered byvintéraction with.

atomic electrons. Since the electrons of anatom do not

move independently of one another, the radiation that

" is scattered by one electron may interferewith that

scattered by another electron. This type of scattering

is called coherent, in contrast to Compton scattering

‘which, since it involves a "free" electron and thus

random phase relations, is incoherent.

Coherent scattering increases as the atomic

number of the scattering material increases, and it

occurs mostly at low photon energies. Since the energy
range in which this.éoherent scattering occurs is the
range in which thevphotoelectric‘effecf is most |

efficient, then this effect is a minor one, which may

often be neglected.

(v) photonuclear reactions

- At high photon energies a proton or neutron may

v*?be*ejected from'the'nucleus of the ‘atom. A threshold



energy fbf this»process is éharacterisfic; thié:thrééfl
hold is ~ 8 Mev for high'kaaterials, and 10 to 15 Mev
for low.vaaterialé, The crbss—section fpr these
reactions is zero'below the threshold, riées sharply
beyond the threshold to é maximum at 3 to 6 Mev beyond
it, and then falls as the ene:gy inc:eases fufther.
This photonuclearvérossééeétion is small compqred to
the Compton and pair production cross;sections at the
same’energ?, Howevér_the ejected pfoton or neutron

may be of some significance.

‘(b) Electrons

Energy is lost by electrons as they pass through
matter by a variety of processes. These processes
include excitationbof atoms, radiation production,
colliSions with nuclei and electrons; resonance
absorption, and electrodisintegration of nuclei. The
relative importance of these processes is strongly
dependent-upon thé energy of the incident electrons,
and to-somé extent upon'thé nature of the absorbing
material. At higﬁ energies radiation production and
collisions which produce ionized and excited atoms
predominate. At lower energies inelastic collisions

and elestic scattering are of the greateét importance.

—

This discussion will be limited to these important
- energy losing processes - namely radiation production,

~inelastic collision and excitation, and elastic



scattering.

(i)_radiacien.energy 1oss>‘

When a fast electron is decelerated by a nuclear
field, electromagnetic energy'(bremsstrahiung) must be
radiated to coneerve enerdye. Momentum is conserved byb

the action of'the nucleus. The rate of energy ldss

. per unit path length is approx1mately proportlonal to

z222m—2, where z and Z are the charges on the partlcle'

and the nucleus respectively, '‘and m is the mass of the
vdecelerated partlcle. Greatest energy 1osses occur for
" the lightest partlcles and the highest atomlc number
materials. Since the intensity distribution of the
bremsstrahlung 1is approximately constant as a function
of electrqn enefgyB, large energy losses are equally
as probable as small energy losses.

The kinetic energy lost by an electron of incident
enefgy E, due to the decelerating field of nuclei .and
atomic electrons, where

nc’<< B <Kn 22712,

“the screenlng effect of the atomic electrons of the

nuclear field may be neglected, is given by 4,5
4 2 4
-(dE/ax) 4 = (NEz[z+1Je /137 m_c)
(4]i1[2E/moc2] - 4/3) (vi)

_ where N is the number of atoms per cubic centimeter.,

When E > 137 moc22~?/3 the screening is assumed to

fgnbe;comélete, and equation (vi) becomes



_(.dE“.'/cii.x)»r.ad = (NEZ[L Cje4/137 mic4) |
| (41n[183/2%31 4+ 279) (vii)
nhere:g is a measure of the amount of shielding,'and_
is a function of atomic number. g ranges from 1.4 for
lew atomic numbers to 1.1 for high atomic numbers.
Belcw'lOO kev bremsstrahluné emission is neélig4
ible for electrons, but it increases rapidly with
increasing energy. It predominates between 10 and,loo
Mev, depending Upon the stopping materials. Theienergy
spectrum of bremsstrahlung extends from zere to the i
energy of the incident electrons, and is in fact the
continuous x-ray spectrnm. Bremsstrahlung does not
produce any significant changes in the stopping

material unless subsequently absorbed.

(ii) energy loss by inelastic collision

Energy may be lost by charged particles by means
of Coulombic interactions (inelasric coliisions) with
the electrons of the stopping material. Collisions of
‘_ this type, which.produce‘excitation and ionization in
the stoppiné material, are the dominant processes
whereby electrons are thermalized at incident energies
below those at which bremsstrahlung emission occurs.
This energy loss by excitatipn and ionization is
gi#en by 4,6 ‘ 'v
~(ap/ax) ;= (27Ne*2/m v?) [1n(m v2E/21201 - 321)

- (2 \/,1‘32 — 14+f¥)1n 2 4 1-B_2 |

+ 1/8(1-J1-ﬁ2)2]_ O (viid)
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where E is the relafivistic'kinetic energy; x tﬁe.peth
,nleﬁgth, N the number of atoms per cubic centimeter, z
fhe nuclear cha:ge; end I the average ionization‘pbt-)
entia1 of the atom. This expression includes the as-
sumption that the mest'energetic electron after the
vcollieion is the bombarding eleetron.

The averége ionization potential of the material
takee into-account the effect of the binding energies
on the loss'of energy. I may be determined either by
experimeht ‘ |

S I-xz  (ix)
~where 8 <k <€ 16 and is a constant for each element,
or by calculaiion

ZlnI ~ 3f;1InI (x)

i
where fi is the number of electrons in shell i,and I
is the ionization potential of that sheil.
For an electron of energy E\Mev, the ratio of the
energy lost by coliisiens to that losf by radiation is
(dE/dX)cbll
,(dE/dX)rad

~ 1600 mocz/EZ (xi)

(iii) elastic scattering

Charged particles may be deflected by the electro-.
stetic field of an atomic nucleus. Since their mass is
so'emall, electrons hay be deflected in this manner
quite eesily. The Rutherford formula for ehe scattering

_of,electrons.throughban aﬁgle‘qbin the solid angle'27T



»(thch neglects theﬂeffect’of orbital electrons) is
d¢ = (7Te422/2m v )(51n9/51n [9/2]) d@ x11)
However only la:ge ahgle scattering of electrons
foller this formu;a closely. The scattering is great—
est for 1oQ energies and for materials of high atomic

-number.

(iv) electron range

A charged particle will underge a large number of
small energy losses in its pathithreugh the medium.e
Since the electron has a relatively_low mass, the
scattering and the variation in the'energy leSt is
larger than for other charge particles. The statiS—b
tical variatien in its toﬁal ehergy loss is, however,
small. Thus a range of electronsbis still approx-
imately well defined. The percentage of transﬁitted
electrons as a function of absorber thickness for
monoenergetic elecfrons is‘a rapidly decreasing linear
curve with a tail. The absolute maximum range, Ro’ is
‘:the point at which the tail disabpears into the back-
'_ground and may be calculafed by'ihtegration of the-
colllslonal energy loss.

/ dE/(dE/dx) (xiii)
Radiation energy losses do not effect the absolute
maximum range, since they are infrequent, and usuelly

involve'large energy losses by a few electrons.

The extrépolated:or practieal maximum range, Rp,.
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- is found by extrepoiatihg theeiinear portien of the
curve unfil-it intersects with the background. Both
ef-these ranges are eharacteristic of tﬁe original
electron energy. The difference is essentiaily due_
to multipie scattering. |

B A lineer extrapelation isveot possible when a
continuous,‘rether than a monoenergetic , spect:um of
' eiectron energies exists. The rande, R,‘ie then
ordinarily taken as tha£ point at which the absefption
curve merges with the background. This range is similar
in definition to the absolute maximum range, Ro. For
energies_fromv0.01 to 2.5 Mev the following empi:icel
equation.holds when aluminum is £he stopping material7

R (or R) = 412 E" (xiv) |

where n 1.265 - 0.09541nE, and R (or RO) has units

]

of mg/cmz, while E is the maximum (or monoenergetic)

energy.

2, IoniZing Radiations And Water

"When Xx-rays or )/—rays pass through e‘substaﬁce,
the main result is the férmation ofbsecondary electrons;
whieh cause the'chemical change."8 Only the Compton
effect and the photoelectric process are of-any chemical
significance wheﬁeionizing electromagnetic radiations
strike water. That is to say these effects are the only
ones whose iﬁteractions with water will effect that

water in such a way as to result in a net chemical
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change. Photonucieof reactions are not of imoortanoé,
since the energy of the radiations most’offen uséd is
below the.threshold for this process. Coherent scat--
tering is a negligibly important procéss, and in any
case the effect is more upon the radiation than on the
stopping material. Pair production results in net
ohemicél oplyvif the two 0.51 Mev jy—rays forméd‘argl
'sﬁbsequéntly absorbed in either a’Compton or a‘photo—
electric’procesS-by the water. o |

"Whether thevincident radiatioﬁ is penetréting.
electroﬁagnetic radiation, such as jy—rays, or soch
charged particles as lg—rays or an electron beam from
a high voltage machine the agency which effects the
water is always the same, namely, a fast-moving
electron."g.The question of the nature of this effect
then arises. As has earlier been noted, a fast
electron loses its enérgy in a variety of wayo;bthe
most impo:tént.of which are oiastichscattering, in-
elastic collisions, and radiation prodocfion, Only
ineiastic collisions have an effect upon water. This
effect is that water méy eithe: be raised to an
excited state,bor be ioniied. |

Thé»primary electron gives rise to secondary

ionizations and excitations.along its track as it is
slowed by‘the'water. As is evident from equation (viii).
the rate of;energy loss varies in some inverse relation

"with the Vélocity, and hence the‘energy, of the elecfron;
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The rate of_eneréy loss is commonly discussed .in termé
of linear energy transfer (abbreviated as L.E.T.). The
~~—LsE.Tes-1s increasing as the electron loses eneréy.'The
number of ionizations.and'excitations will therefore
_increase'as'the,eiectron slows down, and they will, in
general, occur closer together.
: Conside: the electrons formed ih these seeondary-
' -ionizations. The secondary electron may itself give
rise to another; tertiary, electron. Tertiary exeiﬁ-
ations would occur as well. In general, the secondary
electron will have much 1ese energy than the primarye.
As a first order approximation we may-catagorize these
secondery electfons in‘two weys: 1) leeseenergetic,
with less than 100 ev of ehergy; and 2):ﬁere?energetic,
with energy of 100 ev or moree. |
The-less;energetic secondary electrons will have
quite avshort'range. Their path, due to multiple def-
lections, will not be a straight line, but will be
bound in some more or.less spherical region. The result
is an approximately spherical clusterjof secondary
ionizatione and excitetions knowﬁ-as a spuf. |
The more-energetic secondary electrons will have
the rahge to form true tracks of their own. These
tracks, branchihg from the track of the primary, would
be of similar‘structure to the primary track. This
. type of track 1is knowx;t as a S—ray.

“ " Of course this rather naive division of the sec-
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6ndary eiectrbns into two categories will_re$ult;in a
‘simplification of a réther more Complex situation,vThe'
siﬁuation will be radically different at the éxtremes'
- of the‘divi§ions.‘It would-perhaps be enlightening to
 consid¢r these.extreme cases.

A theoretical development”gf this-situation has
been donevby Mozumder and Magee_io. They considered
that a highly energet_i.c S—electronv will be as pi'c-.
tured above. 1t wili‘generéte its own track, much like
 the primafy. The average éeparation‘of the spurs will‘
be such that they'are non-overlapping, since fof very‘
-energetic electrons the L.E.T. is low. For a 0.50 Mev
electron the ﬁean separation of the spufs is of the

3 11,12

order of 10~ to 104,3 sy While the size of the

Spur upon formation is estimated to be of the order of
20 8 12:13,1%_ phe track of this sort of §-electron
is known as a BRANCH TRACK, and occurs at energies
aﬁove ~ 5000 ev.
| ‘As the energy of the S-electfon falls the L.E.T.
increases and the spurs are formed;closer together,
When thé energy fails below ~ 5000 ev the spurs begin}
to overlap. A:Erack with bverlapping»spurs such as
this is c_"a_il‘led a SHORT TRACK, and arises from a 8—
electron of ~ 500 to SCOO ev. |

| -Decreasing the ehergy still further; a point is

finally reached where S—electfon will have insuf-

ficient energy to eséape the site of its formation.
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The secondary (and hiéher}order):electrons formed will
.aiso be unable to escape this area. The,;esult is a
super-spur known as a BLQBf This blob may be shaped
more 1ik¢ a pear than a sphere, Sipce fhe formation of
~the. spurs will b-e'<';1‘:eater as the. 8—'e1ectro.n‘i$ stop-
ped. The energy 1imi£s for blobs will be &.100’ev to
500 ev. Below 100 ev the spurs forméd are still cbﬁ— 
sideredvto be isolated events. The enérgy limits that
. have been éet for the branch tracks, shortAtracks;
blobs; and spurs are.nét Eb bé'intefpreted as rigid
barriers, bﬁt rather as geherai‘lines of demércation.
The consideration of the distribution of the
species'formed; whether they be blobs, spurs, or.;hatf
ever, must lead Fova consideraﬁion bf_the identity of
. these species. Since the electrdns may lose their
energy by exciﬁation bf the media, one of the species
formed is HZQ‘. This excitation may be sufficient to
decompose the water but not ionize it: Spe;ies such
as H® and OH® are formed° These species are_not

15,16,17

unknown . The OH and H radicals might of

course recombine'within the spur
_H + OH—2>H,0 (1)
'H + H *———§>H2 v - (2)
OH + OH-———;>H202 | (3)
and so molecular hydrbgen and hydrqgen peroxide must
'be added to our list.

Until about 1958 these species. were SUfficiéht'to
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describe quite adequately'all of the radiation chem-

istry of water. Indeed the diffusion model of Samuel -
12,13 '

'anddMagee'_ y which dealt only with H and OH; was

considered fundamentaily sound, with errors oh1y~in }
minor detail. However in 1958 Baxendale and Hughes 18“
found that hydrogen produced 1n lrradlated ac1d1f1ed
aqueous methanol solutions,

H + CH30H —> H, + CH,OH .'(4)
was feduced by Fe3+ and Cu 2+ ions by an ahount that

was considerably higher than the competition of (4)

- with (5)

+

H+ Feot — > Fe?* + Y (5)

would predict. About the same time Hayon and Weiss 19

found that in acidic solution low concentrations‘of

- monochloroacetic acid gave hydrogen as the predominant

product, while at>high concentrations, and in neutral
and basic solution C1~ ion was the favoured product.
Bafr and Allen 2O.‘found,that the rate constant ratio
kG/k7, where : »
H o+ 0, —->Ho" ' (&)
H + H o ——5} H, 0 % OH (7

differed markedly when the H was radiation produced

‘than when it was produced by another method. Czapski

- and  Schwarz 21 found that the principle reducing

—_—

spec1es in irradiated water had a unit negative charge

by varylng the ionic strength and applylng the

'Br¢nsted BJerrum theory and the extended Debye—Huckel



theory of,electfothes.
| Boag'and Héftizz and Keéne.z3 found that pulse
irradiated watertexﬁibited an absorption sbectrﬁm,much
like thaﬁ found for the sélvated electron in liquid
ammonié..The”shape_of'the.spectfum was femarkably
similar,'£he major difference being that the )*max for
water_was,& 7QOO 25 while that for liquid ammonia was 
~ 14,000 8. |
Allifﬁis evidéﬁCe‘poihted'to the existaﬁéequ
ahqther reducing_species that up until thisAtime‘had
been mistaken for the hydrogen atom. It was the hyd-
fated eleqtroh, é;q,vas pfedicted earlier by Platzmaq?41

In fact this species is the principle reducing species

in water irradiated either with cobalt—60 )’—rays,or
with fast electrons.

The reactions

eaq + eaq —> H, + 20H (8)
- 3+ T 2+, :
€ag * Fe™" —> Fe (9)

in competition would account for the observations of

8

Baxendale and Hughes, since k8/k is substantially

9
less than k4/k5.‘ln acid solution the expecfed fate of |

the hydrated electron is
+ - '
H + eaqg——5> H (10)
The hydrogen atom so formed would be able to abstract
another from monochloroacetic acid to give molecular

.hydrogen.

"7 H + C1CH,COOH —>H, + CICHCOOH }(11)



'HOwevef at highfcénééntrations of.ﬁénochlﬁroaCetic 
acid reaction (12) competes wiﬁh‘reaction'(lo) |
'4e;q +rcléH3cooH-—e§> c1” +"CH2chH (12)

“to yield éhloride ion,. Ih4neutra1 and basic solution
reéction (12i predominates and C1~ is the prodﬁct there
also, in agreement with the observations of Hayon and .
Weiss, |

- In pure water irradiated with cobalt-60 jy—fays or
fast elecﬁrbﬁsvthe yields of these species discusséd
above are épproﬁimately |

Geaq = 295 GH = O¢6 ' GOH = 2'8

Gy o = 0.8 6, K1.2
272 2

where G is the number of X molecules formeq per 100

ev of energy absorbed by the sblution.

After formation the fates of these species are
generally two-fold; they may react with each other
within the spur, or they may escape the spur by dif-
fusion. If an éscape by diffusion is to be their faté,
then they must eventually encounter another diffusion
" species froﬁ énother spur, reactIWitﬁ solute molecules,:
- or react with solvent molecules. These events are the
chemistry of the-irradiaﬁion. The relative importanée
“of each of the products and of each reaction may in.
theory be predicted from the rates of diffusion and
the rétes of reaction. An example of such theoretical

.calculations are those by A. Kuppermann 14,



- 3. Dose Rate Effects

From the prev1ous dlscu551on it is ev1dent that
'the chemical effect of ionizing radlatlon w1ll depend
upon the rate at whlch the ionization occurs in the
aqueous medlum. Since the chemlcal effects are due to
spec1es escaplng from one spur meetlng those escaplng"
from ahether, or reaeting with solute or solvent mol-
ecules, then the average separatlon of the spurs w1ll
}greatly effect the fate of the average species. Thls
denSLty of spurs will depend upon. the density with
which they are formed, which is to say upan the
intensity‘of the'ionizing radiation. The chemical
effect will'be intensity or dose rate dependent.

Spur overlappings will result in an increased
probability of radical-radical‘reactions to form the
molecular products, and a decreased probability of
radicalesolute reactions. An increase in the molecular
products (H2 and H2 2) at the expense of the solute
product should be found. Just such behav1our has been
ceen 24125,26 -

" A more rigorous derivation.of this behaviour is
‘shown in the following simple calculation 27.'Cdnsider
an irradiated solution such that there is formation of
radicals R. These will be formed at a rate'equal.to
AGRI, where I is the intensity»of the radiation, and GR
is the number of radicals formed pertioo'ev of energy -

~ absorbed. Radicals from different spurs will combine
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. only if there is an appfeCiable amdunt‘of>R in thé
solution, else they will react with the solute only.

If there is a large steadyéstate'concentfation of R

the radicals may either react with S or themselves..

R+ R > R, - (13)
o <ks' ,
R+ S —>P (14)

Thé'raté éf recombination is then ktR]Z, while thei
rate of the;solufe reaction is kstR][Sj. Since(thé
rate of formation must equal Ehe rate of disappeé;ance
' 6f the radicals | | -

GeI = k[R1? + k_[RI[s] (xv)
and solving for [R] - |

1/2 (xvi)

(R] = —ks[s]/Zk + (ki[s]2/4k2 + GoI/k)
The yield of the product”G(P) will show a similar
dependence upon intensity.

- G(P).I = ksLR][s] (xvii)
If k[R]z is négligiﬁie,the<two yields are equal, but if
this is not the case then we may'write
e(p) = (ki[s]4/4k212'+ kz[s]zGR/kI)l/z
_;'ki[S]2/2kI | - (xviii)

The above expression relates the product yield to the
intensity of the radiation. As we might see, the yiéld

of product, G(P), will decrease as the intensity of the

radiation increases. -

4, The Problem

' n~};0nehofuthé solUtes_that is commonly added to sol~- .



~ution to react with one.or more of the species formed

- by the radiation (called scavengers) is nitrous oxide.

The reactions that it is said to underdo are 15,28
-' N20 + eaq o N»2 + O | (15)
N0 4 H —> N, + OH  (16)

The reactions of nitrous oxide give an easily dis-
tinguishable and measureable préduct, nitrogen gas.
This product has the advantage of being quite stable.

‘The rate constant for reaction (15) is at least 5 x 10°

29

times larger than that of reaction (16) . Because of

this large difference between k and k16 judicious

15

use of N,O can distinguish the radiation yields of H

2

and e; . Thus nitrous oxide would seem to be an ideal
scavenger to use in the radiolysis of aqueous media.
The situation, however, is fér_from ideal. The

" concentration of NZO necessaryvto scavenge completely

the hydrated electrons escaping the spurs was thought

to be ~ “LO-2 M 28. Solutions of this concentration

should give G(N2) values equal to Ge;q, whereas they
yield G(N2) values of ~ 2.9 to 3.1 compa:éd to Ge;q

of ~ 2,4 found in other systems., Since the value of

k5 is ~ 1010 y™lsec? (found by pulse radiolysis),

why is it necessary to have such a high concentration

of NZO to scavenge all spdf—escaping e;q? The lifetime
of e;q with respect to ~ 10™%m N,O is <:1O"8 seconds,

which is barely enough time for e;q to escape the spur.

' Table I shows some of the anomalies that have
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TABLE T

Comparison Of Absolute Values Of k Determined'From

. 15
Relative Rate Constant Data

e -
k(ea~+S) i k,s Con N20 ret.
ks  (x10° M-'ls-/'l) (x 1073 M)
0.8 nt 30£3 3.0 14 28
0.65+0.35%  w' 54£33 2.7 1-6 15
1.2¢0.6%° @t 28+16 1.8 3-20 15
1.4920.16° u* 13¥3  1.7-2.7 9-19 35
1.64 Ht 14%1.4 1.2 2-23 31
1.70+0.15 n* 14%3 16 30
2.205 H* 11£1 o "high" 32
2.67£0.50 H 8.8+2,5 3.1 3-15 33
0.6740,07  acetone  8.8%1.3 16 30
1.02d acetone - 5.8*%2.0 5.9 5-10 31
1.50° acetone  3.9%0.2 "high" 32
1.17%0.15 NO3 9.4+2.4 16 30
2.86° - NOg 3,7£0,2 . ‘"high" 32
0.89$0.07  Fe(CN)3™  3.4%0.8 .16 - 30
1,20° Fe(CN)J™  2.5%0.6  ®high" 32
3.85£0.,04 cu®t 8.7%1.5 16 30
0.46t0.04  CO, 1.7%0.4  3.5-4.0 16 30
0.49£0.05 - NO, 9.4+1.0 . 16 30
0.19+0.01 chloroacetate 6.3%0.4 - 16 30
1.03¢9 acetaldehyde 3.4 - 5.9 10 31
0.31:0.07  Te ' 1.9£0.6  13.2 20 34
o 8.67:0.6T 7 0.3-5 36
pulse radiolysis 5.6t2.0 23 37
5.6%~2 11 0-0.005 38

a.férroCYanide‘presént;b;ferricyanide present;c.photo-

" lysisj;d.isopropanol present;e.k(e;q+s) values from ref. -
v ’ '

39, except Te from ref. 43;f.methanol present.
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2

différent_relative'rate ratios are found by different

arisen with the use of N,0. In various systéms_very

-experimenters. When k is calculated using absolute -

15
rate constants obtained by’pulse‘radiolysis techniques
quite a range of values, too wide to be accounted for

by experimental error, is found.

In earlier work %0 the yield of N, as a function
- of [N20] was investigated, and it was foundAthat abo@t
8 x 107° M N,0 was sufficient to scavenge all the e;q

escaping the spurs. The yield of e;q determined from

G(N,) was (2.45%0.1). At ~ 1072 M Nzo,G(Nz) increased

to 3.1. This increased radiation yield of 0.65*0.1 may

result from either intra—spdr scavenging of e;q

scavenging of a second radiation produced species -

, Or

possibly the H-atom species which is believed to be

formed with a yield given by G = 0.6. Much of the

IH'

confusion in the relative rate constant ratios may

stem from the use of higher concentrations of nitrous

oxide than is necessary to scavenge e;q.

Dainton 41 and Anbar 42 have suggested that N20

may undergo the following reactions.
N,O + eaq-——;> N,O (17)
N0 + MY —> N,O 4+ M (18)
N,O —_— N, + 0 : - (19)
Some of the difficulties and differences may be the

result of this charge transfer mechanism.

The main aim of this work was tb»attempt-tb



.résolve-some of these difficuléiés. A simpié compet-
ition | |
HY + e;q—+€>fi | (10)
| N,0 +'e;q——{>>N2 + 0 (15)
was to be studied at concentrations of nitrous oxide
- sufficiently loy to avoid :eactién (16) and at a pH
}large enough that N 0 would be’éble to compete wiﬁh'

'k

2
"the proton effectively. Since the Values_of kls’and
10 are (8.67:0.6)x10° and (2.36:0.24)x1070 M lsec™?

respécfiye%y‘34, and the concentration of ﬁitrous»
oxide must be less than ~ 2 x 10_3 M,.the range of
pH values needed to satisfy the necessary conditions
was ~ 4 to ~ 4.5, |
Theactquisition of a pulse electron éccelerator
able to ine extremely high dose rates suggested a —
study of the aqueous nitrous oxide system at these
high iﬁtenéities. The predicted behéviour'( an inc-
reasé in moleculér products and a decrease in solute
products) might be tested. The yields of N,

information concerning Ge;q at high intensities,

would give
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EXPERIMENTAL

1. Materials

Eeboratory distilled WATER was redistilled from
.acidified permanganate, then refluxed a minimum of 24
| hours from a;kaline permanganate before use. A Fricke
,doeimetry study showed no detecﬁable organic‘material
. was present. NITROUS OXIDé‘gas, subplied by Mathesoh
of Cahada, was purified by tfap—te;trap distilletion;
:untii_a dynamic Vacuum‘of at least 2 X 10_6 to;r;Was.
: achie?ed,‘A high resblution mass spectrometric anel-.
Ysis'indicated,that_the gas was free from impurities..
Three puritieé of CYCLOHEXANE were.used.‘Phillips 66
research grade and B&A reagent gfade were used without
further purification; B&A reagent grade was also used
after distillation, the middle third being collected.
Analytical reagent SODIUM HYDROXIDE, SULPHURICVACID,
FERROUS AMMONIUM SULPHATE, and POTASSIUM CHLORIDE_were

used Without further purification.

2. Apparatus

(a) Irfadiation'Cells.

irraéiatiop'of solutions by cobalt—éo 7V;rays
was carrled out in a cyllndrlcal pyrex cell internalv‘
diameter 22.4 mm and length ~ 110 mm; A 50 ml round-
bottomed pyrex flask was connected to the cell and
served to hold the 11qu1d durlng degassing. The cell

terminated in a Bl4-cone.by which it could be attached
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e‘fo‘e;vacuﬁm tap;‘thetap.could ie turn be atteched,fd
‘the vacuum line. See figure 1(a).

Selutions'irfadiated by 0.52 Mev_elecﬁrons were
eontaihed in a cylindrical stainless steel cell, 35 mm
internal diametef, aﬁd 8 mm in depth. This is part C in
figure 1(b)..A pyrex windOy_(D)'Qas araldited onto the
.baqk of the cell to allow observetion.of the interior5
An eluﬁinium faee plate (A) and a tefloﬁ ring (ih the
face of C) served to hold a metal foil (D) in place“
over the fromt of the cell. This foil could be changed
between experiments, and acted as an electron window
for the cell. Two such windoWs_were used: 0.001" of
| aiuminum.and 0,002" of stainless steel. A pyrex round-
bottomed flask (F), with a side afm terminating in a
B14 cone, was araldited to-tﬁe entrance port (E). A
tap attached to the B14 cone was the means bf»which the
cell could be placed on the vacuum line. The whole
system was able to maintain a dynamic vacuum of ~ 10—6
torr. The syetem,was atteched ﬁo the front of the

electron accelerator by the aluminum face plate (A).

" (b) Radiation Sources -

(i) 'yL:ays - low intensity

A.1000 curie cobalt-60 7y-ray source was used.
Tbis'source was a thereputie machine loceted at the
B.C. Cancer institute. Due to the design of this machine
5eghe qelis cou1d be.p1aeed'no ciOser than ~ 50 cm frem

'the,source,.resdlting in'a low dose rate and, due to the
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inverse square fall off, a variation of the dose
through the cell of ~ 18%. Solutions were irradiated

' in’groups of six.

(ii) electrbn,accelerator - high intensity

A Febet;on~pulse electron accelerator manufact-
ured by the Field Emission Cerp.;‘McMinnville Oregon,
was used to achieve ﬁigh_iatensity irradiatiens. The |
‘energyvof the electrons emerging from the tube window
waava-maximum of 0.52 Mev. The current of‘electrons

striking the sample cell was ~ 250 ampe:es. The‘pulae

~width at half-height was 30 nanoseconds.

(c) Gas Chromatography

An aerograph A-90- P2 gas chromatograph was used
to analyse permanent gases. A twenty foot, 5 X, mol-
ecular sieve column and a thermal cenductivity ~detec~-
tor with matched tungsfen filaments were used. When
helium was QSed as the carrier gas the limits of
detection were as follows: |

- N2>&A2 X i0-9 moles)

0, ~ 1x 1072 moles)

.H2 ~ 5 x 10“8 mole%)
' These limits are those for which the error in measure-
- ment was not exceesively large. Detection of amounts
of gases of one-fifth of these values was p0551b1e,:
but the error in their measurement was probably 50%.

When argon was. used as a carrier gas,.the similarly

deflned llmlts were'”
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N, ~

o, ~ 3 x 10’8'moles

S X 10-8 moles

Hy, ~ 2 x 10—9 moles

It is evident from these ﬁwo sets of limits that argon

is the carrier gas to be used when the measurement of

hydrogen is most important, while helium should be

used when detection of oxygen or nitrogen is more

(d) pH‘Méasurementé

A Eeckmaﬁ Zeromatic IT pH meter was used for all
pH measurements. In éddition all solutions weré made up
st;i&tly by volume, thus ensuring a further check on:
the pH.

(e) Vacuum System

A hard vacuum was obtained in a pyrex glass sys-—

tem using a mercury diffusion pump backed by a rotary

oil pump. The working pressure of the system was ~ 10_6

torr of permanent gases, as measured on an ionization

guage;
—/ N

- 3, Procedures

(a) Cleaningv
(i) pyrex éell;

.Initially cells were washed with'permanganic
acid, rinsed twice with tap water, steamed from a

solution of permahganate in acidified distilled water

... for at leaSt fifteen minutes, heated in an oXy-gas



- 28

flame to just below the softening point of the glaés,
washed ééveral tihes with doubly distilled watef, and
finally washed twice with triply distilled water;:

, After use the cells were left evacuated until néeded
again. In subsequeﬁt usebohly the steaming and washings
with‘doubly and triply distillea Water were employed.

(ii) stainless steel cell

Iﬁ'o:der to maintain the epoxy resin adhesive, it
was noﬁvpossible to steam, fiame} or wash the cell |
with strong acid. The céll Was washed initially with
'aﬁalar isopropandl?.This was followed with several
washings with triply distilléd water. After use the
ceil was kept‘evacuéted until needed again. In further

usage only the washings were employed.

(b) Sample.Preparation

(i) agqueous solutions

.Acidic solutions were made with triply distilled
“water and sulphuric acid. Triply diétilled water was
used forwﬁeutral solutions. Sodium hydroxide and
triply'distilled water was used for;basic solutions.
 when acidic of basic conditions were required an
aiiquot of the solution was taken and the pH measured
on a pH meter,

. The requisite volume of liguid was introduced
into the cell via the B14 cone. This cone was then
sealed to the B14 socket of the vacuum tap with either

picein waX'(pYrex cells) or Apezion N grease (stainless
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'Steel‘celi). The volume of liquid used Qae 25 ml foé
the pyrex‘cell and ~ 10 ml for the stainless steel
‘cell. The whole cell wes then evaCuated at room temp-
_ereture. The liquid was degassed and the requisite
amount of nitrous oxide introduced. If isopfopanol was
to be added, it was distilled into the solution- at
A77°K as a last step.

| For:high cohcentrations of nitrous oxide the gas
Qas equilibrated with the 1iqﬁid at a suitable pres-
| Sure, a correetidn being made for the vapour préssﬁre
of the water. For concentrations so low that this
equilibrium method was impractical,'a known amount‘ef
gas was frozen into the solution at 77OK.e

(ii) cyclohexane

The amount of cyclohexane required was introduced
into the cell at the B14 cone., A B14 socket attached
to a vécuum stopcock was joined to this cone and the
cell was partially evacuated at room temperature. The

cyclohexane was degasSed;

(c) Degassing

(i) aqueous solutions

The freeze-pump-thaw technique was used to remove
4 the major.poftiqn of the dissolved gases from the
solution; In en earlier report 40 it wae shown thet
this teehnique could leaﬁe up ﬁo‘O.Z }Lmoles of gas

in 25 ml of solution. But nitrous oxide, added to the

SOIutiop~to achieve the final reaction configuration,



'wés_able té release somekof ali of}this gas during tﬁe
vanalysis process, depending upon fhe amount 6f nitrous
oxide initially used. To overcome this difficulty, the
amount df'Nzojthat was to be used in the regction was
introduced into the reaction'vessel, allowed to equil- -
ib;ate, and removed by é fréeze—pump—thaw cycle, In"
this way the "residual" gas was removed prior to
‘achieving~the final reaction configuratioﬁ. Further-
horé the nitrous oxide was essentially ali removed
from the éoiution by the.fréeze-pump—thaw cycle,,so
that later additions of nitrous oxide would result in
a concenﬁfafion of_gas that wés knéwn tora least five
per cent. | |

(ii) cyclohexane

Liquid cyclohexane was degassed by multiple‘
.. freeze-pump-thaw cycles at 77OK until the pressure
-of the system af»that températﬁre was less than
2 x 107° torr, as indicated by an ionization guage.
(d) Analxsié
The i:radiéted solution was'exgosed to two traps
at 77°K‘ih é system held at a high vacuﬁm. The pérman—
ent gases wefe pﬁmped f:om the traps into‘a McLéod
guage by a small mercury diffusion pumb. The amounts
- of gas measurablé, with the corresponding estimate of
the error, are given bélow. |
20 to 0.05 fLmOles eeecocsocs 5 to 10%

0.05 to 0.01 FLmoles ceeeece. 10 to 50%
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0.01 to o;b_oz Pmoles «vee.. 50 to 100 %

The éas wes transferred ffom the McLeod te.a ges
buretfe, and from it to a.small cell(figure 2[al) by
which it mlght be introduced into a gas chromatograph.
The amounts of the 1nd1v1dua1 gases were determlned
from‘the_chromatogram, and the totalvcomparediwlth
that measurediby.ﬁhe_McLeod. A typicai chromatogram is
Ashown in figure 3,_indicating that a_calibration,eCCOm-,
panied each anaiyeis..The errors in these meaeuremenﬁs,
when corrected for hold-back in the small me:eury dif—-
fusion pumb, typically was estimated to be less than

ten per cent,

4. Dosimetry

(a) The Fricke Dosimeter

~ The dose rate of the cobalt-60-source was deter-
mined by the Fricke dosimeter. This is a .chemical
dosimeter first proposed by Fricke ~6 in 1927; and.
‘since then modified by Miller and others >7, 1In this
dosimete: an air saturated_solutien of Fe(NH4)2(SQ4)2

in 0.8 N sulphuric acid is irradiated. The reactions

that occur are thought to be

H + 0, ———> H02 : (6)
HY + HO, + Fe2+——?>H202 + Feot (20)
}i+'+ H202 + Fe2* > OH + H,0 + Fe>* (21)
H' + OH + Fe2+—-%H o+ Fet ’ (22)
For cobalt 60 'ylrays G(Fe'+)'= 15.5. The ferric ion

“is determlned spectrophotometrlcally at 304 nanometers
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where the decadic molar extinction coefficient is 2174
at 20°% .
When organic material is present in the solution.

the following reactions may occur

OH + RH—R" HéO (23)
R* + 0,—>RO; - (24)
Since ROJ is an Qrganié'analog of_HOv it would also

2 2?
bve able tO' Oxidize.three"']?e2+ ions in reactions sim-
ilar to (20), (21), and (22). The result would be an

3+), which would lead to errors in the

inéreased.G(Fe
determination of the dose or the dose rate. Chloride
~ion is added to surpress this possibiiity. The reac-
tions that may occur with Cl- ion present are

OH + C17=——2»C1° + OH ) (25)

Ci- +’Fe2t———§bFe3+ + C1” : (26)
Since the chloride ion is in high concentration rel-
ativevfo the organic impurity the fate of the OH will
be reaction (25) ratﬁer than reaction (23). Since the
Cl' has an effect on ferrous ion that is the g@uival—
'enﬁiof'the effect of the OH, there will be no change
in G(Fe>*), -

If oXygen is not present in the solution; then

reactions (é) and (20) will not occur. The result is

59. This will mean that the

that G(re>*) becomes 8.2
yield of ferric ion as a function of irradiation tinme
‘will be non-linear fof a solution.in which the oxygen

 has become depleted.
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Two se:ies of Fricke dosimet:y.studies were uhder—
faken,'ﬁhe firsﬁ,some-seventeen menths prior to the
secend;‘Tﬁe doéimet:y curve-for the first study is'
shown in figure 9. A similar curﬁe was obtained for’
fhe second study. The dose rates, determined from the
slopes of the optical density Versus irradiation ti%e

curves, were’(2,8i0.1)x1017

‘and (2.2t0.17x1017ev/L-se¢°
for the first and second study respectively; Application
of the decay equetion,
R = RO e-t/)\ (xix) |
where R and Ro_ere the final and initial dose rates, t'[
'is time in months, and’ x. is the decay constant (63
months for Co-60), predicts that the dose rate in the
second case should be (2.1i0.1)x1017 ev/l-sec,
Becausevof the oxygeh depletion effect the optical
density versus time curve was not linear. This effect
is quite evident in-fngre 9 for the‘irradiation time
~of 40 minutes. The;initialltwo—thirds of the curve
was, however, linear, and it was.from this portion of
the:cerVe'that the.dose rates were determined.
The effect of chleride ien was teéted.in both
of these studies., In eech casejif was feund that the
presence of 10_%M chlofide ion had'no‘dete;table |
'effect,, We therefore cqﬁclude that; within the"limits

of detection, no organic impurities were present.

(b) The Cyclohexene Dosimeter

Af-very high dose-rafes the responsé of the Fricke’
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.d051meter falls. For example, Rotblat and Sutton 24

found G(Fe3*) = 13.120.4 at a dose rate of 5;(1024
ev/l—sec; Since the'manufacturer of the electron

: : C e ' 30
accelerator specified a dose rate of the order of 10

ev/l-sec., use of the Fricke dosimeter was not reason-

~

-able. There is a need for a cheﬁical dosimeter that
may be used at tﬁis dose»:ate.4

The cyclohe#ane dosiﬁeter may be éuch aichemical
dosimeter. Burpévandlparry 60 found that that the
frém irfédiated cyclohexane is essentially

2
dose rate independent in the range_1018 to 1022

yield of H

ev/l-sec. Indeed, dose rate and L..E.T° effectsnin
cyclohexane are only observgd in the presence of a
fadical scavenger, and such effects are not’present
initially ©1, since the pulse of electrons used in
this work 1s of such short duration, dose rate effects
due to the férmation Qf,radical—scavenging products
may be expected to be slight or non-existant.

Thé hydrogen formed in the radiolysis of cyclo-

hexané has three_soﬁrces - thermal hydrogen atoms, hot

hydrogen atoms,'and molecular processes 62.

c-C H12AAF{>C C6H11 + H° (27)
c=CgHip M—>C-Cgly + Hy oy - (28)
‘C6H12 + H'—>c- C6H11 + H, (29)
C—C6H12 + Hlfl t———9c C6I*-I11 + H2 (30)

c—C'H 2————§9H + unsaturated products (31)

The:c;C6H;2 is believed to be formed by ion neutral-

o
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lization. The yields of hYdrogen from these processes

S,

are: G(29) = 2.0, G(30) =0.85, and G(31) = 3.0. Values of

G(HZ) from )’or electron irradiated cyclohexane that

have been found are: (5.66%0.23) O, (5.85%0.,08) 62

5.44 63, 5.2 64,'and 5.4 65, This hydrogen represents

66,67

?

‘about 99% of the products volatile at 77°K , and
hence it is an easiiy mea;urabie_product by ordinary
vacuum techniques. |

In rédiation chemistry‘it is always wise to.
determine the effectlof impurity upoﬁ the system'
yields when dealing with avpure system, Té acéomplish
‘this three grades of cyclohexane'were used - Phillips
research, B&A reagent, and the middle one-third of
distilled é&A reagent; As expected 67, ﬁo difference
.was founa in the hydrogen yields, within ﬁhe error of
the system (~ 5%), for the three grades.

Since an unprecedented high dose raﬁe_was being
used, it was necessary.to determin¢ if a dose rate
effect éxisted- An attenuator was used to reduce the
intepsity-of the beam to 5.5% of itnuninterrupted
valﬁe (as cal;ulated from the area of the holes and
theAarea of the uninter:upfed beam). This»attenuatbr
was a 0.004" thick platinum disc in which were drilled_
férty—five 0.040" diameter holes arranged in a square
pattern. The disc'waé placed one~half inch in front of
the cell window. The attenuated yield was (1.1io,2)x16f7

.?fhélééfOf:hydrpgén;ﬁﬁhiéh:Eorfeépondsntol(64611;2) % of
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the unattenuated yield.

' Electrons, which would be stopped by the atten-
uatof if normal to it, may strike the edges-of thel
holes at an angle other than the perpendicular, and
»intmaking_sucﬁ grazes would be reduced in energy but
not stopped. The attenuated yield may be slightly
. high dué to this. Also, with such small amounts of
hydrogen the experihental'érxors may be as high as
15 to 20%. | |

With these two facts taken into account, the
attenuated yield is quite close to that predicted by
area calculations..Tﬁerefore the conclusion may be
drawn that, within experimental errors and limitations
just mentioned, no dose rate effect was evident in the
hydrogen yields.

. The total energy deposited in the stainless steel
cell as determined by the cyclohexane dosimeter was

19 ev, assuming the value of G(HZ) of

(1.20£0.05) x 10
5.66. Preliminary calorimetry studies confirm this
value.

(c) Faraday Cup .

Faraday cup measurements may be used to determine
the number of electrons depositéd in the sYstem. By
use of a variety of thickness of interposed material
a transmission curve may be found, frém which one may
determine whether the electrons were mono- or multi-

energetic,



Inwth€ SY$tem used”it-was“f0und ﬁhat a 0.002""
stainlesé stéelvwiﬁdéw transmitted'(2;6i0.3)‘x 1013
electrons per .pulse. This was ~ 57 % of the electrons
| incident_upon the window. The transmission prdfile,
using aluminﬁm as the'interposedjmaterial, was not
characterisfic of mono—energetiéwelectrons, but‘réther
that expected from muiti—eﬁergetic electrons.vThis is
‘ the perfofmanée fhat would be expected since these;'
electrons must pass through both the tube-window;and
the cell window before reaching either the liquid in

the stainless steel cell or the resistor in the

Faraday cup.

-~

Combining information from the cycloﬁexane
dosimetry, and the Faraday cup measureménts, and

using the known-penetration of these eléct:ons, the
average dose rate of the system is 2.4 x"_LO29 ev/lfsec.
Due to variations of dose with depth'and‘electron

intensity during each phlse this dose rate may vary '

by a factor of ~ 25.
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' RESULTS AND DISCUSSIONS

‘1. Cobalt-60 Y Radiolysis

The nitrogen yields of aqueous'hitrous.oxide
;olutions have been determined as a function‘of solute
concentrationAfof various hydrogen.ioh concentratibns
for a total dose of 7 x 1017‘ev/m1..(figure 4). Oxygeﬁ
and hydrogen yields for these systems, having little

-meaning, haVe not been shown. Oxygen requires an
| | 29

induction period before it is formed .
OH + HZOé————§>H20 + HO, (32)
OH + HO,——2»H,0 + O, - (33)
HO, + HO,——=>H,0, + O, (34).

H + 02-——-;>H02 (6)
On the basis of these reactions oxygen must not be
liberated until some hydrogen peroxide is formed.
Hydrogen, on the other hand, may become invelved in
back-reactions, such as

OH + Hz————§>H20»¥ H (35)
~ which will reduce its yield. '

';EXperiments at doses lowér than 7 x 1017 eV/ml.

show greatly reduced oxygen yields, and higher
“hydrogen yields. Nitrogen yields were higher at very
low doses, but at 7 x 1017 ev/ml. and doses ~ 1/10
of‘that were markedly similar, showing differences
well Qithin e#perimentalﬂerror. Neither the yield of
hyd:ogeﬁ nor the,yield of ongen was dose independept,

while the nitrogen yields'were linear with dose for a
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a total dose of 7 x 1017 ev/ml.

in the_systems used.noAscavenger was added spec-
'ificaily for the hydroxyl radical. Its fate nay be-
:described by reactions~k1§, (3),»(32),’(33), and (35).
It may also react with a solute, but such a reaction
would be slow, since no'good OH”scavenger was dsed.

Its fate is to produce H,0, H,0 0

2 5 2,'_or‘to‘-reduce

the yield of hydrogen.

(a) Neutral Solutlons

The detalls of the neutral pH ylelds have been
descrlbed elsewhere 49; a two plateau curve is due,to
the scavenging of two species by nitrous oxide. About.
8 x ’10'-S M nitrous oxide is sufficient to scavenge the
hydrated electron. From the yield of nitrogen in the
first plateau, since each nitrogen molecule arises
from.one e;q, Ge;q = 2.45%0.1. The second plateau is .
due to some_species X, which may be the hydrogen atom,
The 100 ev yield of X.is 0.65+0.1. These values are
similar to those found in other systems (table Ii).

This curve will be used as a Standard with which

others will be compared.

(b) Basic Solutions

The curves obtalned in ba51c solutlon show at
least three dlfferences from the standard 1) the
sharp rise in G(Nz) occurs at solpte concentrations
one order ofxmagnitude larger than in_neutral soi-

ution; 2) the G(NZ) attained at 2.6 x 1072 M nitrous
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TABLE II

H-atom And e;é YieldsAFor A Variety Of Systems

'REF,

SYSTEM Ge G
aq. H
o +:
N20.+ H 2¢3 33
N0 4 isopropanol 2.80%0.1 0.60 31
N20 + acrylamide 2.80i0.15 15
N o * ferrocyanide 2.75 15
2 + ferricyanide
N,O +’O2 + ferricyanide ~0.8 44
' +
H202 + 0, 2.85 AO.553O.05 45
H202 + O2 " 2.85%0,15 46
H202 243 0.55 47
isopropanol + acetone 203 0.6 48
isopropanol + acetone 2.65 0.55 49
isopropanol + H202 0.6110.03 50
NO3 + HPOZ 2.65 0.55 51
HCO, + O, 2.310.1 0.75%0.1 52
- + N .
C{NOZ)4 r2.6—0.26 53
- "many solutes" 2.3 0.55 54
AVERAGES . 2457 . 0.61
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- oxide ié much larger; and 3) the curves have only one
plateau fegion.

' The fact that the :iéé in the yield of nitrogen
occurs at sqlute éon;entrétions one order of.magnitude
higher may bé due to a change in.the chemical nature
.of ﬁhe species scavenged,‘or thé scavengér,_SuffiCient
réaSon exists to believe that the scavengef's nature

changes,'butvdisaussion on this is left until later.

3

solutions, and since no extensive investigation of the

_ However, since CO, was not removed‘from the alkaline -
. kinetics wasvundertaken, no conclusion may-bé drawn on
this point. | | |

The single rise in the pH 13 curve and the first
rise in the pH 11.2 éurve may be attributed to the
reaction ' ‘

H + OH"—-.%e;q + H,0  (36)

which is known to occur in basic solutioﬁ 36’68. (The
H;atom here used represents the species which is scav-
enged by high cbncentrétions'of nitrous>oxide in neut--
ral éolution, Rather than afgue the nature of fhisA'
species it shallibe designated as the H%étom hereafter,
with the proviso'that_its exact nature is uncertain.)
Since the hydrogen atom was the species responsible
for the Second rise at.neutral‘pH, its conversion to
the species to which the first_rise was attributed
would be expected to result in only one rise, Thé

value of G(NZ) attained in this rise would be
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'expected, on the basis of the above'argument, £o»be the
3.1t0.1 reached after both rises in neutral solution,
(1) pH 13 |
The vaiue.of G(Nz)vat high nitrous oxide'concen;'
trations is much lergerain basie)than in_ueutral sol-
ution. This increment has previously been seen 55; and -
is attributed to scavenging of excited water molecules
by OH , which is in high concentration.
| Hzot + OH —>O0H +_e;q (37)
This would give a_further number of hydrated elecfrons
capable of reacting with_nitrous oxide to yield N2.
The .increment in G(N2) reported was ~ 1, while that
found in this experiment wae ~ 1.6. Further invest-
igation of this point was net underuakeh..
(i1) pH 11.2
Since the OH™ Coneentration is ~ 60 times less
than at pH 13, intra-spur scavenging of excited waﬁer,
-as in reaction (37), would not be expected to occur. A

more -likely fate would be quenching, or direct reac-

tion. with nitrous oxide.

. Y > ( A- 4’ .
NZO + HZO- _N2 + 2QH 38? .
The rate constant of reaction (38) has been estimated
to be 10 to 100 times less than that of reaction (15) 5%
‘Hence any rise in G(N2) at pH 11.2 due to reaction of
* » .

HZO with nitrous oxide would occur at [NZO] 10 to 100
~ times larger than the rise due to reaction (15),

assuming appreximately equivalent steady state conc-
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entrationsvof e;q'énd HZQ‘. Just such behaviour'is
apparent; a two step cﬁr&e is indicated.

Whether such an explanation may adequately
éccdunt for the differences in nitrogen yields in
these two basic Solutions is entireiy problematical.
The investigation at pH-li,Z was not extensive enough
to permit the drawing of any firm cbnclusions.

(c) pH i.O

Since the [H*] 2 5[N,0] in all cases, and

2

AT ~ 2 (table I), all the scavengabie e;qvwill

. be transformed into H-atoms. The rise in G(N2) should

therefore t;ke blaée in the same [NZO] range as the

second rise at neutral PH. This is apprdximately what

is observed. ‘ “ : |
The yield of nitrogen at sufficiently high N,O

concentrations should be equal to Ge;q + GH' Ip
neutral solution this sum was evaluated. as 3.1%0.1,
and there is good reason to believe that it is
higher in acidic solution 15’28. While: a value of
3.1 for G(NZ) is not quite attained, it is obvious
thatAﬁhe éur?e is rising to at least thaﬁ valué,

The small yield of nit:dgen seen at low nitrous
,oxidé concentrations is real, and not due fo degassing
deficiencies. It appears that some species in low
yield>(G=O.35i0.05) is being completely scavenged by

3 x 107> M nitrous oxide. An additional species has

been noted in very acidic solution previously, and
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+ 28
2

their graph) was 0.60. Whether one might draw the

identified as H . The yield at pH 1.0 (taken from

conclusion that the G(N2) = 0.35 may be equated with
the G(H;) reposted by Dainton and Peterson is open to

debate.

(d) Weakly Acidic Solutions

’Nitroéen yields have been determined for acid
solutions at pH 3.8, 4.0, 4.2, 4.3, and 4.5. The
yieids for»4.0,.4.2, and 4.5 have been included in
figure 4. Comparison of'these cﬁryes with neutral
.solution yields indicates that thé Abrupt rise in-
G(Nz) occurs at sﬁccessively higher nitrous oxide
concentrations as the hydrogen ion concentration is
iincreased. The data for these fivé acidic solutioné
has been plotted as 1/G(N,) versus 1/[NZO] in figure
5. A linear relationship at each pH is evident. The
cpﬁmon intercept occurs at G(Nz) = 2,4%0.,1. The slopes
of these lines, which is the mean [N,0]1/G(N,) for each
.pH, is plotted as a function of hydrogeﬁ ion concen-
tration in figure 6. Linearity is apparent at higher
acidity, but is lost as the pH approaches seven,

(i) simple'competition model

If the concentration of nitrous oxide is kept
below ~ 2 x 107> M; so that reaction (16) aoes not
occur, then the only source of nitrogen is reaction
(15).‘The'effect of the abrupt rise occuring at

higher nitrous oxide concentrations as the hydrogen.
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ion concentration increases may then be due to the

reactiohé‘ . o -
HY + e;q————§>H A (10)
N,O + eaq““5>N2 + O (15)

éompeting. Tﬁué the hydrogen ion concentration inc-
}rgase.would necessitate éh'incréasé'in.the amoﬁnt of
‘nitrous oxide réquiréd-to scavenge an equivalent
number of hydrated electrons.. | )

If the simple competition for hydratéd electrons
does in fact occur, then there existed an exéellehﬁ
opportunity of determing tﬁe rate constant ratib
kiO/k15° For reasons mentioned earlier, previous
determinations of this ratio were perhaps invalid,
or at least suspect. Thus the ratio founa in this
system would be of some value.

Since the limits of the first plateau in neutral
solution were 8 x 107> and ~ 2 x 1072 M nitrous oxide,
these were taken as the loﬁer_and upper limitslof
nitrous oxide cqncentrstions used in this weakly acidic
.:eéionf These limits exclude_reactiohl(16), and yet all
‘scavengable-hydrated elecrbns a:e_scaVengéd. The (%]
necessary.for a simpie competition to occur, if the
15 are accepted,
to 2 x 1074 M.

pulse radiolysis values of kio'and k

must be in the range 3 x ‘lO-'5

Applying the steady sﬁate treatment to this
simple competition, one finds
Ge” .- k. [H"] N
24 1 4+ 20— L (xx)
Gy ky5IN,0] »

I

.o~
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This equation requires a linear relation between
.1/G(N2) ahd 1/[N2Q] ;t’eacb pH, thev;/G(Nz) =0 inter-
cept is“l/Ge;q and the slope is 310[H+]/k15. The
véiue‘of Ge;q‘ then isv2.4id.1, which agrees well
with the'véIUes found in neutral solution, and with -
those found in other work.(tabléiII). The rate cons-
tant ratios calculated from the slopes of the lines
aré'nothconStant however, but decrease witﬂ pH.- as
showh in the following table.' |

| TABLE IIT

Simple Competition Model Calculations

Slope of Line or

pH. [H"] - mean [N,0]/G(N,) kio/k s
3.8 .7 x 1074 7.2 x 107% 4.23
.0 .0 x 1074 4.0 x 1072 4.00
. 6.0 x 10~° 2.0 x 10°% 3,33
. 8 x 1070 1.2 x 1074 2.50
. 3.2 x 1070 4.5 x 107> 1,41

The model also predicts that the mean [N,0]/G(N,) is
" linear throughout the entire pH range, whiéh figure 6
shows to be false. In sdditien addifign the intercept-
of the linear curve should be zero, which is defihifely
not the case. One is therefore compelled to the con-
clusion thét the‘simplé competition model does not
describe what has occurred.

(1i) charge traﬁsfef model

41-and Anbar

The suggestion of Dainton 42

that nitroUstoxide‘might be involved in a charge:
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- transfer process when a positively charged species
is available looks to be axpromising answer to this

<ﬁfﬁcdlty; The mechanism would then be

oYy e ——>H - (10)
N,O + eaq——f—;>Nzo ' , (17)
N,07 Hf—-——E>N20-+ H o (18')
,NZO--———E>N2:+‘Q- : (19)
If the. steady stéte assumption is made for Néof and
e;q,'then,it follows that |
 Ge. k.o, [0k [H*] :
89 | (1428 Ty(q4-210 7 (xxi)
G(N,) L ‘k17[N20]

With this scheme we have linearity of 1/G(N2) as a

function of 1/[N_0]. However there is no common

2
intercept; the intercept will depend upon [H'] if
charge transfer is to be important, which is to say

that k [H+]/k19 must be a significant factor. This

18
"is shown in table IV,

TABLE IV |

Charge Transfer Model Calculations

— ,

=

3.8 2.1+0.3 0.42+0.02 1.7%0.32
. 1.4%0.2 0.42%+0.02 1.0%0.22
. 1.0£0.1 0.42+0.02 0.6%0.12
. 0.90%0.08 0.42%0,02 0.50%0.10
. 0.74+0.06 0,42%20,02 0.34+0.08

“calculated from k,,/k =(2°6iO.4)x104, the average

determined from th%sobségved slopes, and assuming that



TheIVariétion in’thé calcuiéﬁed,intercepts is not
éeengexpefimentélly, and is much too large to be "
experimental error. Thus the charge tfansfer.mech?
anism also fails to adeqﬁétely e#plain the experimen-

tal facts. Tﬁus it too must be discarded.

(iii) H-atom scavenging model
A mechanism must be considered whereby reaction
(16) which was thought to be excluded does in fact

take place. This mechanism would be

HY & e;éf———;>H S (10)
N,O + eaq————;?Nz + 0 (15)
N,O0 4 Hy———E>N2 + OH - (16)
H > product , (39)

Reaction (39) is one which is first order in H, and
-may'or may not be a reaction with some other body.

Applying the usual steady state approximation

Geag -1 4+ k10k39[H ]
- | | 2 _ T
G(N,) kygk, g [N,0] -+k15k39[NZQ]-+k10k16[N201[H ]

From this expression one may see that'i/G(Nz) as a

function of 1/[NZO] would not be linear unless

(xxii)

kié[Nzo] were much smaller than kjq. But if this were

the case the equation would reduce to the simple

competition equation - that is scavenging of H-atoms

is not important. This mechanism must also be rejected., -

~(iv) solute chemical change model
f{_' The failure of the previuos three models ‘was



_'Sémewhat distressing. These reSults_cbuld not be
.explained on‘the basis of an lonic strength effect,
sinée [.,LS2 x 10—4 M in all cases. Wi-th this ionic
Strength‘the,éffg;t.on kib/kis is less than 2%. The
possibility 6f a change in.the chemical'nature of
nitréﬁs oxide in acidic solutioﬁ”was'considéred. The

scheme of reactions is

"H+ .
N304 = X (40)
N,O + ead———;?Nz + 0 (15)

X + eaq—-BJ'_ ' N2 : - (41)

+ -—

H + e ——D>H (10)
where X is some acid species of nitrous oxide which
reacts with the hydrated electron at a rate substan-

tially different from that of N,O in neutfal solution.

2
The kinetic equations applicable are

+ ) v o
FNZO]t = [N2an](1 + K4OFH 1) (x$111)
S Gel . k. [H*1(1 + K, (H'])
—=ad _ 49, 10 B © (xxiv)
G(N2) [Nzo]t(k15-+K4Ok41[H 1)

Equation (xxiv) predicts a common intercept of 1/Ge; ’

and linearity of the 1/G(Né) versus 1/[N_0O] function

2
at each pH. The magnitude of Kaq relative to k

15
is.the

may
be estimated from figure 6. At high pH k15
dominant term in the denominator and the slope found

is less than the slope at low pH where K40k41[H+]

dominates. Since there is a reciprocal relation with

. these terms in‘eQUétion (Xxiv), k15:>k41. Linearity

" of the [NéO]/G(Nz) versus ("] funCtioﬂ will occur
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for. two qages: 1),K4de+]<:<:1, énd é) K;0[H+j:i> 1.
At very low hydrogen ion ¢oncéntrétidn [NZO]/G(Né)
appfoaches zero. Thus this ﬁodelbadequately-accounts-
for the expgriméﬁtal kinetic facts.

From the interéept of the 1/G(N2).vérsus 1/[N20]
curve Ge;q== 2,4tO.1._The slope of the linear portion

of the curve inlfigure‘6, corfesponding to K4O[HfI§>1,

10

is k,/k, Geo oq- Asumming that k., = (2.36£0.24) x 10

41 10 v
M-isec-i and that Ge q==2.4io,1,vthen'the value of k
is (1. 9+O 4) x 109 M 1sec-l_. By a series of successive
'_approximations, assuming the values of Ge-aq and k

10
9 -1 -1 '

mention above, and k_ . =9 x 10" M “sec (the pulse

15
radiolysis value), values of K4O and k41 were found

to be (6.0x0.5) x 10¢l M1 and (2*1) x 109 M“'l sec_l
respectively. However a more accurate determination

of k,, is from the slope of the [NZO]/G(Nz) versus

41
[H+] curve., The wvalues therefore are:

(6.0£0.5) x 10% u~?

40 ,
k41 = (1.9%0.4) x 109 M_lsec-l

This means that species X reacts with the hydrated

- K

]

eleﬁtfon five times more slowly than does N20-in
neutral solution. : |

If fhe chemical nature of N20 is changing then
it is possible that'itssabsorpticn spectrum changes
also. The absorption‘spettra of acidic, neutral, énd
'basic agueous atmospheric nitrous oxide solutions

- were determined on a Beckman DB'spectrophotometer.

41
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_Only_wavelengths‘greateruthan ;2100'8 could te inves~
tigated with this,instruﬁent..ln basic solution an
absorption was seen withva maximum at 2160 X. In both
neutral and acidic solution a small absorption was
seen at lower wavelengths. This absorptlon was still
increasing at 2100 X and appeared to be the tail of
an absotptlpn peak with a maximum at a lower: wave-
length, From the appearance of the,absorptions the
impression was gaingd’that ); aX_for neUttal solution
>wou1d be at’ hlgher wavelength than that for ac1d1c
solutlon, although 1t would be erroneous to p051t1vely
statetthat sach_was the case. The shift 1n:absorptlon
maximuﬁ from basic to neutral solution, and the pos-
sible shift from neutral to acidic selution, tend to
indicated that the chemical nature of nitrous oxide

is pH dependent.

(e) The Nature Of X

(i) the hyponltrous acid hypothe81s

The_smmllar;ty of nitrous ox1de to the isocelec-—
tronic and isosteric carbon dioxide is seen in table
Ve Furthermore, carbonic acid is much like hyponitrous
acid in many respects (see table VI). Perhaps nitroué
oxide may be converted to hyponitrous'acid, much as
carbon dioxide is converted to carbonie acid in
aqﬁeous solution. In the pH range studied the sit-

uation might be represented as
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TABLE .V -

heat of fusion

heat of vapourization
molecular shape
structure

bond distances

SS98°K (cal/deg-mole)
ZSHg G (kcal/mole) -
| 298°k

FAN D

£298%

(kcal/mole)

45.3 cal/gm
~96 cal/gm
linear
0=C=0

C=0: 1.23 &

51.061

94,052

94.260

Comparisbn Of Some Of The Propetties of CO2 And NZO.

Properﬁy C02' NZO
melting point (°C) -56.6 (5.6 atm) =90.8
boiling point (°c) ~ -78.5 -88.5

. | O [ d ..

solubility 257C . 0.75.1- 0.50:1
(viviof Hy0) 4o 1.7:1 1:1
critical temperéture 31°¢ 36.5°C -
critical pressure 73 atm

71.7 atm
36.5 cal/gm
89.9 cal/gm

linear

24,930

-

from references 71, 73, and 74
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TABLE VI
Some Properties Of Carbonic Acid And Hyponitrous Acid
Carbonic Acid - _
‘1. Only 0.56% of CO,in solution in form of H,CO

> 3; the
greater part is Only loosely hydrated. T
. p —_—r - : . : 2 -7
2. H2CO3‘__5}{ + HCO3 kapparent_ 4.%2{10
, . k = 4x 10
. - + o true -11
3. HCO4 =——H + CO4 k = 5x10

4. The rate at which carbon dioxide comes to equil-
ibrium with carbonic acid is measureably slow.

Hyponitrdus Acid ’
1. N,O is acid anhydride of H,N,O

hyponitrous acid

N 5
s%owly decomposes to N20. 27272
2. H N,O, —> H* + HN,O kK = 9x10°8
27272 . 272 -11
- , < N
3. HN,0, =—=H" + N,0, k = 1x 10

4., Hyponitrous acid is about the same strength acid as
carbonic acid (by electrical conductivity measurement).

5., It is such a‘weak acid that even HI is uneffected.

6. Main mode of decomposition of H,N,O, with H,SO

present is to form NZO: will deco%p%se ~ 17% i%
24 hours.,

“7. N,0 + H,0 === H,N,0 .AFgg‘o =42.76 kcals from
héats of formatién®of N_O 4A4 EZNZOZ: this reaction
is endothermic by 36.8 ﬁcals°

* from references 70, 72, 74
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_NZan —H f_HN202 (42)
v +‘ ) - r
H™ -+ HN,0, T——=H,N,0, (43)
The structure of nitrous oxide is 73
- 4 : + —
N=N=0 <—> NEN—O0
fwhile that of hyponitrous acid is 68f73
H—0 -
N n—
.N__N\\
’ O—H
It is quite probable that, due to the changes in the
Configurétion involved 75’76, k43‘is much gréaterlthan
kK_4o+ Now, because Nzoaq and‘H2N202 are‘weak acids,

equilibrium (42) will be much more slowly established
~than equilibfium (43). Since nitrous oxide is  spon-
taneously formed from hydrogen hyponitrite, but not

75,77

from hyponitrous acid then in a period too

’
short for the establishment of a true equilibfium
‘équeous nitrous o#ide in acid solution may be con-
verted'TEMPORARiLY into hyponitrous acid. For this
short period of time‘equilibria (42) and (43) may be
represented by equation (44) | | '
_Nzoaq.é—§:—> HoN,0, - (44)
and we may write the following‘kinetic equations:
k44[N20aqj[H+] = [H,N,0,]  (xxv)
[Nzo]t‘= [v,0,43 + [H,N,0,]
- [Ny0, 3(1 + Ky (1) (xxvi)
It must be noted that equation (xxvi) is exactly the

same as equation (xxiii) when X is HZNZOZ’ and this

will satisfy the kinetic equation (xxiv) which explains
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the experiméntél facts.;Becéuse all of the exbériments
‘with nitrous oxide solutions were carried out no later -
than Ewo hours aftér-the preparation of the solufion,
‘ this non—equilibrium hypothesis is plausible.

If hyponitrous acid, hydrogén hyponitrite, and
-hyponitrite ion -were formed wheﬁrnitrous oxide was
_dissolved‘in équéous solution, Eheﬁ one migh£ expect
_to see the absorption spectra'of these speéiés. The

" published absorption maxima are given in the following

table. °
'TABLE VII
The Absorption Maxima Of H2N202, HN202, And N202
Species Absorption Maxima Extinction Ref
p : (nanometers) Coeff., °
H2N2O2 . ‘207 v 75
208.5 A 2740 76
242,5 | 122 76
HN202 _ 232 . . 75
233 3310 76
N202 247 | ‘ 75
248 3980 76
'in ‘

HoweverﬁFhe spectra of saturéted aquéous nitrous
oxide solutions at pH 1.0, 4.0, 7, and 13.0 no absor-
ption peaks were exhibited at any of these wave-
lengths.

If N.O and H.N.O

2 5N, 0, are the analogs Qf CO, and

2



H CO3, ‘then one might expect that_the pH dependence of
the_solubility of nitrous‘oxide would be similar to

2
in the following table VIII.

that of CO,..The fesults of such experiments are shown

TABLE VIII
"The Solublllty Of Both Nitrous Ox1de And Carbon Dlox1de

Gas Temp. 'pﬁ vGas'Pressu:e_ Conc. in Solq Solubllltyb
(%) (torr) (M x 10%) (M/torr)<10 )

NO 23 1 214 ~0.74 3.5%0.3

N,O 24 7 220 - 0.77 - 3.5%0.3

N20 21 13 350 : 1.1 ' 3,2i0;3_

N,0% 20 7 760 - 3.6

co, 24 .1 260 1.2 . 4.6%0.4

CO2 24 7 230 - 1.02 434i0.3

CO2 21 - 13 270 - 36

co,? 24 7 760 - | 4.6

a. taken from Handbook df Physics and Chemistry, 44th Ed.

b. error represent variation of 3 or 4 measurements

As may be seen nitrous oxide and carbod dioxide differ

‘markedly in basic solutidn, but show eimilar behaviour

in neutral and acid solution. | -
Whereae the solubility and spectral data'were_

: determined from_soldtions of concentration Zilo—ZM,

the radiolysis solutionS'were from 5 to 250 times

more dllute° Thus it may not be surprising that 1n

the tlme elapsed between the preparatlon and the
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spectral determinatioh of  the solutioné (~45 min.)

".only.éx vérysmall percentage of the nitrous oxidé,in
the cqﬁcentrated‘solution would.be éqnverted into
hyponitrous acid, while a relatively‘latge per cent
wbuld be convertéd in the less coﬁcentrated solutibns
jprepated for irradiation. Indeed it is normal to
:expect spec1es to ionize to a greater extent when in
dilute solution. | |

The spectral'data ihdicates that very little

.
s

-HNZOZ and N202 are formed. The solubility data in

ba51c_solutlon also 1nd1cates that N202 is not formed.:

‘While it may not be very surprising that llttle HN2O2

exists in solutlon (analogy with CO suggests that

2

very llttle N20 in solution is in the form of HN202,

which is to say that equilibrium (42) lies strongly

to N20 in neutral solution, and equilibrium (43) lies

strongly to H, in acid solution), it is perhaps

2 2

surprising that no N202 wéuld form. Perhaps its
-formation is so slow that a long time . is necéssary
before any.reasonablé amount forms.

The conclﬁsion'that may be drawn from this
assemblage of kinetic,.spectral,'énd solubility

data is that it would be preSumptious to identify

species X as hyponitrous acid.

(ii) the hydration shell hypothesis
Species X may be a nitrous oxide molecule with a

" hydrogen jon in its hYdration shell.
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N.O - +H =——No0_ <u* = (45)
| 2 aq < 2 aqg
Such a species would not remove H® from solution, as
it would allow H' to behave more or less as if it were
‘"free". The acidity of the solution would not depend
upon the nitrous oxide concentration. Its reactions
with the hydrated electron would be to behave as if

it were either N, O or H+ as in (46) and (47).

2
L - . ,
NZanuﬁ + eaq-———;>N20aq + H (46)
. + - o )
N2annHi + eaq-———§>N2 + OH (47)

which along with the individual reactions of Ht and
N,0 with the hydrated electron:

2 .
) : T
HY + e, —>H | (10)

N,O + eaq-————;>N2 + 0 (15)
will result in the kinetic behaviour
+ ..
[NZO]t = [NZan](l +_K45[H iD) , ‘(XXVll)
Ge_ -k [H+](1 + k (1*])
—=a9_ .4, 20 - 4 (xxviii)
G(N,) [N,0] (kg + K gky, [H'D)

5 45747
only.if.kio = k46' This last equation satisfies the
experimental facts.

‘In such a system it would not be su:prising that
‘the solubility of the gas waslindependent'of}pH. The
shif£ in the absorption maximum might be due to an

ion'afmosphere'effect; However reaction (10) proceeds

- at a diffusion controiled rate; that is, each encoun-
| ' o

"ter of HY with e;q leads to reaction. Since N Oa

2 aq

must‘readt withve;q in two ways, and k,, must equal
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transfer process, while the relatively bulky N

.59

10a‘then it follows that Nzoaq°H @ust d}ffuue at a
faster rate than H' to be able to encounter e;q more
often. Since the hydrogen ion may diffuse by a'proton
+
Zan'H
has no such mechanism available to it, it does not
seem reasonable that Nzoaq'H+ is more mobile than H' .

The hydration shell hypothesis must, therefore, be

considered a very unlikely mechanismn.

2. Electron Irradiations

(a) Diffusion Calculations

At the very high dose rates produced by the eiec-

. tron accelerator overiapping of the spurs 1is possible

within ~10 nanoseconds.of their formation (i.e. before

2

~ 107° M N.O isAable to commence scavenging.e;q). The

2
time necessary for this overlap to occur must be known.
From Faraday cup measurements the shape of the electron
pulse in the cell environment is as shown in diagram

(A). For the putposes of calculation (A) will be ap-

proximated by: (B).
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The radius, r, of the spur at time t is given

by 8 -
r ='(rg'+ 2pt) /2 (xxix)

and the spur volume, Vg, by |
v, = [21T(2r2 +,4Dt)]3/2 (xxx)

wheré D is £he,diffu5ion constaﬁf of .the species under
consideratioﬁ, and rowis‘the initial spur radius with
respect to that species.

Eor thevhydrated electron'ﬁhe initial spur radius
is of the order of 20 R 14, while its diffusion cons-
tant 1is known fo-be 4.75)(10—5vcm2/sec 79. On the
j»basis of Faraday cup measurements and éyclohexané dos—
imetry, thé aVérége energy input bér fast electron is
estimatea to be y-450 kev. Assuming that it requires
~30 ev to form a hydrated éléctron, then each fast
electrpn will give rise to -~ 1.5)(104 hydrated elect-
"rons on the average; For electrons with initial
energy from 200 to 500 kev about 60% of the hydrated
~electrons formed are found in isolated spﬁrs 10. It
is the overlap of these sputéjthat we wish'to éalf
culéte. Since an electron of 500 kev will penetrate
to a depth of ~2 mm in watér 1b, and since the area
irradiated was a circle 33 mm in diaméter, then the
voiume irradiated was ~'1;7 cm3° Taking into consider-
ationAthé'typiéal depth-dose pattern andlthe volume
that will also be occupiéd by blobs and short tracks,

' then when the total volume of the isclated spurs
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.reaches A2 cm3 overlap should have occurred Calcul—
" ations done on the ba51s of the above assumptlons are
given in the follow1ng table. |

.TABLE IX

Spur Overlap.Calculations

.‘pulse time . r v ’ volume occupled 60% volume
(nanoséc.) (R) . (x%) (cm ) (em®)
5 20 3.5x10° 8.2x 107> 4.9 x 1073
0. - 70 1.5x10° 5.4x 1072 3.2% 1072
15 100 4.4x10° 2.3%x 1071 1.4x 107t
20 120 7.6 x 10° 6.3x 1071 3.8x107 %
25 140 1.2x 10’ 1.4 8.4 x 107 ¢

30 155 1.7x 10 . .

35 170" 2.2x 107 . 2.

40 185 2.8x10 . .

45 195 3.3x 10 . .

50 205 3.9x10 9.3 5.6

Even with all the approximations that were made
(which_usually erred on the generous side) it seems
fairly obvious thatboverlap must have OCcurred~by'the‘
time the pulse of electrons has finished. We are
dealing therefore with a situation-wherein homogen—
eous klnetlcs are appllcable for a scavenglng process
_1n which (k. [s]) 1:>3x10 8 sec. (This was not the
case for the cobalt~60'yLlrradiatiOns. With 1Of2 M
nitrous oxide present only ~ 10 tracks exist withio
the solution,at any one time. This corresponds to a

" ‘spur volume ~ 10_13'times_the‘solution volume. Even
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4MVNZO and 10—4 M HT present the spup
'volumé to solution volume ratio is -~ 10_10:1. The

with only 10~

'kinetiés of thesé cobalt-60 1V—irradiations are

,vdefinitely inhomogeneous, )

(b) Nitrogen Yields 
The nitrogen yields for higﬁ-intensity electron
Iirradiationsvare.Shown in figure 7. The systematic
error in alligases:Was-&:12%. Depletion of nitrous
oxide is a_very realipossibility in the system. All”
the fést electrons are stoppéd in about 1 cm3 of 10
cm3'of solufion, but the reactions that occur are.
20]from'the

completed so quickly that diffusion of N
bulk of the‘solﬁtion into the irradiation site is
negligible. Depletion will be g:eater'at lower conf'
centrations of Nzo.'fhis effect will cause points to
be shifted horizontally by varying amounts, but the
main features of the curve remain - a.plateau.and a
sharp rise. By very generous estimation less than
 25% depletion occurs at the lowest nitrous oxide
concentration and less than 5% atAthe,highest.

The nitrogenAfo:med‘must‘(at least in part) be

2

H-atoms. At high intensities the bimolecular feactions

eT + e~ ——-—§>H2 + 20H™ (8)

aq aq

H +VH——->H2 (2)

compete with the reaction of nitrous oxide with these

attributed to the reaction of N,O with e;q and with

species much more effectively thah at low intensity.
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The effect, as predicted by equation (xviii), is the

need of higher concentratibns of N_O to scavenge e_

2 aq
and H;'Thus ~ 5}410-4 M nitrous oxide is necessary to
accomplish significant scavenging at high intensities
whereas ~ 5)(10—5.M is sufficient at low intenéities°

The variétion of dose with dééth as well as the
variation of electron intehéity during the pulse will
result in a séctiqd of the irradiation site receiving
a‘sméller dpsé at a rate'much lower than-the éverage.
A lower dose rate méaﬁs tha£ homogeneity is a less
likely condition., In this low dose rate section a.
¢ondition of inhomogeneity may be found, such that.
less nitrous oxide 1is needed to scavenge e;q. If this
were the case, and if the section under discussion
were a significant portion of thé irradiation site,
then a plateau could occur in the G(Nz) versus [NZO]
curve. As such a plateau is apparent in figure 7 at
low N2O concent;ations, the above arguement may be
reasoﬁablg.

A most significant fact is that G(Nz)‘frpﬁ a
&2)(10-2‘M nitrous oxide solution is greater for the
high intensity electron irradiations. than for the iow
intensity cobalt-60jy-irradiations;'This may be exp-—-
lained in two ways - either.Ge;q is, for some reason,
higher at high intensity, or some.other species con-
-tributes to this high»value. If some other species

. reacts with NzO at high intensity then it would also
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"be expected to do so-at the'saﬁe éH and [NZO] in the
- cobalt-60 eXpérimentéol | |

Y + N,0 ;——-9-N2 + 0Y -(48)

Y ———>product . (49)
If species Y is lost in_reaction'(49) by a pseudo-
firSt_order proceSs; then‘reacti5n (48) would be
intensity independent. If Y is lost by a bimolecular
p:bcess then-reacfion (48) Qoulg'produce less ﬁzvat
high-intensify. The explaination ofvﬁigher.G(NZ) can-
4n6t be:that another gpecies'is scavenged by NZC.

Therefore the conclusion that at high intensity

vGe;q is laréer than atvlow intensity was drawn. Since

N20 is less effective in scavenging e;q due to the

bimolecular reaction of e;q with itself, the same will

aq
takes place an order of magnitude higher in nitrous

be true of H—atoms.'Significant_scavenging of e

"oxide concentration at high idtensity. Applying the

same condition to the H-atom, scavenging of H will

2

only just be significant in ~2 x 107°M N_O solution.

2

Thus an increase in GH at high int?nsity would héve
onlyla'small effect on G(N2) at the nitrous oxide
concentrations used. The increase in G(N2) at high
intensity must be attributed for the most part to an

increase in Ge;q. Whether GH also increases may only

O greater than atmos-
2

be determined at pressures of N2

pheric. In any event, for [N,0] ~ 2x 107
29 '

M, G(N)

- ev/l-sec. is'greater'ﬁhan
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“at ~ 2){1017'éV/1;sec,ﬂby approximately 0.4.

 Addition of 0.26M isopropanol to a 2.6x 1072 M
niﬁrous oxide solution does not reduce G(N2) at these
'high-intensities. Similar>results have been-reported'
at'a'dosé of ~1017 ev/ml 31. The conclusion to be
drawn ié that isopropanol.does AOt scavenge a species
- capable of reacting with NéO to form N2. Since iso;
'propanol is known to reéct: much more rapidly with H B

than with e;q'there éppears to be a real increase in

_Ge;q in'goihg from - very low to very high dose rates.

(c) Hydrogen Yields

. The. hydrogen ié formed in the irradiations by
reactions such as | ‘ |
H + H —>H2 (2)
e;qA+ e;q~———§>H2 + 20H (8)
where, since more e;q is formed than H, peaction (8)
is the more important,_The yield of hydrogen from

 pure water at high intensities was found to be

'G(H,) = 1.15%0.2, which is similar to values found by
| 29

othersat high intensities 25, and at low doses
This value of G(H,) is lower than might have been
expected on the ba51s of reactions (2) and (8) being
the only significant processes. Then
G(H2) = 1/2(Geaq + Gy) 2 1.75%0.2  (xxxi)
However hydroéen,is lost in back reactions such as
OH + Hz—é’ H,0 + HV - (35) -

" so that the yield of hydrogen is gi?en by’
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~G(H2)_<_1/2(Ge;q+GH—k35fOH][H2]/I)' | (xx'x‘ii)'.
Thus a»value'of.G(H2)¥=‘1.15i0.2 is ndt'su;priSing,

Wnen nitrous oxide.was introduced into the sol-
ution the hydrogen yieid as expected, was reduced.
The reductlon was proportlonal to the amount of N2
that was formed. The curve of G(H ) versus [N ol
(flgure 8) is the reverse of f;gure,?,‘rlslng as G(NZ)
falls. Since the hydrogen yield is not feduced;to’
zero, it is evident that all the precursors of molec-
ular hydrogen have not been scavenged,.even et the
highest [NZO]vused, | |

. Addition of 0.26 M isopropanol te a solution of

2.6)(10—2 M nitrous oxide increased the hydrogen yield
by 0.88+0.22. Since hydfogen may be formed from iso-
propanol by the abstraetion of a H-atom by some
species Z to give molecular hydrogen,

Z + CH3CH2CH2OH————E>CHétHCHZOH + H (50)

2
this increase must reflect the yield of Z. Thus we
‘may say that Gz-= 0,88#0.22. One should note that
this yield is higher than the G for cobalt—60 ir-
- radiations (G ; 0.6) and thus if Z is an H-atom the

yield of both the prlmary reducing species H and ea

increase at very high dose rates.

3. Conclusions
Coba1t~60'7Lirradiations of aqueous nitrous oxide
-solutlon were undertaken 1n an attempt to determine

'ylelds of prlmary spec1es produced by the radlatlon,
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and to‘resolve differences in relative rate constant
;§t10§ of the type k(eaqfs)/k(eaq+N20?,vwhlch do not

agree from place to place. These relative rate cons-

tant ratios are commonly determined with ~ 10_2 M Nzo.

Use of this [NZO] will result in additional unwanted -

scavenging of another species X, which will give
erroneous ratios. G(X) = 0.65*0.1. Yields of primary
_species determined in this work are: Ge;q = 2,4%0,1,

G * ~ 1.6, and G

_ +
_HZO 'H2'

- Results from scavenging experiments in acidic

= 0.35+0.05.

dilute nitrous oxide solutions cannot be explained
~on the basis of a simple competition, a charge trans-
fer mechanism, or scavenging of two distinct species.

The results may, however, be explained by assuming

that NZO is converted to another species in acid

solution, This acid nitrous oxide species reacts with
the hydrated electron five times more slowly than

does N,O in neutral solution. It is. suggested that

2
this species might be H2N

202.

Neutral aqueous solutions of nitrous oxide were
irradiated at high intensity with 0.52 Mev electrons
in an effort to observe a decrease in solute reaction
products, and to determine primary yields at high dose
-rates. Asléredigted; the concentration of NZO necessary
to achieve significanﬁ scavenging was larger at high
,dose'rétes than that at low dose rates. Since scav-

..enging aﬁ low dose‘rates’is complete for ~ 1072 M NéO, ‘
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while at high dose rates it is not complete at
2.6x107° M N,

efficient at high intensities.

0, nitrous oxide seems to be less

The high intensity yield of e;q was found to be
larger“than;the‘low intensity yield. A positive or
négative staﬁement of similar kind cannot be made
fér GH.until investigations at pressures of NéO
greater than atmospheric are completed. Thé yield

of nitrogen from a 2.6)<1Of2

29

M N2O solutibn at

‘ev/l-sec. is higher ([SG(N2)~0.4) than

at ~ 2:{1017 ev/l-sec. The yield of hydrogen from

~ 2x10

pure water, G(H2) = 1.,15%0.2, is about that expected

on the basis of the inter-spur reactions of H, e;q,

and OH.
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"LIST OF ILLUSTRATIONS

a) Pyrex reaction vessel for gamma irradiations,

Solutions prepared and degassed in 50 ml round-
bottomed flask but irradiated in tube as snown°
B14 ground glass joints were used.

b) VeSsel for electron irradiations. Aluminum -
face plate A.attéches to accelerator;Ametal foil

B transmits eIectronsvinto stainless steel cell

. Co Interiorbof C observed through pyrex window D

~araldited onto cell back. Solutlons prepared and

degassed in 50 ml round-bottomed flask F- araldlted

onto cell at entrance port E.

a) Cell for transfer of gases from vacuum line to

~gas chromatograph.

b) Cross-section of Faraday cup used.
Typical chromatogram.

Nitrogen yields as a function of nitrous oxide
concentration at various pH values for Co-60
gamma irradiations. Dose ~ 7 x 1017 ev/ml. The
pH's are: .10‘40042'45.7 »>11.2, a'nd

()13.

Reciprocal nitrogen yields as a function of
rec1proca1 nltrous oxide concentrations for
Co-60 gamma rays. Dose ~ 7 X 1017 ev/ml. B pH 3. 8,
Opt 4.0,0pH 4.2,OpH 4.3,0pH 4.5, and & pH 7.

Mean [NZO]/G(NZ)'as‘a function of hydrogen ion

concentration.

Nitrogen yields as a function of nitrous oxide
concentration for electron 1rrad1atlons. Dose(

~ 1.2 X 1019 ev/ml., () 0.26 M 1sopropanol present
no other solutes.



Figure 8: Hydrogen yields as a function of nitrous oxide
‘ concentrations for electron irradiations. Dose
A 1.2 x 1019 ev/ml. 00,26 M isopropanol preéent,

' no other solute present. |

Figure 9: Fricke Dosimetry plot. Optical density at 304
nanometers as a function of irradiation time.
010-3 M chloride present. € chloride absent.
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LIST OF CORRECTIONS

Page Line

Correction

5  4th last
9  4th last

10 ~ 2nd last

11 7th
17 3rd
18 . 8th
20  2nd
31 11th
32 12th

35  8th last
oy Lth
45  10th
56  table: b,
58 last

eleétic to read elastic
éffect to read affect
effect to read affect

after chemical insert effect
COOH to read C1CH,COOH

3 2
effect to read affect

C1CH

(called scavenger) moved behind ution
on 1st line

was to read were
surpress to read supress
it to read its ‘
reposted to read reported
does to read did

’

represent to read représentsv

kha»tp read k46




