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ABSTRACT

This thesis is concerned with a detailed investigation
of the nature, yield, stability, and reactivity of solvated
electrons in hexamethylphosphoramide (HMPA). Evidence is
presented for their formation by radio]ysié and for their
comparatively long-lived existence in this highly polar
aprotic solvent in which ordinary anions are particularly
weakly solvated. By means of microsecond pulse radiolysis
methods it was shown that the solvated electron in HMPA has
a intense broad structureless absorption band with a band
maximum at 2200 + 100 nm, a band half-width of 3600 cm™' and
maximum molar absorptivity of (3.2 + 0.5) X 104wl et The
spectrum is similar to that found in solutions of sodium metal
dissolved in HMPA.

Radiolysis studies provided a value of 2.2 + 0.2 for the
free-ion yield of solvated electrons. This was established
by both pulse and steady-state methods and is approximately
what one would expect on the basis of the Tiquid's dielectric
constant when compared with other solvents. An interesting
deduction from the steady-state ¥-radiolysis results was that
NZO does not scavenge electrons on a one-to-one basis in this
solvent, but rather produced more than one N2 molecule per
electron scavenged. The yields of N2 from NZO scavenging of
electrons in HMPA/water mixtures are also reported for the full
composition range. Electron decays were studied spectro-

photometrically and its rate of reaction with N20, pyrene,



anthracene and other additives are reported in the thesis.
Hhen stable solutions of solvated electrons in HHPA (alkali

metal solutions) were themselves irradiated, a net decrease

HiIAPA
reacts not only with its concomitant positive ion but also

in electron concentration occurred, indicating that e

with other radiolysis products.

Pure HWMPA produces hydrogen and methane when irradiated,
with yields of 3.3 + 0.3 and 0.29 + 0.03 respectively. The
H2 yield was shown to comprise a non-scavengable molecular
process (whose yield is 1.4 + 0.1) and a scavengable part

(yield 1.9 + 0.2) that clearly involved solvated electrons.
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CHAPTER I

INTRODUCTION

A. HEXAMETHYLPHOSPHORAMIDE

Hexamethylphosohoramide (HMPA), [(CH3),N],PO, is a most
remarkable polar aprotic solvent! It is a Tiquid at room
temperature of moderately high dielectric constant (30 at 20°C),
has a Targe dipole moment (5%.3D at 20°C), and is completely
miscible with both polar and -- with the exception of saturated
hydrocarbons -- non-polar liquids. This solvent derives a
number of extraordinary properties from its peculiar structure

and charge distribution.

N

H
Yol o
H b H

Figure I-1. Hexamethylphosphoramide,



As shown in Fiogure 1-1, the HMPA molecule has a gencral
pyramidal shape. The phosphoryt group is considered to be
about 5C% donic which accounts for the molecule's large dipole
moment. In addition, the resulting hiah electron density
Tocalized at the oxygen aibw inrerts to the molecule an
unusually high basicity. The positive end of the dipoele, on

]

the other hand, is symmetricelly dispaersed over the pheospncrus

s

and threc nitrogen atoms and is thereby stericaliy screencd
from the surroundings hy ij metnyl groups. In terms of its
dielectric arvangement +hen, the HMPA molecule is a sort of
"mushroom” shapcd dipole having a well defined negative "stock"
but an extremely diffuse positive “"head". As a result, HMPA
solvates positive jons extremely strongly but negative icns
Onily very wveakiy. Intg, combined witn 1ts basicity, renders
dissolved anitens exceptionally reactive. For example, fluoride

and chloride ions are especially strono bases in HMPA. Some

reactions that are known to involve the Tormation of intermediate

anions (carbanions Tor instance) are greatly accelerated in
Lhis solvent,

Equally remariable is the innate slability exhibited by
HEPA towoerds many types of highly reactive species. Probably
because of ihe sleric screening of its positive region, HMPA
1s ecsentially inert with vespect te nucleophilic attack.
A1l its hydrogen atoms are £ to the polar group and rather
unreactive. The solvent does not undevgo hydrolysis in the

prosence of alkaline mndiay.uwionly those reagents



which can attack the exposed negative region of the molecule,
i.e., the oxygen atom, react to any great extent with HMPA.
Thus both Bronsted and Lewis acids act vigorously on HMPA.
While such reactions ultimately lead to the replacement of one
or more dimethylamino groups by the anion (A~ from say, reagent
H*A™), it is likely that the initial attack occurs at the
oxygen. Subsequent heating of the resultant complex no doubt
gives rise to the observed substitution product -- probably

via reaction (1.1).

(CH3) N (CH3)2N It 5
(CH3)?N::>=P===0 + HA == (CH )ZNEE§=P 0— H—roA
(CH3)éN//// (CH3) N
(CH3)2N
;:::Z(CH3)2N\\\\%) 0—H + 1@
3)2N////

(CH3) M
$ ©
T2 (CH ) N—P—0 + (CH,) NH + A

(C“3)2N\\\
ZZZ:ZZ(CH3)2N::;7P===O + (CH4) ,NH
A

(1.1)



Normantl in a comprehensive review of the physical and
chemical properties of HMPA, concluded that from all] points
of view it js the best polar aprotic solvent.

An undergraduate student, J. P. Matanovich? noticed that
alkali metals dissolved in HMPA to yield stable blue reducing
solutions. Such solutions have subsequent1y been shown to
contain electrons in solution. This thesis explores the possible

occurrence of radiation produced solvated electrons in HMPA.

B. ALKALT METAL SOLUTIONS

1. Liquid Ammonia

More than a century ago, in 1864, Weyl® reported the
preparation of intensdy coloured solutions from the dissolution
of sodium or potassium in Tiquid ammonia. He found that by
boiling away the ammonia he could recover the pure metals, so
the intense colour was attributed to ordinary chemical compounds
such as NaH3-N. Some thirty vears later, an undergraduate
student named H. P. Cady found that the electrical conductivity
of the metal-ammonia solutions was higher than that found for
solutions of simple salts in ammonia. It was Kraus" however
who was first to realize the true significance of this result.
He meticulously studied the "metal ammoniums" over a period of

more than twenty-five years and showed conclusively that dilute

solutions consisted principally of ammoniated metal ions and



and ammoniated electrons (1.2).

NH3
—_—p + -
am ¢ Mam ¥ €am (1.2)

0gg® described the ammoniated electron as an electron trapped in
a solvent cavity formed as a result of the surrounding solvent
dipoles having all their protons directed inward. The resulting
net positive charge at the cavity center acts to stabilize the
electron. Solvation of the metal cation occurs similarily, but
in that case the solvent dipoles are reversed -- the nitrogen
atoms being directed to the cavity center. There is probably
Tittle tendency for a simnle NHé anion to be formed. One can
easily envisage electron capture by aromatic molecules because
they have Tow-lying unfilled molecular = orbitals available with
which to stabilize the excess electron. For the NH% anion,
however, the excess electron must occupy an antibonding orbital --
an energetically unfavorable arrangement.

Now, the close orientation of several ammonia molecules 1in
the solvent cage, each having the positive end of its dipole
directed inward, would lead to mutual repulsions. Such forces
would result in the expansion of the cavity which should be
accompanied by a decrease in the density of the solution. 1In
point of fact, a saturated solution of Tithium in liquid ammonia
has a density of only 0.477 gm/cm® at room temperature® and is
the least dense 1iquid known at that temperature. Since Tithium
and ammonia have densities of 0.534 gm/cm?® at 20°C and 0.68

gm/cm?® at -30°C respectively, cavity expansion appears evident



in metal-ammonium solutions. Lipscomb7lmade calculations
which showed the e]ectroﬁ cavity inviiquid amhohia being about
3.2 A in radius or roughly three times the'Volume of ammonia
molecules themselves. If one assumes cubic;c]ose4packing of
solvent molecules howevef, this vacancy corresponds to the
homp]ete removaljof only a single NH3 mb]écu]e. In this regard
then, the solvated electron in ammonia resembles an electron
trapbed in’a_crysta1 defect (i.e;. an F centre).
| Krauéevhas shown that the mobility of the ammoniated
electron is about eight times that of a Sodium-ion. This
observed mobility is mucﬁ’sma]]er than would be exnected for
a free e]ectron, but is sufficiently high to réquire an electron-
jump mechanism rather than migration of the entire cavity. In
a more receht Conduﬁtivity study,.Arnold_and Patterson® have
shown that electron mobility is concehtratibn dependént and
may part]y»invo]ve an electron tunne]]ing mechanism. Indeed,
the uncertainty principle requirés that the electron not be
localized in the trap but move free]y'in the region of the cavity.
Ca]cu]atfohsl° indicate thét the electron in fact spends much of
its fime outside the cavity. » |

Regardless of the alkali metal dissolved, the ammonig solu-
tions exhibit a broad asymmetric qbsorption in the infra-red.
This band, associated with the ammoniated electron, has a maximum
at 1500 nm and a width‘at half-height of about 650 nm. The
question arises as to whether the band resu]ts from transition
between bound electronic levels, or simply a transition from the

trap to a conduction band. Stairs!? refined the calculations of



Lipscomb and concluded that only a s1ng]e bound state ex1sted
Attempts to detect photoconduct1v1ty from these so]ut1ons were.
‘unsuccessfu133 To date, many attemnts have been made to |
describe these systems. Perhaps the most successfu] theoret1ca1

[

description of the optical properties of a]ka11 meta]/ammon1at

"solutions is that formulated by Copeland, kestner, and Jbrtnerl“‘f”:3

Kestner?!?® 'extended the ca]cu]at1ons to predict the location of

the first exc1ted state of the ammon1ated e]ectron The overa]]"'

consensus of op1n1on is ref]ected in a recent publication
on the subject;!® that the absorption band associated with the
ammoniated electron arises from a single (2pe—1s) electronic

transition between bound states. A study of the photoelectron

emission spectrum from solvated e€lectrons in ammonia by De]ahey  jf'>

et all”? adds practical support to this conjecture. Their
observations were consistent with a bound-bound electronic
transition (similar to the g band for F'centres) follewed by )
auto-ionization. t
In dilute metal/ammonia solutions, the ions interact only  a*§
very weakly with the result that theirebehavior resembles specieel
in the gas phase. More concentrated ee1utions take on a bronze-
1ike luster, become even less dense, and in some cases separate

into two 1liquid phases!® Pohler and Thompson18

by simply
treating the concentration solutions as liquid metals, were able
to qu1te accurate]y pred1ct their electrical conduct1v1ty In
fact, solutions conta1n1ng more than 9 mol % metal have since

been shown to behave in most respects as liquid metals!® Clearly

then, additional spec1es are present at the higher concentrat1ons;



It is known that the tota] sp1n paramagnet1sm of the so]ut1ons
decreases marked]y w1th 1ncreas1nq meta] concentrat1on2°f"' )
Hust]er proposed an equ111br1um between 1on1c spec1es and if'

'd1amagnet1c meta] atom d1mers‘(1.3).

- 2Mam f_zeam_ ‘—‘*f*“‘_MZ am . T (13)

Jolly and co-workers!'! were first'to_attemptuto distinguiSh
‘ v , . ST o

spectroscopically e;m,'M M. and Mzt

am® Mam species or_eva]uatev.w

am-.
the equilibrium constants: |

D) ke

1.2 ° [naﬂ ) ", ) an; f:‘ ;:'ki)' ‘
Ky oo [M.Z a"‘] _ - | L
| [M;m] 2 [é;m]z S "(".151)"

Unfortunate]y,,they were on]y-ab]é to 5uggest that the dev{ation
from Beer's Law at 2100 nm ekhibited'by solutions containing
greater than 0.05'M meta1 in ammonia arose from dimer or polymer
formation. Becker, L1ndqu1st and Alder?? proposed a monomeric
species Mam’ or. (M;m.° am) cons1st1ng.of an alkali meta1 cat1on
sunrounded by apprbximate]y six oriented ammonia molecules with
an electron circulating around the ion on the‘brotons. The
discovery of.nuc1ear}hyperfine spiitting by the metal froh EPR
studies of the_sOluttonszs has demonstrated unequivocatly the

presence of a monomeric metal species. However, that work shdwed_e



that the spec1es was not respons1b1e for the v1s1b1e absorpt1on. )
band and that 1ts most 11ke1y structure was that proposed by
‘Becker et al. - h;_ .h ,‘ '.‘ d | o
Arnold and Patterson .}stud1ed the proposed mode1s carefu]]y

-and found ser1ous d1screpanc1es between the theor1es and bf“iw
expernment_-4;part1cu1ar}y for some e]ectr1ca1 and magnet1c'
oproperttés of the so]ut1ons g It became apparent that at 1east
'two.difterent spec1es conta1n1ng pa1red e1ectrons were requ1red
' They proposedfthe add1t1on of an M - centre 1n add1t1on to the

centre 'aniM centre be1ng an e1ectron trapped

neutra] M2 am. ‘ am

in the f1e1d of the monomer1c M spec1es as dep1cted by react1on

(1.4): -"

g e ';;_f_f;_,’i?ﬁ .”"‘ -  "1_*:_'5 { o o
'lmam‘t:eamﬁffff*f_" Mam"prTMam)' S :n,(]:A)u

"-F1na11y, Go1den, Guttman and Tutt]e25 assemb]ed a11 the known o

data and were ab]e to quant1tat1ve1y account for the propert1es S

of meta] ammon1um so]ut1ons in. terms of the fo]]ow1ng equ111br1a:?l
cam. YT -_am“tweam S (1.2)
Mam ﬂf,?" am . o 'd.:_” (1;5):



.2.'?Anines.& Ethens :

Poss1b1y for h1stor1ca1 reasons, the maJor port1on of the
Hwork w1th a]ka11 meta1 so]ut1ons has been conducted W1th 11qu1d
_ammon1a : The solvated e1ectron is an extremely react1ve spec1es'f
.and seems to react w1th many so]vents and the1r trace 1mpur1t1esy;?
However, a number of am1nes and ethers have been proven capab]e s .
of form1nq stab]e so]ut1ons of the act1ve meta1s ' The pre-,
requ1s1tes for so1vent su1tab111ty appear to 1nc1ude an 1nherent'"d
permanent d1po1e and a res1stance to reduct1on Most of the
compounds are 1n fact “better" so]vents for a]ka11 meta]s than_ffwt
is 1tquid ammon1a in ‘so far as ease of hand11ng and so]ut1on
stab111ty is. concerned These advantages have had the1r pr1cev' |
however as the am1ne systems have oroven to be the more comp11cated
In the amines,- even 1n the d11ute so]ut1on, the a1ka11 meta] L
appears to p1ay a more act1ve ro]e than s1mp1y be1nq the vd.
counter1on to the so]vated e1ectron In contrast to the a1ka11
meta]/ammon1a systems in which on]y a . s1ng1e broad asborpt1on is
observed, when amines are used as ‘a solvent the so]ut1ons genera]]y
exhibited at 1east three distinct absorpt1on bands? j—F called
the IR, R, and V bands The:IR band in the 1nfra red near 1300
nm was nhearly 1ndependent of the meta1 used both in shape and
position. - That band was-attrlbuted ‘to the so]vated e]ectron.
The R band occunred at hioher energydbut the oosition3oflthe-
maximum was dependent upon‘the metai dissolved. The V band,
found around 660 nm, was'not dependent Upon the.a1ka1i.meta1 dsed.

This discoveny of'a_second stab]e'species apparentTy invo]ving



hon]y e1eetnons and/or sd]vent molecules stimu]ated a great‘"
deal ofiresearch. A number of species'were proposed to .

. . 2-',‘
S ey
However, there was a d1sconcert1ng Tack of agreement among

account for-the V band, -among them the d1e1ectron

various groups pertaining to the reIat1ve 1ntens1ty of the t
absorption2® Then, Hurley, Tuttle and Golden?’ offered a very
rational explanation. They proposed that the absorption Was
simply the R band of sodium in the solution. That is, in amine
solutions containing alkali metals other than sodium, the
sodium R band appeared as a nesu1t of sodium ions being leached
from pyrex vessels. They went on to demonstrate that potassium/
ethylamine solutions prepared and contained solely in quartz
"apparatus did not exhibit the 660 nm band. However, the addition
of sodium salts or contact with pyrex g1assware.resu1ted in the
1mmediate formation ot the V band, conf1rm1ng the1r susp1c1ons
The pos1t1on of the R band max1mum 1n am1ne so]ut1on was
dependent upon the a]ka11 meta1 u1ssolved The species respons1b]e'
then, call 1t Xm, was c1ear1y a meta111c spec1es and was l
prohabTy'analogous to‘onetof'the'Species (M:; MS; M;, or M2 S)

postu1ated for the a1ka]1 meta1/11q ammonia system._'Now; there .
was ev1dence that the spec1es were d1amagnet1c2.3 whith-rules out
the atomic spec1es.Ms. The re]at1ve 1ntens1ty of the R band
with_respect to the 1R~(e ) band tended to decrease upon d11ut1on
This, a]ong-with'the‘fact that'phot01y51s of the R band y1e1ded

an 1ncrease in the IR band 1nd1cates a meta111c snec1es hav1ng
excess e]ectrons wh1ch was probab]y in equ111br1um W1th so1vated

electrons and some other meta]11c 1on,v These facts taken together



tend to_e]iminate the'pessibiTity of Xm being the positﬁve ion,
. - o .

'S

DeBecker and Dye3° managed to measure the osc111ator

strength of the 'V band transition (i.e. the R band of sod1um)
They found that ces1um solutions in ethylenediamine showed-on]y
the IR (e;) band. -The addition'of‘extess sodium ions removed
the IR band comp1ete1y,'rep1acing it with the V band. By nsing
intermediate concentrations of sodium salts, they obtained both
spectra and ca]cu]ated a value for the V band ext1nct1on co-

4 M‘] cm_1 assum1ng one sodium ion.per -

efficient of 8.2 X IO
absorbing species. This value enabled 1ntegratton of the V. _
band spectra.and ca}cu]atﬁdn of the oscillator strength fornthe
‘transition -- a va]Ueif =1.9 i 0.2 being obtained. Notﬁce
~that if the spec1es conta1ned two sodium nuc1e1 th1s va]ue-
would have been doub]ed ~ An osc111ator strenqth of 2 requ1red
that at 1east two equ1va1ent e]ectrons be 1nvo1ved in the

‘ trans1t1on. These ca]cu]at1ons:1nd1cate,rather convincing1y
that the Speciesr(ij neéans{b]éhfor?the R bands of sodium in
amine’$o1ution ts"the netal anion;ANa‘ Dye a]so showed from
‘fast kinetic stud1es of the reaction between Na® and eS in |
ethy]ened1am1nevthat both the decay of the electron and the
growth of the R band were second order in e;',wcbnsistent"with
the other calculations. | . o

. | Actual]y,'Mantalon; Golden and Otto]enghi3i had ear]ier
concluded (although from much 1ess conc]us1ve work) that metal

anions were respons1b1e for the R:bands. They-had noticed that

the Xm species was,eas11y photo]yzed and that the R band spectra



itself exhibited a mehked‘blue shfft when .the solutions were
cooled. Since these propert1es are character1st1c of charge- 
transfer-to- so]vent (CTTS)’spectra, Manta]on et al. decided to .
examine the amine spectra in this 1nght.

| In CTTS spectra the sd]venp plays an 1htedra1 part in
determining the_trahéitidn energy. Generally, visible and B
ultraviolet absdrptione of mo]ecuTes‘ihVO1Ve'efectrbnic
excitations fromground’to eXcited mo]ecu]ar States_—- i.e.
intramolecular transitions' The exc1ted e]ectron remains bouhd
to the mo]ecu]e and 1ts absorpt1on spectra often deta1ls the
v1brat1ona1 properties of the molecule. CTTS spectra on the
other hand arise from the trahsfer'of an electron from,spmeb

solute sbecies, X, to a molecule of its solvetfon shell, S.(TQ?);;'f‘
XTeS > X+ST 7y

The ground state spec1es is. regenerated by therma] deqradat1on.
of the exc1ted state. Because the e1ectron is: on]y weak]y

bound to the solute, CTTS species read11y-uhdergo auto1pnjzatient
The ha]ide jons in water are typicel examp]es; CTTS spectre

are smooth and structure]ess, usua]]v occurring in the ultra-
violet. They usually obey Beer's Law. Because of the d1rect
involvement of solvent structure in the transitions, the

absorption maximum, X is very sensitive to changes in solvent

max’
temperature, pressure, and composition.
With these considerations in'mind'then; Mantalon, Golden

and Ottolenghi?! carefu11y studied solutions of sodium metal



; 14“;

in ethy]amine/ammonia.L,They cOné1udéd tﬁét fhe species Xm w§5‘
the metal anion (Na~ in that case) and that it produced a
typica1'CTTS}spectrum. _ o | |

As was the case-With méta1/ammdnfa'sb]utibns, extenste
spectroscopic32 and electron spfn studiés?3’54’55 of metal/
amine.so]utions'led to the diScf%minatiqniof~at'least-six
distinct species. _

Tﬁat is, in géneraf so1utions of alkali metals involve
the stabiiity, interaction and reactivity of the following

solvated specieé:

S, soTvent molecules

MS, neutra]-meta} monomers or dtqms'
metal cat{ons

"e;, electrons

metal anions

o g> neutrallmeta1 dimers

O0f these species, the solvated electron is particularly

'interesting and important.'

3. Water - The Hydrated Electron

The addition of alkali metals to pure water leads not to
the formation of stable solutions but instead to rather violent

reaction. Classically, the process has been described in terms
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of the formation 0f~hydrdgen atoms (1.8) which cbmbine io

!..

produce molecular hydrogen (1;9);

M+ H,0 —— M+ onT 4 H o (1.8)

He H — H, o L (1.9)
As the solvated electron became more and MOre,estab1ished as

a speties of major importancé in metal solutions of ammonia
and_tﬁé'amines, people began to'suspect that it might also

play a role in the aqueous system. That is, hydrated e]ectron$
might be formed fnitia]]y (1.10)lwhich,then go on to.produce
hydrogen (1.11). | I

q aq _ (1.10)

(1.11)

"Shaede and Walker?®® attempted to 1nterruptfsuch a proceés by
reacting sodium with water containing scavenger solutes that
could distinguish between hydrated electrons and hydrogen atoms
as intermediates. Initial experiments with sodium mirrors and
water showed fhat the presence of 0.02 moles/litre scavenger
had 1ittle effect upon hydrogen forhation.. Thus, either. the
process was too fast to'be interrupted, or else didn't involve

the intermediates proposed. They subsequently "diluted" the



sodium by makfng an ama]gam w1th an excess of mercury ‘
‘Dilution made.jt poss1b1e to extend the react1on t1me from 1essyi
than a)second to severa] hours. Shaede and Walker were then i;fii
ab]e to-scavénge the hydrogen precursor Even 1n the presence. gaf?
of an excess of - methano1 wh1ch is known to eff1c1ent1y scavenge‘&b

hydrogen atoms (1 12), hydrogen format1on cou]d be prevented

e ongn 2 gy,
6 ] '4 _]37 ' 1

where'hTJ]‘2 2 X 10 M

K However, at ]ow pH where hydrated e]ectrons wou]d qu1ck1y‘be

converted by protons to hydrogen atoms (1 13), hydrogen :fyﬁ K
product1on was unaffected by the presence of add1t1ona1 so]utes;rdﬂf”
That study proved conc]us1ve1y that hydrogen atoms are not

produced dur1ng the sod1um ama]gam/water react1on and stronq1y
1nd1cated that the hydrated e]ectron is the. reactive. 1ntermed1ate
S1m11ar 1nvest1gat1ons38 in wh1ch react1on rate rat1o stud1es .
were conducted corroborated that conc]us1on As can be seen, R
so]vated e]ectrons ‘were becom1ng a spec1es of 1ncreas1ng

chem1ca1 1mportance
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C.  RADIATION CHEMISTRY AND SOLVATED ELECTRONS

Nhen matter is subJected to rad1at1on of suff1c1ent1y h1gh
‘eneroy, some of its mo1ecu1es are 1on1zed and e]ectrons eJected
In a- 11qu1d the excess energy of such e]ectrons is qu1ck1y
lost to the surround1ng so]vent mo1ecu1es However, before,1t_ .
15 therma]1zed.(reduced-to thermal energy, kT) an electron may"-
have trave]]ed quite sOmevdistence trom the.ionized mo1ecu]e
(now a pbsitiye ion)iv Therefore,‘the-distfnct possibi]ity
exists that such an e]ectron m1ght become solvated and thus'
stab111zed in the med1um rather than returning to its parent
ion and be1nq 1mmed1ate1y neutra11zed 'After.a11, as1de from
-1tsotendency{foreneutra11zat1on,-the thermal electron shou1o
“not appear.tocthe.solyent'to'be very.dtfferent toven.electron
from a dissolved sodium;atomu ‘Therefore;'in sOTvents where
thebspecjes ere’elready,knownvto.be stable one might well expect
to find a radiation produced solvated electron. The implications
‘of’such:a specfes on'the.neactions associated with‘an irradiated
- medium (7. A. 1ts rad1at1on chem1stry) may be enormous. -In
'add1t1on, such phenomena m1ght facilitate deta1]ed studies of
the spec1es 1tse1f |
-W1thout doubt studﬁes ot mater or aqueous systems-have
dominated the f1e]d of rad1at1on chem1stry Thﬁs is not
supr1s1ng when one cons1ders that water is the most common
vso1vent can eas11y be thhly pur1f1ed, and-makes-up-the_bu]k
of b1o]oq1ca1 systems | | ’ o -

Prior to 1950, rad1at1on chem1ca1 stud1es of aqueous systems



were apparently well‘éxp1ained in terms of thé production and
reactions of_hydrogen atoh§,'H,lahd hydroxyl radicé]s, OH. The
| formatiqn.of thgée réducing and.oxidiziné species‘fo110wing
irradiation.was‘proposed.by Weisﬁég_to occurivia'the'fo1]oWing

mechanism:

radiation + ‘
AMAANA——» e
H,0 | Ha 0 +e (1.14)
+ : : +
H 0" + H 0 — — 0" 0H (1.15)
e + Hy0 > OH™ +.H (1.16)

where e~ and H20+ were extrenely short lived species (T < 10‘11_
sec). Over the next'deéade, it became increasingly apparent that
more than-one reducing species is produced during the rédio1ysis'
of water. In 1952, Stein“d found that CN, inhibited the
bleaching (reduction) of aqueous methylene b}ue during
irradiation, yet CO2 is unreactive towards hydrogen atoms.
Platzman had been making theoretical ca1cu1ations on water based
on knowledge of the ammoniated.e1ectron in alkali metal solutions.
At a conference in 1953%! he made the rather profound remark:

"I think irkadiated w&ter turns blue and we just don't see it".
His postulation was that a short-1ived so]vated’e1ectron |
absorbing in the red region of the spectrﬁm should exist in
irradiated water. The great reduction in hydrogen yield from

irradiated acidified aqdedus methanol solutions observed in the
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presence of ferric ion by Baxendale and Hughes“2? in 1958 could
not be satisfactdri]y exp]ained in terms of-a competition fqr"

hydrogen atoms, (1,T2) and (1.17).
H +. CH30H' —'——f ‘lCHZOH_ +:H2 . ' . (-I .]2)

H+ Fedt 4 2t 4oyt C(1.17)

Reaction (1.17) would not be expected to be able to compete
with reaction (1.12). But, if a hydrated electron were the
precursor of H in acid solution (1.13), then ferric ions might

well be.efficientTy'reduced by such a species (1.18).

Cag *H — ™ v L (1.13)
- > Fe - (1.18)

The following year, Hayon and Weiss*? confirmed the suspicions by
chemically distinguishing two reducing species. They did so

by studying a system in whichlthe two reducing species reacted

to give different observable products. Aéueous solutions of
monochloroacetic acid yielded hydrogen as the predominant

product in acid solution but at pH > 4, chloride ion formation
was favoured; .These results are consistent with the following

mechanism.
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Hy0 AMA—» e;q + other products (1.19)

erq * WY —— > i (1.13)

eaq T C1CHpCOH ———» 17 + CH,CO,H (1.20)
H + CICH,CO,H ——— H, + CICHCOH (1.21)

Tha§ js;jradib1ysis leads to the formation of hydrated electrons
(1.19) whféh react ét neutral or high pH with monoch]oroacetit‘
acid to give chloride ions (1;20). As the pH is lowered,
hydrated electrons are scavenged by protons producing the

second reducing species, hydrogen atoms (1.13), which upon

reaction with monochloroacetic acid produce a different product,

molecular hydrogen (1.21). These conclusions were echoed by
Barr and Allen** who studied the prob]ém by a totally different
approach. Instead of trying to proverthe exiétencé of two
reducing species by looking for different produgts from a single
reactant under different conditiohs, they studied the reaction
of "hydrogen atoms" produced by_different methods. They found
that hydrogen atoms produced from the free rédica] oxidation

of molecular hydrogen (1.22) reacted much more quickly with

oxygen than with hydrogen peroxide.

H2_+ OH ——» H + H20 , C(1.22)

\

!



However, the rate Constants for thé reaction of “hydrvogen'}'alt'oms'xI

produced from aqueous frradfation with oxygen and péroxidev:

were’essentia]1y edué].' This.again imp]iés the presence of

a reducing species other théh the hydrogen atom. Proof that

the second reducing speéies is in fact the hydrated electron

was nearly complete when in 1962 Czapski and Schwarz*®

détermined from kinetic ionic strength effects that the épeciesk

-carries -1 unit of charge. Finally, that same year, when

sufficiently fast detection equipment had become available,

Hart and Boag*® observed a transient absorbing species 1in

water immediately foT]owing a short radiation pulse. Although
thé4§pecies lived for less than 10 usec, Hért and Boag

determined its visible spectrum and identified it as the

hydrated electron, e; Since that time, the'hydrated electron

q’ _
has been the subject of countless investigations.

D. THE INTERACTION OF HIGH ENERGY RADIATION'WITH-MATTER.

In order to properly investigate the formation, properties,
reactivity and exact nature of radiation produced solvated
electrons, it is imperative td understand something about the
way in which the high energy radiation from fhe sources uséd

interacts‘with matter.
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1. Gamma Radiolysis

The intensity, I, of electromagnetic radiation paséing

throUgh matter-is»goverhed by the relationship:
o8 T (§i)

where IO is the intensity of the incident radiation, and u

is the total Tinear absorption coefficient of the medium of
thickness x. For X or y-rays, the overaf] Tinear absorption
coefficient is the sum of contributions from the four principle
mechanisms whereby energy is transférred to the medium?’ 'They.'
are the photoelectric effect, the Compton procesé, pair
production, and_photonuc]ear.reactidns. The re]ative'importancé'
of these interactions depends primarily upnon the energy.of the
incident photons and to a lesser extent upon the atomic number,

Z, of the absorbing medium.

a) The Photoelectric Effect

When all the energy of a photon is completely absofbéd by
a single atomic electron, the electron isvejected from the atom
with an energy, Ee’ equal to the difference between the.bhoton
energy, EO, and the binding energy, Eb’ of the eTectron in

the atom (iv). This is the photoelectric effect.
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Fe T B b (iv)

Momentum conservation is made possibTe through atom recoil,

that photoe]ectr1c 1nteract1on is not poss1b1e with. single
part1c1es The abcorpt1on cross sect1on for the photoe]ectr1c
"effect, Ty is governed by equat1on (v)

Tp o Z /EO - . (v)

Thus this process is important only for h1gh atomic number

materials and 1ow photon energ1es

b) The Compton Process

At energies > 0.1 MeV, photons cah undergo elastic
collisions with free or loosely bound electrons which result
in the transfer of'0n1y part of the‘ihcident photon energy.
Interaction of this type is called the Compton pfocess and

is depicted in Figure I-2.

Figure I-2. The Compton Process.
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»Upen co]]ision,'the-photon~iej§cattered at an éngTe é, with r{
energy E . The electron neC011s mith enengy E.s at an . endTe“hﬂ
6. As a consequence of the 1aws of conservation of energy

‘end momentum, the angu1ar re]at1ons are dependent upon the
energ1es 1ny01ved. ‘For examp]e; the energy of the,scattered Lf
photon is given by‘(vi); - | ' |

- L | &,

1 + (Eo/mgtg) (1 - cos e) ' . (vt)i

where m, C2 is the rest mass energy of the electron Neg]ect1ng

its b1nd1nu energy, the recoil of Compton e]ectron has enerqy, -
Ee, given by_(v11).

e "o s o o (vii)
It can be seen from equations (vi) andv(viﬁ) that the Compton
electron will have maximum‘energy when the photon is scattered

180°.

c) Pair Production and Photonuclear Reactions

These are high energy processes which intimately inVo]ve
the atomic nucleus. Pair production occurs when a high energy
photon is annihilated near a nucleus, accompanied by the

concomitant production of an electron/position pair. The reaction



can on]y occur’ w1th photons hav1ng suff1c1ent energy to produce o

2 1 02 MeV) A reco11 nuc]eus

two e]ectron rest masses (2m C
' 1s requ1red to conserve momentum Energ1es in excess of 10 MeV .

are usua]]y requ1red Even more energet1c photons are. requ1red

to br1nq about photonuc]ear react1ons wh1ch 1nvo]ve the eJect1onA o

of neutrons or’ protons from atom1c nuc1e1

| The re]at1ve 1mportance of the var1ous 1nteract1ons of.. _
electromaqnet1c rad1at1on w1th water is eas11y seen 1n F1gure‘I 3 :
wh1ch shows the tota1 absorpt1on coeff1c1ent as a funct1on of
photon energy It ‘can be seen that for 6°Co rad101ys1s'

(y-rays at 1. 17 and 1. 33 Mev), 1nteract1on w1th water occurs h ;f
a1most exc]us1ve1y v1a the Compton process wh1ch essent1a11y’
converts h1gh energy photons to h1gh eneroy e]ectrons It 1s
thus necessary to cons1der the consequences of 1nteract1ons

between these spec1es and matter

2. Higthnergy7E1ectrons

~High. speed particles, part1cu1ar1v charged spec1es, 1nteract”

much more strong]y with matter than does electromaqnet1c
'rad1at1on. As a consequence, such part1c1es have rather short

. finite ranges 1n an absorb1ng mater1a1 A charged Dart1c1e-,
pass1ng close. to an atom is decelerated by the e]ectr1c f1e1d

 of the nucleus. , Accord1ng to- c1ass1ca1 phys1cs, such 1nter--
action must be accompan1ed by the emission of e1ectromagnet1c
radiation (bremsstrah]ung) The rate. of energy 1oss, -dE[dx,:m

is proport1ona1 to e222/m ‘where e and Zn'are the'e1ectron and_,
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_nuc]ear charges respect1ve1y and.m the e1ectron mass. |
'Bremsstrah1unq em1ss1on 1s most eff1c1ent for mater1a]s of h1gh
atomic number, thus 1ead and tungsten are genera]]y used 1n |
X- ray product1on systems The process 1s neg11g1b1e for }
'e1ectron energ1es be]ow 100 KeV becomes s1gn1f1cant aboveh:
B MeV, ‘and predom1nates above 100 MeV Note that th1s e1ectro-
'magnet1c rad1at1on can subsequent]y 1nteract further w1th the o
med1um as d1scussed preV1ously | ‘ d | | |
E]ectrons possess1ng energ1es be]ow 1 MeV.can undergo
coulombic 1nteract1ons w1th ‘the’ e1ectrons of the med1um . Such
’1ne1ast1c co]11s1ons Tead to exc1tat1on and 1on1zat1on of the
mo1ecu1es of the med1um and are u1t1mate]y respons1b1e for the

observed chem1ca1 chanqes 1n the system The 11near rate of

energy transfer (LET) -dE/dx, for an e]ectron haV1nq Ve]OC1tya“‘nh

V-is q1ven by the Bethe equat1on‘(v111)

-dE = '2wNe4Z.']n mOYiE p (2\/ 2 1 + 8 ) 1n2 |
dx = 3'mov2 'k1212(1 -8’ ) L L .ﬁffzg"
‘+11332.+ 1/8 (1 J] B ) ergs cm,J,ng'

i)

where, N is theunumber of atoms per cub1c cent1meter,f
e is.the_charge'on the e]ectron,
Zis. the étoni&f umber of thefabsorberlf'
'Amb_1s the rest, mass of the e]ectron |

E 1s the k1net1c energy of the e]ectron in ergs, :
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| B equals v/c where o 1s the ve10c1ty of light 1n vacuo
and I 1s the average exc1tat1on potent1a1 of the absorber

The»energy depos1ted.(dose) in a samp]e,1rrad1ated by-para]]el
beams'of electrons ean be ealcu1ated from this expkessioh;. |
Figure I-4 ehows the dose distributfon as.a function of depth‘g T
for some moderate electron energies?® ‘Nofice fhat except_fof
very small or thin sdmp]esg irradiation leads on the macro
scale to an 1nhomogeneous distribution of species.

The relative 1mportance of bremsstrah]ung 1nteract10ns
and c0111s1ons in the energy transfer scheme is approx1mated

by expréssion (1x)

(dE/dX)brem. oy ) EZ ‘ :
. f*——————§ . : -
(dE/dX)CO11 1600 moc_ : R ‘ (iX)
where E, Z, m, ez‘are as before..
For electrons in thei]l- 3 MeV range, breistréh]ung radiation

accounts for less than 5% of the'energy l1oss.

The averaqe spec1f1c 1on1zat1on brought about by gamma
rays is only one tenth to one hundredth that .caused by a B |
particle (high energy electron) of the same energy. Therefore,
gamma rays have a much greater fange in‘a given medium. However}_p
it is still possible to estimate the LET for electromagnetic
radiation from the Bethe equation provided one sums over the
spectrum of Cohpton electrons produced. In attemptsto relate |
different types ef irradiations, an average linear energy transfer

(LET) is often discussed. LET is obtained simply by dividing
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the initial énergy of the parfic]e by its‘rangeQ It should
'be pointed out that thé LET values for 3 MéV‘e]ectrons and
®%Co gamma rays are comparable.

As e]ectronskinteract,with'matter by the processes
discussed they are constantly Being deflected in random
directions. The result of this scattering~is that the total
distance trave]]ed‘by-the electron (its path 1ength)_wi1] far
exceed'its depth of penetration (range) in the medium; The'
diStributioh of electron ranges in the substance as expreSsed
by some number/distance relationship falls off fair]y-]ineari]y’
and is not simply reflected by the dqée distribution which
shows a maximum.

It has been stated that it is the coulombic interactions
between high eﬁergy e1éctr6ns and the electrons of the medium
which give riée to chemical effects. However, thesexinelastic‘
collisions do not give rise to a homogenous distribution of.
excited or ioniied species, nor even to continuous cylinders
of such species. Instead, the "track” of an incident paftic]e'
(be it a primary or Compfdn electron) consists of a series of
collisions or "primary events"_occurring‘at frregu]af intervals.
Primary ionization events leading to the production of secohdary
electrons having sufficient energy to escape immediate re-
combination with theijr positive‘parent ion pkoduce one of-several
types of energized regions. |

Secondary electrons with energies iéss than 100 eV have a
high LET value and consequently quickly initiate a rabid

succession of tertiary excitations and ionizations. This leads



to the formation of roughly sbérica] "spurs" containing a
relatively small number of Tow energy e]ectrons,'positive ions \
and excited molecules. | | |

More energetic‘secondary e]ectfons'(>100 eV) have sufficient
range to produce their own short tracks, called §-rays. Furthér‘
ionizations and spuf formation can occur and if the secondary
electron is only moderate]y energetic (100v— 500 eV) the spurs
will overlap to produce élongated “blobs". 'Higher energy
sécondary or §-electrons (500 eV - 5 keV) form a true track
of their own -- a "short track". |

In water for example spurs of perhaps ZOR.diameter are
separated by thousands of Angstrom units when prbduced by_él
1 MeV eiectron; .A]so; as the primary e]ectron loses fts enéfgy
its LET increases and primary'evehts begin to cohverge;» The
process is not unlike a threé dimensional ana]ogue:bf the
disturbance pattern produced when a f]at‘stbne is skipped across
a calm water surface. °®°Co gamma'rays'give.ffse to secondary
electrons having a mean energy‘of about 440 keV!® This energy
is mainly dissipated in the form of spurs (¥64%) with the
reméining energy depositéd as short tracks (v25%) and blobs
(v11%). Further, it may be stated that, in general, energy
deposited by ionizing radiation seems to be about eqUa]]yl
divided between ionic and excited species.

Thus it can be seen that the physical effect of radiation
on matter is to produce a grossly inhomogenous distribution
of_épecies on both the micro and macro scaTes; The subsequeﬁt

reactions and interactions of these species must ultimately
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govern the~ob$ehyed¥chemica]hchanges.

E. ~ THE CHEMICAL CONSEQUENCES OF RADIATION ABSORPTION

Upon subjection to ibnizing hadiation; matter undergoes
changes which are best described in terms of three stages.

The Physical stage encompasses that period of time (usually

-15 sec).during.which radiant energy is dissipated

in the system. The next stage, 1ast1ng for perhaps 10 -1 sec, .

less than 10

is called the Phys1cochem1ca1 stage. Excited state and photo-'
physical react1ons,hgem1nate ion recombinations and pfotoh
transfer or’fragmentation'reactionS'occur during thfs'étage'_hj
as the'system attains»therha] equt]ibhium' 'Fiha]1y, surViVing‘d\
react1ve 1ntermed1ate spec1es begin to d1ffuse 1nto the bu]k
of the med1um where the decay or react throuqh norma] chem1ca1
reactions. This, the Chem1ca1 stage, occurs; dur1ng a per1od
of 1078 sec or ]onger until such t1me as chem1ca1 equ111br1um‘
is re- estab11shed ” |
When the rad101yste of a-substance results in’ the tormattoh
of some measurab]e product, the rad1at1on chem1st discusses the
process in terms of a rad1o]yt1c y1e1d For conven1ence; the
yield or "G value" of such .a product is defined as the number_'A
of molecules changed or produced for each 100 eV of radiant j_'
energy absorbed by the med1um. Th1s va1ue was arb1trar11y chosent
so as to give typica]'G va]ues near unity. | Reca]] however, that-

this energy is about that genera]]y assoc1ated w1th the average



spur. _

Dur1ng the early days- of radiation chem1stry, ion
-neutra]1zat1on in condensed media was cons1dered so ran1d that
only radical species were considered long enough Tived to be
capable of initiating chemical reaction. In a thecretical
treatment of aqueous systems for examp]e,'Samuel and Magee59
accounted for-the observed product yields so]eiy in terms of
“the diffusion kinetics of H and OH rad1ca1s

Molecular product yields, in genera], were: found to be
highly dependent upon fhe LET'propert1es of the .ionizing
radiatibn,‘ Thie wae considered to be a consequence of the.
inhomogenous distribution of the reecfive species. For
‘example, mo]ecu1ar_hydrogen is thought tc'be formed ih
irradieted wafer when diffusion a11owsvspurs to over1ap |
- enabling 1nterepur combinatien cf hydrogeﬁ atoms. Ae discussed
ear]ief, 5°Co y-irrédiation produces a.Series of well iso]afed
spurs 1in wetef. Heavy helium nuclei (a partic]es) on the other
hand interact strongjy with matter -- i.e. héve a high LET |
value and produce a short series of overTabping spurs equivalent
to a cyTinder of excited and ionized species. Thus, as one might

expect, in water, the molecular hydrogen.yie1d from y-kadio]ysis_

G(HZ) 1 0.42 is much Tess than_that from a-radiolysis where

Y .
1.573¢

G(HZ)u



F.  SOLVATED ELECTRONS
| 1. Formatfon

As more data became available it was becoming increaéfnéty
obvious to-the=theoreticians that radical diffusion kineticf'”
cohsiderations alone were not sufficient to describe the
observations. The presence of fonic and eTectron seavengers
had significant effects on product yields Se:the‘fate of'the
‘e1ectrons on therma]ization had to be reconsidehed Further- E
- more, scavenger data po1nted to electron species having 11fe-'
times cons1derab1y longer -than one would associate with free
electrons. Ind1cat1ons were that e1ectrons were be1ng stab711zed;_
ot "so1vated" in 11qu1d med1a | | L

Normal. an1ons become so]vated in po1ar 11qu1ds by
attract1ng the pos1t1ve ends of nearby solvent mo]ecu]es thereby,: 
forming a so]vent sheath Genera]]y, this. f1rst 1ayer of . '
solvent mo]ecu]es is tightly bound to the ion and moves w1th 1t
~through the solution thereby decreasing the Jon_mob111ty._ On
the other hand, an electron can move much-more rapidly than
bulky solvent md]ecu]es. During the time‘required for the
solvent dipoles to rotate and point towards the electron (MO'H
sec, the dipolar relaxation time) the electron moves on. As e
result, the solvent dipoles can only orient themselves towards
the average position of the electron. This however gives us a

clue as to a possible mechanism which could lead to electron

stabilization. Figure I-5 illustrates the process. In (a)



a
e O
b
+
- C

Figure I-5. A possible mechanism for electron solvation. in
polar liquids. The scheme is outlined in the text.
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random thermal motion of po]an solvent molecules has created‘z
a region of accidental poTariZatiqn. A nearby thermal eleetron ‘
is attracted to this region and thns:spends a greater pro-
portion of its time in its Vicinity. In (b) the'bositine‘endsd
of solvent dipoles in the region are.now attracted by-the
electron andvthe polarization is enhanced. Through this feed-
back process the mutual attractien increases until a fully
formed trap (c) is capable of stabi]izing the electron. _Thfs
process of producing a.solvated electron could occur in about
10'10 sec. Notice that as the solvent dipoles begin to align
themselves with their posifive ends all pointing inwards, they
will mutually repel one another to create an enlarged cavity
devoid of so]vent molecules. Also, if is interesting to think
about the solvent cavity that would remain if the e]ectron
were sudden]y completely removed d The remaining pos1t1ve
"hole" might in fact not be veny'different energetica11y fromd
the 1s orbital of a proton. From thiebview,'it is perhaps
understandable that solvated e]ectronsvbehave Very much 1fke,
and were long mistaken for, hydrogen atoms. Indeed, as Hart
commented52 "Onr understanding of the chemfcaf reactions of
the so]vated e1ectron will be much improved if we th1nk of 1t
as an e1ement having nucléar mass O, atomic number 0 and
e]ectr1c charge -1".

Another way in which the process of so]vating'a thermal
electron could be inijtiated is as follows. The presence of an
e]ectron'could»quick]y induce electronic polarization in nearby

solvent molecules. The shallow trap thus produced might well

v
i
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serve to stabi]ize the e]éctfoh-Toné enoughito allow dibo]ér;'
relaxation (i.e. rotation of the'permaneht dipo]es).of-the o
media leading to. true so1vation;  The“e]ectYoh, retardéd‘as*?}
a result of the bo]érizabi]ity of.thé:médfum; (we might'ca]],u
it a "dry" electron) may we]]Aifself initiate the‘so1Vatioh ."'
process or "dig its own grave". | | :
In order toidemonstrate’that electron solvation was -
indeed énergetiéa]ly favou-rab.]e,'Baxendales3 ca]cd]ated:its
hydration energy frbm theAcyélé giyén in Figure I-6. Using"
all energy values for the reactioné given in kca1/mo1é he .
obtained a free energy of -38.2 kcal/mole (1;66'eV) for fhe

process.

. ~63.9

®(aq) * M(aq)

> (3H

2)(aq)

a6 | | 2605 - 0.0

M -314.0 . -48.6
®g) * M) T Mg T Uily) (g

Figure I-6. Determination of the free energy of solvation
(AGS) for the hydrated electron. All free

energy values are in kcal/mole.

Solvated electrons exhibit intense absorption spectra. . The
absorption usually takes the form of a single broad asymetfic

and structureless band in the visible or near infra-red region
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of the'$pécthum ' The pos1t1on of the band max1mum is - ’h1*'§hv

dependent on the med1um (env1ronment) but apparent]y

1ndependent of the phase of ‘a g1ven med1um : So]ut1ons dfﬁj
solvated e]ectrons are highly conduct1ve, 1nd1cat1ng the presenceisi
of ionic species. | Stud1es 1nd1cate an electron mob111ty h1gher
than that of s1mp1e anions but muc h 1ower than that qenera]]y A
associated with so- ca]]ed "free" e]ectrons : M1nday and

co-workers®* conc]uded-that even in non-polar hydrobarbongf
electron transport appeéred to ihVo]ve short-lived traps in L
f]uid. Further, they suggest that the traps must be a co11ect1ve -
property of the fluid rather than being associated with. 1nd1v1dua1
molecules. The paramagnetic nature of stabilized e1ectronsf~

tends to corroborate these conc]us1ons. Solvated electrons

exhibit electron spin resonance spectra characterized by a

single narrow line with a gyromagnetic factor g '2.6022,vvery‘
near that of the_free,e]ectrdn, gf’= 2.0023.LvThe absence.of:~
any proton hyperfinevéblitting and the line sh&rpnesé indicaté
that there is no strong magnetic 1nteract1on between the electron
and the solvent mo]ecu]es of an ordered solvation sheath. That
is, the solvent mo]ecu]e form1ng the cavity must be very 1oo§e1y>
bound, and the over]ap of electron dens1ty w1th spec1f1c protons
very weak. » |

While radio]ysis téchniques offér a direct method for-f
generat1ng so]vated electrons, the product1on of this spec1es
in many other ways has been conf1rmed So]vated e]ectron

formation upon the dissolution of alkali metals has already

been discussed in detail. Walker®S has presented evidence to
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‘suggest that the species is also an intermediate in_the,

3* calts (1.23).

reduction of water by U
'H20 , » A

N D e

u _ an,+,eaq R (1.23) -

Photo1on1zat1on of a number of aqueous 1ons has been ach1eved
by conventional flash photo]ys1s techn1ques Such react1on
often leads to the product1on of the hydrated e]ectron Those_ AL
| 1ons wh1ch exhibit charge transfer- to- solvent. spectra (the BN
1od1de 1on for examp]e) seem part1cu1ar1y su1tab1e for such .

react1on-(1u24)¢,

;q, o o (1.24)

‘A number oqutudies'hayefshoun that solvated electrons can be -
'prepared e]ectrolytica11y-f fn an early study, wa1ker56 looked

for ‘and found ev1dence for ea from the e]ectro1ys1s of water.

&

fA]so, it may we]] ’”that thevhydrated e]ectron is an 1mportant

1ntermed1ate of many‘photochem1ca] react1ons (ohotosynthe51s:
for examp]e) 1n wh1ch it has not been cons1dered -
Regard]ess of the method whereby they were. produced thes
ﬁso1ut1ons conta1n1ng so1vated e]ectrons exh1b1ted 1dent1ca1 '
spectra Further, many of the react1ons}of the spec1es were j
a1so 1ndependent of 1ts or1g1n These facts suggest that the

so]vat1on mechan1sm does not 1nvo1ve the counter-ion to any

s1gn1f1cant extent. Th1s is a very 1mportant finding, for it


http://for.e~.from
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allows one to study soTvated eTectrons by wh1chever techn1qﬁ
is:-convenient and st1TT be abTe to reTate the resuTts w1th

research performed by other means

2. TheoreticaTLModeTs”, -

DI

Many attempts have been made to quant1tat1ve1y account for l-;;
the observed chem1ca1 and phys1ca1 propert1es of soTvated o
eTectrons ; Part1cu1ar attent1on has been pa1d to theoret1 i
models wh1ch coqu account for the shape and pos1t1on of the1r
absorption spectra : 09957 proposed that the ammon1ated eTectronlﬁf“
be cons1dered trapped 1n a spher1caT cav1ty The eTectron was
taken to be conf1ned by an 1nf1n1te1y steep potent1a1 weTT T

produced by the eTectr1c poTar1zat1on of the surround1ng

soTvent moTecuTes A 51mp1e eTectron-1n a box caTcuTat1onT‘
gave va]ues roughTy approx1mat1ng exper1menta1 data ] ':v N
Jortnersaa ? app11ed the poTaron 1dea of Landausec and PekarSed ff:
to eS and caTcuTated the energy by means of a d1e1ectr1c-g.— |
continuum model in wh1ch 10ng range 1nteract1ons were cons1dered‘fmi
That is, the poTar1zat1on potent1a1 on the eTectron was treated
‘as constant within the cav1ty (zero as the f1rst approx1mat1on)

and as couTomb1c outs1de " As a consequence of the energy

'TeveTs of that modeT be1ng determ1ned by Tong range 1nteract1onsge
the lowest observabTe trans1t1on was reTated to the quant1tv o
(T/D - 1/D ) -- where Dop and. D are the h1gh frequency an i
stat1c d1e1ectr1c constants respect1ve1y : The potent1a1 energy”vffti

function as_a_functjon_of5d1stance_r,. (r), for a soTvated
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~electron in a cavity of radius R was taken as:

P(r) = - Be’/R | “for r‘§ R

- Bez/fll . forr >R o C(x)

where B'='(1/DOB'<'1/DS).and"évis the unit electric

chargepi

Considering én e1e§tron1§'transition invo]Ving hydrogenic¥
like 1s and 2p states, qbftner was able to métch experfmenta1'
va]ueé of the absorpfibh'bahd maxima for many solvents. However,
since the canty,radius; R;,wés an adjustab]e'parameter in his
ca]cu]ations,‘Jbrtner's.mode1 was StiT] semi-empirical af'beét,

A major flaw of‘the eariy'theoretical models iS‘thaf they
providéd no informafioﬁA§boﬁt -- ﬁn fact ignored -—'éhort-range |
'interactioﬁs. Ciear]y;'the\e]ectfostatic potential gradient |
in the immediaté-vfcfnity of_thé so]vated'eiectron would be
>1argé. Fu'eki“.">9 attémptéd to accohnt,for the short-range
‘interactions in-terms of dielectric constant, D, through the.:
uéé of_exﬁressibn (xi) in hisiCalcufations. | |

D = Dop o .: o for 0 : rlf'fr

(r/r,)0 o forry<r<ry,

=0 formpsr )
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where‘r1»= (Qop/Ds)rZ‘and r2’was §§ken to be‘9'AT‘

'Jorther,'cdpé]and"and KeStﬁeréd:pfesented a semi-cdntiﬁudm'.,
dielectric mode] uti]jzing an even more complete potenfiai_
expfessiqn;° Electron stabalization was subdivided into short-
range attractioné; long-range pd]akizatﬁoﬁsvand short—range_'
repulsions. Those inferéctibns wefe expressed. in terms of
various specific distances associated With the cavity that can
bé.seen in Figure i-? which depicts the physical implications

of the model.

Figure I-7. Definition of cavity distances in Jortner's semi-
continuum model for solvated electrons.

The distances utilized in the model are namely:
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r the actual void radius of the cavity

V,
re» the effective solvent molecule radius
3, the effective hard core of the molecules

Ty the d1stance of the so]vent mo]ecules from the
cav1ty center

r ., the d1stante from the Catitx‘centhe to the

'beginhtng_of theucontinuum and.

R, the normal or mean cavity radius

Jortner et al. showed that the e1ectron/hedium interaction
potential, P(r), for this model takes the form of equation

(xii).

P(r) = - NUE/YS -'Bez/rc o for 0 < r < R
= - Nue/fg - Bezlrc tV, - forR< ro<ry
= - Bez/rl+ Vo ' '.foh-rd < r | (xii)

where e and B are as defined for equation (x). N is
number of nearest molecules of'the electron, V0 is the
energy of the quasifree (conduction) electron state and

u is the effective dipole moment7of the-neakest molecules.

The effective dipole term p takes into account the specific
orientation of the actual d1p01e moment . vector, Ho s with

respect to the rad1us vector,
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L <cose> R | (xiii)

‘The 1mportant feature of this deta11ed 1nc1u51on of short-.
range 1nteract1ons and or1entat1ons in the model is that the.
conf1gurat1on stab111ty of the energy states can be
estab11shed SO that a un1que cav1ty rad1us correspond1nq to
a minimum in . the tota] energy of the system can be calculated.
Thus, the sem1—cont1nuum model is not plagued by the necessity
of the‘earlier models to include an empirical cavity radius
panameterland is thereby inherently more useful for predicting
physical properties. For example, Jortner showed that for the
ammoniated e]ectron”system,’the model cqrrectly predicts
to]ume expansion, co—Ordinatidn number, heat of solution and
many speCtrOSCOpic properties. | ‘

To date, additionai improvements and approaches to solvation -

61 which when taken in .total enable one to

mode]s have been made
more read11y think of solvated electrons in tenms'of ordinafy,

discrete chemical species.
3. Reactions

. ?In early steady-state 5°Co Y—radio]ysis:studies, measurements
of product yields fnom solute mixtures enab1ed rate constant
ratios for electron reactions to be determjnee,. With the
advent in the early '60's of pu1se radiolysis and fast kﬁneti;
analysis equipment it became possible to monitor the electrons

(and other reactive intermediates) to determine reaction rates



directly. Forvexamp1e, inzT967, Anbar*and'Neta37 combi]ed ,
a list conta%ning published rate cgnstants for reaction
between hydrated e]ectrons:and more than 600 solutes.

Severa] _experimenters. not1ced that the presence of large
concentrat1ons of e]ectron scavengers in water resu]ted inta
decreased mo]ecular hydrogen yield upon rad1o1ys1s The |
Draganics for examp]es? observed th1s;effect’whether they
‘used a cation (Cu2+), an‘anion (NO%) or neutral species
(H202, acetone) as electron scavenger. This effect has been
attributed to the interruption of a neutralization reaction
which ordinarily leads ultimately to hydrogen atom.fOrmation
(1.25), | . |
eg * sz;q (or H30,,) —> — H + OH (or H,0) (1.25)
Indeed, there has‘even been evidence to suggest that the |
‘ 1ntermed1ate ionic species could be scavenged prior to so]vat1on
Hami11%% claimed that the "dry hole" in water (H 0 ) cou]d be
scavenged by ha]ogen anions at high concentrat1on (1.26).

+ - o '
Hp0 # X ———> Hp0 + X | (1.26)

Now, since the "dry hole" 1is thought to react rapidly with af
nearby so]vent mo]ecule to - produce a hydroxy] radical (1.18)
it is poss1b1e that reaction of the anion with that radical (1.27)

could easily be mistaken for hole scavenging.
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OH + X~ ————» OH + X (127

However, ch]or1de 1on cannot be oxidized by OH in neutra]

~solution so a d1st1nct1on was. easily made and that poss1b111ty

excluded. Suggest1ons have a]so been made that "dry" e]ectrons ;?’1

can also be scavenged- It cou]d not be shown conc]us1ve1y
however whether the effects were not s1mp1y a consequence of
the time dependent rate constants (1nhomogenous-k1net1cs)
possib]e‘at large so]utehcohcentrationé?“ In:any event it 'is
apparent‘that charge neutralization must be a major source of
excited and fragmented species during radioTysis. - Schuler et
al%® for instance have estimated that about 70% of the mo1ecu1ar

hydrogen from‘cyc1ohexane radio1ysis arises in that way.

4. Yield

It became readily apparent that the yields of free ions -
(i.e. thOse 1ons escaping geminate recombination) were much
Targer from those solvents possessing a high dielectric constant
or permanent dipole moment. While highly poiar molecules
might be expected to so]vate an electron more strongly thanf"
weakly polar mo]ecules, there ts no aspect of the solvation
process itself as discussed that could account for a higher
yield of so1vated e]ectrons,' Also, reca11”thatvthe initial
ionization yield depends only on the e]eCtron.denSityvof the
medium'as a who]e;-not on the properties of individual mo]ecu]es;

Clearly then, the effect of mo]ecn]ar'po1ar12ation (or
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polarizabi]ity) must be to increase the probability for an

“ionized e1ectron to escape gem1nate recomb1nat1on and thereby
survive 1ong enough to be so]vated

(The eJected e]ectron 1s, on - therma11zat1on, subJect to
motion of two types. F1rst1y,_due to cou]omb1c attract1on,
the electron moves towards its counter ion w1th ve]oc1ty, qu
The magn1tude of th1s ve10c1ty be1ng 1nvers1y proport1ona1 to
the ion-electron d1stance Secondly, simply as a consequence
of its sma11 mass and therma] energy, the e1ectron is subject-
to d1ffus1ve motion. This d1ffus1on, being a random process
~akin to Brownfan motion, may well have. a non—zero'component
directed away from the counter- 10n (v ). At some ion- e]ectron
d1stance, fc, these two oppos1te v1rtua1 ve10c1t1es wou]d be
equal.  If the actual d1stance is greater than re the e1ectron
escapes; 1t_it is_]ess the electron returns td’the ien."This
critical distance;'rc; ca]ied the escape radius, has been

'st1owr1"66 to be given by equation (xiv),
‘ ] ) 2 . . ' .o ".
r. = e“/3ekT . . o (xiv)

where e is the elementary charge, € is the d1e1ectr1c
constant of the so]vent k is the Bo]tzmann constant and.

T the absolute temperature

Onsager®’ in a statistical treatment showed that for an electron
thermalized at a distance R from its geminate ion the probability

that it would escape recombination P(R) is given by_(xv);'

esc’
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PR) . = exp(?ez/ERhT)'.: - (gvjﬁ

Thus in. med1a of h1gh d1e1ectr1c constant the so]vated e]ectron~ -

yield woulti be expected to be h1gher because po]ar1zed so]vent

“molecules act to screen the e1ectron from 1ts parent 1on, e

thereby 1ncreas1nq 1ts chance to escape gem1nate recomb1nat1on |

The relationship between die]ectric constant and free'ionl

yields from the’nadio1ysts of various'liquids'has been examined

by a number. of investigators®® Figure I-8 shows that'while.

“a general trend exists, there are a number of exceptional

cases and it is clear that other factors are important. It has

been sugqested69 that electrons are less read11y 1oca11zed

'when the solvent mo1ecu1es.are more near]y spherical. Thus

a secondary electron. wou]d probably travel further from its

parent ion before becom1ng 1oca11zed in, says - neopentane than

n-pentane a]though both compounds possess 1ndentjca1_d1e1ectr1csh

constants. The free jon yields of 049 anddO.T:respective1y f, |

tend to support such considerations. Even when carried to the

extreme case of liquid argon, which does,ngtjform a 1oca1ized

electron state, the free ion_yield is about 5~indicating that

the electrons are thermalized at great distance from their parent

ions. _ |
In addition to thein yield, the position of the absorpt1on,

maximum of solvated electrons appears to be . dependent upon the

dielectric propert1es of the med1a.' Sauer et al7% have shown

for example that the absorption maximum for the alcohols

exhibits a red shift with a decreasing dielectric constant. It
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T :should be poss1b1e to test the theoret1ca1 mode]s, espec1a11y

"'fregard1ng the 1nvo]vement of bulk propert1es, through studies

”f‘of m1xed so1ventsn One could vary d1e1ectr1c constant for

'w:fexample and observe 1ts effect on resu]ts ©If, as postu]ated,

’the electrons are true]y de]oca11zed and thus samp]e the1r
' faverage env1ronment the1r y1e1d and opt1ca1 propert1es w111 be
ffdependent upon suchv macroscop1c propert1es of m1xtures
o B1nary m1xtures of alcohols and. water were stud1ed by

" Arai and Sauer They found that, indeed, the e]ectron

) ';absorpt1on exh1b1ted a s1ng1e band 1ntermed1ate between those

'~”for the two pure substances The pos1t1on of the maximum. was

.dependent upon the actua] m1xture compos1t1on 'Simi1ar results

'have been found w1th mixture of water w1th ammonia and

"'ethy]ened1am1ne However, attempts were made to study a

‘5:(ethan01 Ds 25 7 and n- _hexane D

m1xture conta1n1ng mo]ecu]es of vastly d1fferent po1ar1ty73

1. 8), “the band maximum

‘\rema1ned at the pos1t1on for pure ethano] throughout In that

. f'case,’1ts magn1tude and the free ion y1e1d were both d1rect1y '

proport1ona1 to the ethanol concentrat1on However, since the

.‘-~11fet1me of the e]ectron spec1es was 1ndependent of mixture

x;compos1t1on 1t seems more likely that it formed only in cavities
formed by c]usters of ethano] molecules.  Similar results have
l“been obta1ned for m1xtures of methanol in tetrahydrofuran and

v cyclohexane73‘as we]l as for 3- methy]hexane in ethano] and

methano]}“=f!

‘These inuest}gations tend to indioate'that while solvated

eTectnons'ane'oentainly not strongly associated with individual
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7Eso]vent mo]ecu]es 1t is the f1rst shell or perhaps the f1rst

?few 1ayers of so]vent that have the most" 1nf1uence on the

e }'propert1es of the spec1es ' Th1s has been part1cu1ar1y we]]

?ffﬁof so]vated electrons 1n monoethanolam1ne (MEA), HOCHZCHZNH

'~«demonstrated 1n a*rather e]egant 1nvest1gat1on by Vann1kov and

“’LMarevtsev These authors measured the absorptlon spectravi

29

'df;,and an equ1mo1ar m1xture of ethano] HOCHZCH3,‘and mono-

-fpbuty1am1ne,.CH3CH2CHZCH2NH2, (ETOH MBA) These two- systems

’:”*have s1m11ar macroscop1c chem1ca1 compos1t1on but vast]y

>?3d1fferent d1e1ectr1c propert1es The d1e1ectr1c constant of

o MER s 57.7 and that of the ETOH-MBA mixture, 10.5. As is

'shown 1n F1gure I 9 desp1te‘the1r f1ve-f01d d1fference in

'~,;d1e1ectr1c constant the systems were found to exhibit near]y

c‘t;,1dent1ca1 so]vated e]ectron spectra, each w1th absorpt1on maxima

';nntermed1ate between ‘that of pure ethanol and- ethy]am1ne
,VVann1kov and Marevtsev attr1buted no part1cu1ar 1mportance to
the fact that the so]vated electron band in the ETOH-MBA mixture
;'1s much broader than that 1n MEA To the contrary, this result

1s most s1gn1f1cant for it affords further ev1dence of the

'5.1nf1uence of the exp11C1t so]vent cav1ty structure Con51der'

mfhfor s1mp11c1ty that these caV1t1es cons1sted of a tetrahedra]

'}farrangement of four so1vent mo1ecu1es S In MEA, the mo1ecu1es

'~::‘form1nq the traps are equ1va1ent 50 that the potent1a1 exper1enced

' zby stab111zed e]ectrons 1n d1fferent cav1t1es w111 be 51m11ar

JqfflAs a resu]t the absorpt1on band for e1ectron1c trans1t1ons

,;shou]d be- re]at1ve1y narrow. -On the other hand, in the ETOH MBA.

“m1xture,»so1vent cages wou]d conta1n mo]ecules of two typesf':



| ‘Figure 1-9. Absorpt1on spectra of e in monoethanolamine (ew===) and in an equimolar- m1xtureg
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"'cons1derat10ns d1ctate that random]y formed LT

t.etetrahedra1 traps;exh1b1t a pred1ctab1e d1str1but1on of_

1}

i:{structure comoos1t1ons ; Table 1I 11sts the number of per-
- ,mutat1ons poss1b1e for each of the f1ve comb1nat1ons of two

'fobJects taken four at a’ t1me

AR

TABLE I
C e Number of
Comb1nat1on o Permutations.
e X
" AABB 6
s LR

‘iElectron1c trans1t1ons 1nvo1v1ng such a d1str1but1on of cav1t1es‘
mﬁwou]d be expected to produce a much broader absorpt1on band
'Z,compared to a system in wh1ch the traps are a]] s1m1]ar Th1s
T55was prec1se1y the observed resu]t C]ear]y, these exper1ments

”_;57conf1rm that the m1croscop1c propert1es of med1a are very

J 1

Af_fnmportant in determ1n1ng many of the phys1ca1 propert1es of

Kenney- Wa]]ace and Hentz68c had - conc]uded

oca1 solvent structure and pack1ng were much

'»‘more 1mnortant th h.. bu]k d1e1ectr1c propert1es
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. G. © THE PRESENT.STUDY - SOLVATED ELECTRONS IN HMPA .

Thus, Matanov1ch 52 d1scovery that a]ka11 meta]s d1sso]ve

-1n HMPA to produce stab]e b]ue reduc1ng so]ut1ons becomes very

K

o s1gn1f1cant That 15, desp1te 1ts very poor an1on so]vat1ng

. Rr,power, HMPA appears capab]e of accomodat1ng so]vated e]ectrons

' A number of 1nvest1gat1ons have been carried out on

'f‘?solut1ons of a]ka11 meta]s in HMPA _ A broad, asysmetr1c, 1nfra—

T red absorpt1on band76’a single, narrow e.s.r. absorpt1on

:and e1ectr1ca1 conduct1v1ty7Ba all character1st1c of solvated
e]ectrons,»have been reported for such so]ut1ons ~In add1t10n,
k Sternberg et a178b have observed the format1on of .dark blue
”:g1obu1es at a’ p]at1num cathode when a solution of 11th1um
v'_ch1or1de 1n HMPA was e1ectro1yzed A]patrova and Gr1sh1na
‘-u;us1ng e s r. spectroscop1c techn1ques, attr1buted th1s co1our-
:idat1on to so]vated e1ectrons | ‘ : ‘
as A]] of the HMPA stud1es for wh1ch stable so]ut1ons of
:solvated e]ectrons have been proposed conta1n large concentrat1ons
of fore1gn cat1ons (usua]ly one of the a]ka11 meta]s) Thus
.1t is not c]ear whether or not it 1s the presence of such
Ahcat1ons wh1ch 1s 1n fact respons1b1e for the electron stab111z{
; at1on in. those systems i | | |
R It was proposed to study by means of rad1o]y51s techn1quesd
fthe ab111ty of HMPA to accommodate and stab111ze so]vated

e]ectrons V'Pre11m1nary steady state rad101ys1s stud1ese°’

:gut111z1ng compet1t1ve scavenger techn1ques demonstrated the

fffeas1b1]1ty of the prOJect . That work was deve]oped forther"




"f;end in con3unct1on w1th stud1es of Na so]ut1ons in HMPA the
=y1e1d stab111ty and react1v1ty of eHMPA were fa1r1y wel]
\festab11shed F1na]1y, the work was extended to pu]se rad1o]ys1s'
. techn1ques wh1ch fac111tated d1rect observat1on of the spec1es,\
~its spectrum, and- react1ons a1ong w1th an 1ndependent

"measurement of 1ts y1e1d
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4 CHAPTER IT

A. STEADY STATE EXPERIMENTS . =~ . |
e

1. . Materials,
I

RN

WHexamethy]phosphoram1de ‘was pur1f1ed in the fo]10w1ng
manner. Fresh]y cut p1eces of sod1um meta] were added to
several 11ters of F1sher Sc1ent1f1c techn1ca1 grade HMPA in a
vacuum d1st11]at1on apparatus The samp]es were ag1tated at
atmospher1c pressure by means of ‘a he11um gas purge until a
stable b]ue so]ut1on of sod1um in HMPA was - atta1ned Th1s..d
_so]ut1on was . fract1ona11y d1st111ed under vacuum The m1dd1e
Ltwo-thlrds (that wh1ch bo11ed at 87 % for about one torr
pressure)juas retamned “The pur1f1cat1on techn1que was then

L repeated w1th that samp]e as, start1ng mater1a1 .-the m1dd1e

'fffract1on be1ng co]]ected and stored unt11 requ1red ‘When

f7sod1um meta] was added to the s1ng1y distilled sample of HMPA =
‘-pr1or to the second d1st1]1at1on, the so]ut1on became stab]e
1b1ue a]most 1mmed1ate1y 1nd1cat1ng that few ox1d1z1ng 1mpur1t1es
rema1ned | o o | |

Water used as scavenger and for HMPA/water m1xture stud1es
was tr1p1y d1st111ed S1ng1y d1st11]ed water was refluxed from
an ac1d1f1ed d1chromate so]ut1on, gamma - 1rrad1ated overn1ght

(0.5 Mrad).to removeftrace crgan1c_1mpur1t1es, then refluxed.



from an alkaline permaganate solution.

Nitrous oxide, carbon dioxide, oxygen and argon were

__purified in the vacuumvsystem’by conventional "frap-tb-tnap”

distj11ations involving multiple freeze-pnmp-than cycles.
.These gaseé were sfored on the vacuum line in stopped.bn]bs
until required. '

Sodium metal was purified and prepared for addition to
liquid samples as'ama]gams with mercury. Sma11 weighed slugs
of fresh1y}cnt.sodium metal were sealed into a long pyrex
tube which was subsequent]y evacuated. The metal was disti]ied:
through a nnmber of eonstrictions in the tube. The residue’ |
chamber from each’disti11ation was sealed-off and removed with
the result thatvthe 1ast chamber contained a bright sodium
mirror. "C]ean. mercury was d1st111ed onto this mirror and
the resulting ama]gam stored under vacuum. jn__ 5' o

Other chem1cals used as scavengers were ana]yt1ca1 qrade
‘or better and were ‘not subJected to further pur1f1cat1on

Special care was taken to ensure that g]assware was
scrupu]ous]y-c1ean Vessels were washed w1th permangan1c ac1d
rinsed w1th d1st111ed water, washed w1th a so]ut1on of hydrogen
- peroxide in n1tr1c ac1d, and finally r1nsed with S1ngly and
tr1p1y d1st111ed water Glassware was usua11y dried in a 120 c

’ oven and on occas1on annealed overn1ght in a g]assb]owers oven.

2. . Radiation Source

" An ‘Atomic Energy of Canada Gammacell 220 was used as a
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source of gamma rays. This machine, which had a nominal
activity of 3800 curies, uses 6°Co as its source. ©®%Co has
ébhalf—1ife of 5,2% years and decays with the emission of
gamma rays of 1.173 MeV and 1.333 MeV. ®%Co also emits 0.32

- MeV beta_pa}tichsy{¢1ectrons) but in the Gammacell 220 those.

~are absdrﬁe&_beforgfthey reach the sample irradiation chamber.

‘r’:ﬁf'.
3. ﬂDOsimethf;‘

In order to be able to discuss the experimental effects
of radiation quantitatively in terms of G values, it is
necessary to determine the radiation energy absorbed by a

given sample. Absorbed dose is usually expressed in rads -
1 13

one rad being the absorption of 100 ergs gm™' or 6.24 X 10

eV gm']. Since the dose rate in the radiation chamber of the
Gammacell is not spatﬁa]ly uniform, caré was taken to ensure
repfoducib]e p]acement of the irradiation cells. In addition,
dosimetry measurements were made utilizing a pseudo-cell whiph
accurately reproduced sémp]e positioning. Chemical dosimetry

was performed which monitored the oxidation of ferrous ions.

Known as Fricke dosimetry, the technique is a universally accepted
standard technique?’ An air saturated solution of triply distilled
water containing 1 X 10'3M ferrous ammonium sulphate, 1 X 10'3M

]M sulphuric acid was prepared.

'sodium chloride, and 4 X 10~
Irridation of such a solution is thought to tead to the following

processes:
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0, + H

0 AVVN—> e, 202+ Hp (2.1)

at H o+ OH-+ H

-e;q.+ W ——— n (1.13)
E A e T @)

Ho,, + Fe‘.2-.+ R
2 2Y2 (2.3)
Hy0, + Fe‘>2+ PN s Fe3* 4 o s H,0 (2.8)
O + Fel? + HY _———»I Fe* + H,0 | (2.5)

From these reagff@ns, iﬁ can be seen that:

..G(lj"e'e3‘+).ﬂ' =3[G(e;q) + G(H)] + G(OH) + 26(H,0,) | (xvi)

Based Oh direct é6fdrimetric measurements the ferric ion yield
G(Fe3+) ; 15.5=mo1e§ (100 eV)']'has been measured with gréat
precfsion?l C]eafly,'the ferric ion yield is very sénsitive

" to a numbef of intefmediate spécies in the radiolysis of wafer.
In particu]ar,vthé oxfdation-of organic impurities'(RH) by
hydfoxy] radicals (2.6) and the subsequent reaction with oxygen

(2.7) can produce-organic peroxides.

OH:+ RH —————> R + H,0 (2.6)
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R+ 0, ——» RO, . (2.7)
Such peroxides could then react with ferrous ions in a reaction
schemé anaiagous-to'(2.3, 2.4, 2.5). The result would be to
increase the ferric ion yield. However, the presence of
chloride ions fn_fﬁé Fricke solution serves to sﬁppress such .

a process by scavenging the hydroxyl radicals (2.8).
OH + C17~ ———» O0H™ + C1 ' (2.8)

The chlorine atom then oxidizes a ferrous ion (2.9) so that the

ferric ion yield is preserved.

v

€l + Felt 4 Fe3t 41T S (2.9)

Fricke solutions were irradiated for various periods of
time. The resulting ferric ion concentration ih each sample
was measured specfrophotometrica]]y using a Beckman DU
spectrophotometer which had been calibrated with a known
potassium chfomate solution.. Figure II-1 shows that the

observed optical density at 304 nm (from Fed?

jon) was a Tinear
fuhction of the Gammacell timer setting. The positive intercept
to be seen in that figure reflects a peculiarity of the
Gammacell operation. That is, because.fhe timer mechanism is
only activated when the cavity drawer is at its lowermost

position, samp]es'ére subjected to an untimed but constant

residual dose of radiation during the periods of descent from
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O

OPTICAL DENSITY AT 304nm (1cm cell)
o g
o

| T 1
o 2 4 | 6
IRRADIATION PERIOD (TIMER MIN)

Q. OO

Figure II-1. Fricke Dosimétry. Results from the ¢°Co Y-irradiation
- of appropriate solutions in the radiolysis cell.
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- .and ascent to the Ubber 1oadfng pos{tioh As can be seen,_
the residual dose;was equ1va1ent to an 1rrad1at1on of about
5 sec-as_measured,by;the timer.

The absqrbedquse rate, R,» for the Fricke dosimeter

solution is given by equation (xvii)::

n - 9.65 X 108 20.p./at rad min”!
(o]
3+
Fe 3+
€304 "1vpG(Fe™") (xvii)
' Fe3* n 3+
where €304 is ‘the mojar absorptivity of Fe at 304

nm (2174 M " en™!), 1 is the optical path length of the

cell (1 cm), p'is the density of the Fricke solution
(1.024 +. 0. 001 at 20C) and 6(Fe3*) = 15.5 molec

(100 eV) |

For the data of Figure II-1 a dose rate, R_ = 6580 rad min~!

0.
was calculated. ..

Now, the.major'ehergy transfer mechanism -- the Compton
process -- depends on the e]ectron dens1ty of the absorbwng

medium. Therefore, the correspond1ng radiation dose rate for

HMPA samp1es in the .same physical position in rad1at1on chamber

is given by (xv111)

U r M awea
HMPA 0 — |
| (Z/A) er1cke (xviii)
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where Z and A are the atomic numbers and weights of the

two media.

In addition to the physical influences on dose rate,
®%Co itself is subject to an inherent natural decay. The

‘activity of radibgctive material at time f, At’ is related to
some initial actTVity, A,» by the expression (xix).

_ -2t
Ay - = Ay & (xix)
where X is the decay constant (xx)
0.693 :
Aoos Ty, _ (xx)
2 .

‘and T, is the radioactive half-life (5.27 years for
69Co).

‘The dose rate, Rt’ for a sample irradiated t days after

‘dosimetry was performed would be given by the expression (xxi):

SO -'=, -(0.693t/1925) :
“Ry , Ry € : (xx1i)
A simple cbmputer?program was wrftten that took into account
sample eTectron,density, cell position, irradiation time,
resjdua]_dose,ntime since dosimetry meésurements, dosimetry

results, and 5°C6 decay and returned a value representing the
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actual absorbed dose for a given experiment.
kL

4. EXperimentation

a) . ®%Co Gamma Radiolysis:

’ ?iguhe II-2'depiots the'heactionicell used in the steady-
‘state rad1o]ys1s stud1es That pyrex vessel could be
"reproduc1b1y placed in the Gammacell rad1at1on chamber Its

Aconstruct1on fac111tated the rapid 1ntroduct1on, homogeneous

- solution format1on, ‘and quantitative retr1eva1 of gaseous
substances. The four-way stopcock was removed and known
'emounts ot 1iquid solutions introduced into the cell through
the vent. The stopcock was sparingly lubricated with.ineht
Apiezon N and held firmly in place with a a]uminum_retainer
which could wfthstand the pressures required for analysis.
Samples were then deoxygenated by flushing with argon for
15 minutes. Turning the stopcock 45°'to a fully closed
position retained the liquid above the fritted glass disk. At
this point the samp]e'(genera11y HMPA with or.without |
scavengers) was either irradiated or attached to a vacuum line
for the add1t1on of gaseous scavengers.

The vacuum apparatus enabled one to introduce measured
amounts of gas or a mixture of gases directly ihto the reaction.
vessel. Figure II-3 gives schematic details of the equipment.
Various pure gases (N20, Co,, 02, Ar ) were stored in large

flasks A, B, or C.  Flask ‘A was generally reserved for the
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L-way
& sto pcock

| liquid
——] sample

==« sintered
disk

(L

. Figure II-2. ‘Ramma.radiolysis reaction vessel.



ioniz'n
gauge
@-—) to
S vacuum
1 pump

Figure II-3. Schematic diagram of vacuum 11ne used for the preparation and add1t1on of
gaseous scavengers to HMPA solutions in the radiolysis vessel, G.
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.  major gaséous §CQVenger, N20. Through the use of a liquid
nitrogen bath and bulb D, NéO samples could be convénient]y
recovered from othef regions of the line, purified, and
returned to storage bulb A. The reaction cell G, containing
the HMPA solutiop being studied,was attached to the vacuum
1ine by means of two ball and socket jointée Since at room
temperature the‘dapour pressure of HMPA ie negligible, §amp1es
of the 1iquid codid be readily degassed by evacuating the |
reattibn ce11,: This»was.accomplished by opening stopcocks
"s]', 52 3'5,?‘59, '
When" equ111br1um was established 513 was closed 1so]at1ng the

S]O’ 11 (between Sg and 313) and s1ow1y, S13-
lIce]]. S]] was rotated so that . addition bulb E would be
evacuated. If two gaseous scavengers were te be added to'the
reaction vessel S]2 would be opened so as to a]]ow.eyacuetion
of bulb F as well. These bulbs were attached by means of cone
and soeket jeints‘and could be rep]aced.with a number of bulbs
of various known Eapacities. Gaseous scavengers to be added

to the reaction cell were transferred to bulb E and/or F et a
known pressure and temperature. Two scavengers could be
independent]y metered, the first going into bulb F and the
secdnd into bulb E. . Stopcock Sq1 was opened between Sq and‘S13
and the 11ne evacuated as before. At the same time stopcock
S]é would be opened to aI]ow thorough mixing of scavengers when
fwo were befng used. The scavenger or mixture was introduced
inte the reaction cell and monitored by closing S] (as well ae
53,'54, 56,'57)‘and opening 52, 55’ 59, 510, 513, 512 and 
slowly S]] (between 312 and 513). When bubbling had ceased
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_and equi]brium attained the temperature and pressure of
residual scavenqer gases measured. Since all relevent vo]umes
in the system were accurate]y known and assuming ideal gas
behavior it was poss1b1e to calculate the concentration of
gaseous scavenger (or scavengers) dissolved in the liquid.
Measurements;were made to determine the solubility of
each of the gaseous.’scavengers in- HMPA. Figure II-4 shows
the variation of concentrat1on with the observed equilibrium
partial pressures of N20, 02 and COZ' It can be seen that in
each of those cases the scavenger concentration was a linear
function of its equilibrium partial pressure. Table II gives .
solubilities for the gases in HMPA at 23 C as determined fromv

the slopes of the plots in Figure II-4.

TABLE II
Solubility in HMPA at 23° as a function
Gas of equilibrium partial pressure (M/mm Hg)
N,0 1.85 + 0.05 x 107%
0, | 4.2 + 0.4 X 107°
co, 2.4 + 0.2 x 107°

It should be noted that extrapolation of the plots of Figure II-4
Tead to constant but non-zero intercepts. This appears to arise

as consequence of the particular experimental set up. That is,
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Figure II-4. Solubilities of N,0 (Q), Co, (@), and 02 (A) at 23 °C in HMPA measured in the
' ; reaction vessel. Filled circles indicate N,O samplies using Ar as diluent.
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because of a large pressure dfop across the sintered disk in
the reaction cell, a gas pressure of at least 100 torr was
required to initia%e bubbling. Presumably this pressure was
essential to forcé:1iqu1d out of the disk so that the gas
itself could pass‘through,

Unfortunately, the initial pressure réquirement of 100
torr tended to‘p1ace a iower limit on the concentration of
scavenger}that ohelcould obtain. This was especially é problem
with N20 because it was highly desirable to produce solutions
of very low but known concentfations of that scavenger. The
problem was.somewhat overcome by Timiting the total amount of
scavenger through the use of a small bulb at E. To.achieve very
low concentrations of N20,‘argon gas‘was mixed with the scavenger
to provide the required initial pressure. That is, very small
amouhts of NZO were transferred to bu]b‘F, fhen suffiéient
argon'transferréd to bu1b E to ensure the mixture of gases in
E and F could initiate bubbling. “Argon itself was found to
be essentially insoluble in HMPA. The N20 pressures were still
of sufficient magnitude so as to allow idea] gas calculations.
The filled circles and the dashed line in the figure show the
solubility relationship obtained for N,O in HMPA at 23 °C when
used in conjunction with constant amount of argon "carrier"
gas. In that>case, the slope gives a value for the N20
0

solubility S = 1.47 + 0.05 X 10'4 M/mm for low N

NZO/AP 2
pressures which should be compared to the value for N,0

along at higher pressure of Sy.o = 1.85 + 0.05 X 1074 M/mm.
2 .
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It.muétvbeemnhasjzed that.thiS‘is.a pureiy'empirical re]ation-
ship app]yiné tnia.particular experiméntal arrangehent. Where
 “extreneTy qu~concentrations (<10'3M) of NZO Wene desiréd,
5ded]'gas ca]cu]étions were impractical, so the N20 composition'
was obtained frbm'an extrapolation of the data of Figure II;4.
:'Admittedly this nas’pushing the system beyond reasonable
Timits and undoubted]y led to large uncertainties in the
actual NZO cqncéntratﬁons. However, the method appeared to
give sensible and'consistent results and certainly one could
expect the propdftionality between N20 additions to be preserved.
It was desired to compare experiments in which equal

concentrations of'NZO were added to various mixtures of water
and HMPA, Solubility data was obtained for a number of
mixtuneé and th§ nésﬁ]ts are shown in Figure II-5, |

~ When samples containing the desired concentratibnﬁ of
scavengérs:nére,prepared, 513 was c]oséd, the cell removed
fron thé_vécuunf}iné and the sample irradiated with an

appropriate“dose of gamma radiation in the Gammacell.

b) Sodium Metal Solutions

The reactjon cell used in the study of the effects of the
dissolution of sodium metal in HMPA solutions is depicted in
Figure II-6. Though somewhat different in design from the
radiolysis vesse],‘this cell possessed simi]ér capabilities.
HMPA containing various materials introduced directly into

the ce11'(inc1nding sodium metal) could be degassed with an
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Figure II-5. Solubility at 23°C of N20 in HZO/HMPA mixtures.
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"Figure TI-6. A. Reaction vessel for sodium metal solutions.
C B.. Sodium/mercury amalgam preparation and addition
. «ACCEessOory. ' ' »
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inért gaé purge vﬁa the sintered bubbler. The outlets were
combatib]e with the vacuum system leads so that the vessel

could be evacuatedﬁahd gaseous scavengers added. A side arm
provided access.for introduction of measured aliquots of
preparéd sOdium/mekcury amalgams. Transfer could be performed
in vacuo or, if the reaction vessel contained volatile materials,
the amaglam quickly forced into the cell by means of an excess
pressure of argoﬁ. A small Teflon stirring magnet was used

in the reaction vesse] to agitate the amalgam thereby increasing
its reactive sufface area. Upon completion of reactions, the
bubbler faci]itatéd quantitative recovery of gaseous materials

for analytical purposes.

5. Analysis

Sample ana1ysis was performed usihg a Varian Aerograph
Series 1700 Chrdmatogréph with dual 20 foot by % inch stainless
steel columns. The §o1umns, containing 13X.molecu1ar sieve
material, were mqintained at 50°C. Argon carrier gas with
a flowrate of 30 ml min~) was eluted through WX thermal
conductivity detectors; These detectors, maintained at 110°C,
were operated at a filament current of 100 mA. Output was
monitored via a.westronics chart recorder. Figure II-7 gives
a schematic diagram of the external sample and standard inlet
arrangements. |

- Following radiolysis or reaction with sodium metal or

amalgam the ce]l"in question was attached to the éhromatograph
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Figure II-7. Schematic'dfagram of chrométoqraphic gas standard and samaie iniection §ysteh.
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as shown in Figuré.II-7. The various stopcocks were turned

so as to flush the air from the external 1ine and cell Teads.
When the air slug had eluted, the cell stopcock 513 was rotated
90° which flushed gases from the cell into the chromatograph.
Varfous standard gases were introduced at atmospheric pressure
via 515 into the ca]ibrated standard loop L. When it was
convenient, such standards were injected through S,, into the
chromatograph. Interchanging loop L and the reaction cell (and
'pre4co1umn) allowed one to inject known amounts of various gases
into the reaction cell immediately prior to analysis. Products
were identifiéd by comparing their retentidn time with known
standards. Over the fange studied, the detector response was
linear for the gases monitored thus'duantitative results were
obtained by tfiangu]ar integration of the recorder output peaks. 
Table III 1ists typical values for the response time\aﬁd-’
detector sensitjvity of a number of gaées for the cohditions._

outlined. A typicé] chromatogram is shown in Figure 11-8.

TABLE TIII

, Retention Time Detector Sensitivity
GAS - (min) ‘ (cmzlumole)
"HZ-‘, : 8» S 58.1-
P S E R 6.6
No o 23 | - 5.2
CH, .35 S 15.2
CoH, >60 12.7
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B. PULSE RADIOLYSIS

1. General Outline of the Technique

Pulse radiolysfs studies of HMPA were conducted during
brief visits to”thé Ohio State University.- The radiation
facilities at the establishment were particularily well
suited'to the typés of experiments that might remove many
of the ambiguities inherent with indirect steady-state ¢°Co
vy-radiolysis studies. The pulse radiolysis equipment a11ows
one to directly obéerve transient absorptions produced by-
short bursts of ionizing radiation. Figure II-9 1is a
simplified schematic diagram showing the layout of the various
components. A portion of the electron beam from the linear
accelerator was absorbed in an irradiation cell containing
the sample under study. Any transient‘species formed as a
result of such interaction which absorbed between 300 and 2300
nm were monitored by means of a beam of analyzing light passing
through the sample cell at right angles to the electron bean.
Through the judicious selection of the sample, filters,
detector and settings of the monochromator and oscilloscope,
spectral and kiﬁetic information was obtained for a number of

transient species.

2. Sample Preparation

Dow Chemical Company "Dorcol" brand HMPA was purified by
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- Figura I1I-9. Simnlified schematic of the pulse radiolysis
‘ anraratus at The Ohio State tliniversity.
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stirring with metallic sodium under vacuum untiT a stable
dark blue solution of solvated electrons was formed. This
. sodium solution was then fractionally distilled under vacuum,
'the midd]e'pprtioﬁ being collected in a scrupulously clean
evacuated flask é%ﬁipped with a Tef]bn stopcock. Samples for
irradiation were prépared by re—disti]ling.HMPA from this
storage bulb direcf]y into radiolysis Cells. A'typical cell
is shown 1n-Figufe IT-10. Again, only Teflon stopcocks were
emp]oyed,_and attachmeht of thé cell to the vacuum system
. was achieved;thréﬁgh the use of Solv-Seal glass and Teflon
A jd{ﬁts;"éacﬁ ?éi]:ﬁhc1uded a large heart-shaped chamber which
.facilitated'thé fémpva1 of'tracés-bf disso1ved gaseé through |
a mu]tip]e'%réé%é;ﬁump-thaw procédure. A 1ohg side arm ferminated
by a precision op£5c51 cell provided a_heans whereby small |
portions of the bulb sample could be irradiated and»ébserved;
Optical cé]]é weré éither Suprasil quarfz with_ah optical path
of 20 mm or thin Vitrosil (3 mm path length). The patﬁ‘bf |
radiation througﬁ”fhe cell was at right angles to the optical
path and was 10 mm.iﬁ length. The cell shown in the diagram
had a small chamberibeiweeﬁ two Teflon stopcocks which could
be used to introduce under vacuum, small known amounts of
solutes. |

Chemicals used as scaveﬁgers were analytical reagent
grade or better. -Anthracene and pyrene, used in the solvated
electron yield determination, were Aldrich "Gold Label" zone-
refined (99.9+% purity) grade. Gaseous scévengers were purified

by multiple trap-to-trap distillation on the vacuum line.
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Figure II-10. Puisa radiolysis sample preparation and irradiation
vezsel. The optical cell (20 X 10 X 5 mm) has
Spectrosil windows.
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Samples of HMPA containing very small amounts of nitrous

oxide were prepargd by quantitatively freezing measured

amounts of the gas directly into the rédio]ysis cell. The

resulting scavenger concentration could then be calculated

from known parameters.
the number of moles, n, of nitrous oxide transferred from

a small bulb on the vacuum line is given by (xxii).

where PI

PiVe

RTI

NéO pressure in bulb (mm Hg)

bulb volume (1)

bu}b temperature (°K)

-1

62.3 mm Hg °K ' mole

-1

That is, assuming ideal gas behavior,

(xxii)

After'quantativé transfer to a radiolysis cell containing a

known amount of

both the Tiquid

HMPA, the nitrous oxide has components in

and gas phases (xxiii).

P V.
mo= PG4 spy

F'L
RT

(xx§ii)

pressure of nitrous oxide (mm Hg) above HMPA

volume of gas space in radiolysis cell (1)

volume of HMPA liquid (1)

solubility of N2

0 in HMPA (1.85%10°% M/mm Hg)
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TF = rédio]ysis cell temperature (°K)

Assuming the température of the two bulbs were equal (i.e.
allowed to reach ambient room temp.), one can combiné equations
(xxii) and (xxiii) obtaining the final equilibrium pressure

of N20 in the radiolysis cell (xxiv),

ViPy

Pp =

(Vo + V, SRT

G L SRT) ' - (xxiv)

and therefore thg con;entration of N20 in solution, [Nzo] HMPA®

by equation (xxv)..
[N2Q]HMPA = PpS o (xxv)

For 100 mm N,0 in a 13.37 ml bulb transferred to a cell containing
86.0 m1 HMPA and having a gas space of 20.1 ml the final
.concentration of NZO in HMPA was calculated to be (7.9 % 0.2) X

107w,

3. Pulse Radiation Source

A Varian V-7715A microwave linear accelerator (linac)
was used as é source of high energy electrons. This machine
produced electron pulses in the energy range 2 - 6 MeV with
pulse width continuously variable from 0.005 to 1.6 usec. Most

of the present exveriments utilized single pulses of 4 MeV
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electrons "at a-pulse cufrent of 300 mA, corresponding to a

To‘rad sec”!,

dose rate of eboht 10 'Pulse‘to_pulse reproduc-
ibiTlity of the‘accelerator was genera11y better than i5% ef
. the mean. | ; - | .
Throegh*the use of a ferroelectric device, it was possib]e
to examine in detaf] the shape, intensity; and duratioh of
radiation pulses. That device made from a ceramic material
containing lead éirconate titanate (PZT) has a large pyro-
electric coeffieieht. Incident radiation produces én instantan-
eousksmall temperature increase in the device which delivers
an electrical impulse corresponding to the time rate of
temperature change. _The device was'particular1y useful for
monitoring the Tinac pulses because it had a rise time of less
than two nsec and responded ]ineariTy to even very fntense
energy f]uxes. Figure II-11 depicts the response of the’PZT
device to a 600 nsec electron pulse. As can be seen, the linac

produces femarkéb]y'near-rectangu]ar pulses of electrons.

0.2
SeCle—

0— Vs

1 Trel)

Figure II-11. Shape of linac electron pulse.
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4. Optical Detection

a) Analysing Light Source

Tranéient épgcies produced in the sample were studied by
observing their 6ptica1 absorption spectrdphotometrica]]y. A
500 watt Osram xénon-arc lTamp, type XBO, was used as white
1ight source. The Tamp coUld.be operated in either constant
intensity or f]ashéd hodes. When a pulsed current of 150A
was addéd to the ﬁontinuous operation current of 20A,.the
Tamp intensity was increased by a factor of 25 to 40 depending
on wave1ength. The resulting light pulse lasted several
milliseconds and_had a usable constant intensity portion of
about 100 usec which could be sychronized with the accelerator
electron beam. Figure II-12 shows the profile of a fypica]

flash.

Iirel) \

Figure IT-12. Profile of the output from the Xenon-arc Tamp
used in pulse mode.
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The output from the lamp was focussed onto the reaction cell

and aga1n on the monochromator entrance slit. Until just

prior to each rad1at1on pulse, the shutter was closed to_

prevent heating and photolysis of samples by the Tamp --

operating in its constant intensity mode.

b) Wavelené%h.5e1ection

A Bausch and Lomb f/3.5 grating monochromator, tybe 33-

86-26 was used 1hﬂconjunction with a number of gratings. Table IV

lists pertinent information for the gratings.

TABLE TV Bausch and LOmb Gratings used in thé pulse

radiolysis experiments.

Grating Type

ﬁTSpectral Region (nm)

Dispersion {nm/mm)

33-86-02
33-86-03
133-86-04

350 - 800
700 - 1600
1400 - 3200

6.4
12.8
25.6

Each grating was calibrated in the monochromator with reference

to line emissions from a Tamp containing Hg, Ar, Xe, and He.

Appropriate Corning glass filters were placed in the

optical path -- before the radib]ysis cell to prevent sample

photolysis -- and before the monochromator to eliminate second-

order components (especially from Cerenkov radiation) and the
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effects of scattered light.
c) Detection

Transient absorptions below 1200 nm were measured through
the use of one of several photomultiplier tubes (RCA 7200,
7102, 1P28 or HTV 196). For wavelengths between 800 and
2300 nm an indium-antimonide photodiode was employed. This
device was mounted behind a sapphire window on a cold finger
of a liquid nitfogen dewar. It had a sensitive area of about
0.04 cm2 and was connected directly to the input of a high-
speed solid state operational amplifier®2 The 10 - 90% rise-
time of this infra-red detector was about 100 nsec. Experiments
generally utilized a Tektronix 545 dual beam oscilloscope. For
some studies, where faster time resnlution was partiéu]ar1y
desirable, a photomultiplier system with a 2 nsec rise-time
(RCA 1P28) was used with a Fairchild 777V oscilloscope. A
resolution time of 5 nsec was attained with this arrangement.
Permanent records of the transient signals were captured on
Polaroid speed 3000 or 10,000 fi1m. In addition, the various
shutters and pulses were timed such that traces frqm signals
representing zero and 100 percent transmission of the analyzing
light through the reaction mixture were also reéorded on each
photograph. Figure II-13 is a tracing of a typical photograph

in which these features can be seen.
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Figure I1-13. Typical oscilloscope trace showing a transient

ab?orption in HMPA following a 400 nsec radiation
pulse. :

It can be seen that through the judicious selection of _
experimental parameters one could obtain a detailed history
of the formation and decay of transient species-f0110w1ng

irradiation.

d) Dosimetry

Measurement of the energy absorbed by the samples per
radiation pulse was performed through the use of aqueous
potassium thiocyanate as a chemical dosimeter;- Dosimetry
was carried out in cells of the same type and dimensions as
those containing the samples. Measurements were made just
prior to investigations on various samples. After completion

of a series of experiments (or periodically during long



experiments) dose‘heasurements were again made to ensure that.
the accelerator conditions had not changed.

‘Radiolysis of aqueous KCNS solutions gives rise to a long
1ived species having an absorption maximum at 475 hm. Curve
A in Figure II-14 shows the spectrum obtained from a solution
of 0.1 M KCNS saturated with nitrous oxide. The absorption
had been assigned®?® to the thiocyanate radical formed from

reaction of hydroxyl radicals (2.10).
OH + CNS™ —————» CNS + OH” (2.10)

~Later, Adams et al?* reported a value for the molar absorptivity

3 y-1 -1

7.1 X 10 M cm and conceeded that the data was

€500 ~
also consistent with the transient being a dimeric species,

(CNS)é (2.11).

NS + CNS™ ——» (CNS), (2.11)
Baxendale et al?® confirmed the formation of this dimeric
species. Behar ahd co-workers®® observed two transient
intermediate precursors of (CNS)E with maxima at 330 nm and

390 nm. vThe former was attributed to the thiocyanéte radical,
CNS and the later was assigned to a new intermediate species,

 CNSOH™ (2.12,2.13).

OH + CNS™ ————— CNSOH™ (2.12)
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Figure II-14. Radiation Dosimetry. Transient absorptions resulting from 100 nsec pulses of o

O

4 MeV electrons observed in a cell having an optical path length of 20 mm /i/‘

and containing A, aqueous KCNS solution and B, trinly distilled water.
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CNSOH™ ——————» CNS + OH~ (2.13)

In neutra]_wéter,_G(éH) = 2.9 and for solutions containing

3

greater than about 5 X 10°°M CNS™, all reactions of hydroxy]l

radicals save (1.10) are suppressed. For such solutions
6 ((CNS)D = G(OH) = 2.9.
In the presence of a saturated solution of nitrous oxide,

hydrated electrons are converted to hydroxyl radicals (2.14).

H,0

20
erq * N0 — [Nzo] —> O + OH™ + N, (2.14)

Under those conditions, the (CNS)% yield is given by (xxvi).

G((ch)§>f G(OH) + 6le;q) = 5.7 (xxvi)

where the hydrated electron yield is taken as 2.8.

For a species of known G value and molar absorptivity,
absorbed dose, D, is given by (xxvii).
. AN
D(ev 171y = ©
e1G (xxvii)

where A = absorbance of dosimeter species'
N, = Avagadros number (molec mo1e'])
e = molar absorptivity of dosimeter species

-1

(mole 1 cm'])
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j—
1

= optical path length (cm)

m,
I

G value of dosimeter species (molec (100 eV)'])
The dose absorbed by the HMPA samples was obtained by correcting
for the relative eTectYon densities of HMPA and water. The

20 ey/1.

absorbed dose fro@‘a 400 nsec pulse was tybica]]y 4 X 10
Pulse to pulse répYoducibility of the accelerator was usually
bettér thén.iS% of the mean.

As a check, a secbnd dosimeter -- pure water -- was
employed. Curve B in Figure II-14 shows the spectra obtained
in the région near 715 nm from the radio]ysis‘of triply distilled

water. A value of Ge®aq = 5.0 X 104 M cm™! molec (100 eV)']

was taken for the hde;Eed electron at 715 nm®? Because the
hydfated:e1ebtron is relatively short-lived, the results were
corrected to account for decay during the pulse. Thé two
dosimetfy'techniqUes gave resy]ts within about 10% of each

' othér. The results of the thiocyanate dosimeter, by virtue of

the stability of its absorbing species, were averaged and used

in the calculations.
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CHAPTER III

RESULTS AND DISCUSSION

A. RESULTS: STEADY STATE EXPERIMENTS

1. Gamma Radio]ysfs Studies

!

a) Pure HMPA

Gamma:raqioiysjs of samples of HMPA at-23 + 2% yielded
hydfogen‘ahd methéﬁe as gaseous products. Figure I1T-1 shows
the yfelds of thésé products obtained from four different
samples of HMPA as a function of accumulated dose. Thev

methane yield was independent of dose up to at least 1.5 X 106

" ev g71). From the slope of the line the yield

rads (9.4 X 10
of methane, G(CHA), expressed as molecules per 100 eV of

energy absorbed, was calculated to be: .
G(CH4) = 0.29 + 0.03

A5'¢§n be seen in the figure, the hydrogen yield depen--
dénée was more cohblex. The curves were different for the
samples, but each exhibited a final Tinear portion corresponding
to G(HZ) = 3.3 i 0.3. Thé effect can be seen more clearly in
Figure III-2. There, hydrogen and methane yields (ca1cu]ated

from the slope d(product)/d(Dose) for each irradiation are
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Figure III-1. Totzi preduction of hydrogen (O) and methane (0O)
as a function of total absorbed dose from the
radiolysis of four different samples of HMPA.
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plotted as a function of total absorbed dose. The reeults
-suggest that the‘samples initially contained low concentra-
tions of impurity which reacted with a precuréor of molecular
hydrogen and was consumed in the process. The samples were
prepered from different batches of technical grade HMPA.
Special care was taken in the preparation of sample four.
That sample was subjected to. several additional stages of
disti]]ation from sodium. In addition, it was stored and
transferred under vacuum. The hydrogen yield data shown
in Figure III-2 supports the "impurity" theohy as that sample
quickly attained the plateau hydrogen yield value. Radio]ysis‘
of the technical grade HMPA gave a constant low hydrogen yie]dj
G(H,) = 1.3 £ 0.2 for a total dose up to 2 Mrad.
One could not expect to subject samples of HMPA to

unlimited doses of radiation without affect1ng the pr1mary

processes. Indeed the production of hydrogen and methane’
}gave evidence that md]ecu]ar degradation occurs. Obviously
other.1iquideproduc£s were also produced in conjunction with
those monitored. Therefore, when it was c1ear that a "pure"
sample condition had been obta1ned various scavengers were
added prior to. subsequent 1rrad1at1on so as to facilitate much
more 1nformat1ve_stud1es of the system ahd 1t5'react1ons.
After a number of experiments in which scavengers were used,
the samples were once again irradiated with ho added solutes.
Return of the "plateau" hydrogen yield indicated that impurity

build-up was probabiy unimportant.
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- b) ScéVéhgeﬁ“StUdies

i) Nitrous Oxide

Nitrous oxide was used extensfve]y in this study fof
.the purpbse 6Ffdetermining the yield and'néture of the reducing
species forhed dgring the radolysis of HMPA. Following
irradiation, samples of HMPA containing dissolved N20 were
found to contain significant amounts of molecular nitrogeﬁ.

For a given concéntration of N20, the nitrogen yield was
1ndépendent of dose and total absorbed dose.

Methane gas'production from HMPA radiolysis was unaffected
by the.presence of N20. The hydrogen yield on the other hand
vwas reduced from-an.initial value of G(Hz) = 3.3 + 0.3 to a
constant value of G(Hz) = 1.4 0.1 for any solution‘containing
greater than about 10'3M NZO' Evidently N20 reaqts efficiently
with a precursor of soﬁe of the hydrogen.

Figure III-3 shows a plot of the observed nitrogen yield
as a function bf N20 concentration. The filled circles
represenf those experiments in.which argon "carrier gas" was
used to énéureithokough mixing of small amounts of N20. Thé
nitrogén yield intreaséd fapid]y to G(N )>3 for N20 up to

-2

about 1 X 10 M and then increased more slowly to G(N ) > 4 5

at 1.3 X 10 Ty Nzo'

For very Tow concentrationé of N20 it is somewhat misleading

to refer to "yields" of molecular products that are affected by

the presence of that scavenger. For the HMPA sample size and



1

0 | 5 10
| [N,O] x10°M |

Figure 1II-3. Nitrogen yield from irradiated samp]es of HMPA as a funct1on of n1trous oxide
concentration. '

- 86 -



- 99 -

radiation doses employed in these experiments, approxihate]y
5 X 10'4M reducing.species (with a yield of 2) wou]d be formed
during the radio]ysié. A scavenging reaction with N20 cou]d
result in a substantial decrease -- possible depletion -- of
scavenger from samples initially contafning small amounts of
N20. Product ﬁyié]ds" from such solutions are denoted as
" pseudo-yields, G'(X), éo as to differentiate them from yields .
obtained under éonstaﬁt scavenger concentration.

Figure II1-4 details the pseudo-yields of nitrogen and
hydrogen obtained froh the radiolysis of solutions initially

containing less than 1 X 1073 N,0. Between 0 and 5 X 10”4

M
NZO’ the hydrogen pseudo-yie]d decreased from G'(Hz) = 3.4 2
0.3 to G'(H) = 1.4 0.1. Over this same range, nitrogen
formatioh increased from 0 to G'(Nz) = 2.2 +0.2. It is worthy
of attention.that‘the sum of the two "yields" remainéd‘fairly
constaht'th}oughqut, with G'(Hé + N2) = 3.4 + 0.3 to 3.7 0.3.
These resU]ts'werebmore suggestive of the‘expected "depletion"
‘effect.

To confirm this suspicion, samples of very pure HMPA
containing a constant Tlow initia] concentration of N20 (& 7 X

107°

M) were irradiated for different lengths of time. That
concentration corresponded to only one or two micromoles of
N20 in the samples.- The observed effect of dose on product
"yields" is given in Table V.

As one would expect, the absolute amounts of methane,

'hydrogen‘and nitrogen formed during radiolysis increased with

dose. Nitrogen, however, reached a 1imiting value of 1.2
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Figure III-4. Observed hydrogen ([J) and nitrogen (O) "yields" from irradiated samples of
HMPA containing very low initial N,0 concentrations.
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TABLE V Effect of dose on gaseous product "yield" in HMPA sampies inftiaJIy

containing 7 X 10-

5

M nitrous oxide.

Product Formation

Product "Yield"

Dose (umoles)
4 A ’ V ] / . /
(rads X 107) CH, N, H, 6 (CH,) 6" (N,) 6" (H,) G (N, 5)
1.74 0.1 0.7 0.9 0.3 1.5 1.9 3
3.45 0.2 0.9 2.0 0.3 1.0 2.2 3
5.16 0.4 1.2 3.4 0.3 0.9 2.5 3.
6.87 0.5 1.2 4.8 0.3 0.6 2.7 3.

oL -
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micromo]esyfbr_the:larger doses -- a value within experimental -
error of the toté] estimated initial N20 content. Product
yields (product fbrmed per unit dose) from sfudies utilizing
high concentrations of scavenger were independent of dose and
total absorbed dose. Here, only the methane "yield" was
independent of d05e.  Thé nitrogen “yie]d"'decreased with

-dose while that of H2 increased. ‘Again, the sum of the H2 and
“N2 pseudonields remained constant at G'(H2 + N2) = 3.3+ 0.1.

‘ The facts are consistent with a scheme in which nitfous
oxide.scavéhges axbrecursor of some of the hydrogen, and that
és nitrous oxide'ié_dep]eted the hydrogen formation reaction
predominates. .Note that hydrogen formation is not precTuded
- by the N20 scaVeﬁQing reaction but rafﬁer a simple competition'
for a precursor exists. Two facts from the table point to
this conclusion. Firstly, in the lower dose expériméﬁts (where
NZO was not dep]eted) fhe hydrogen pseudo-yie]d‘sti11 increased

with dose. Seéoﬂd]y, éven‘for the smallest dose studied (1.7 X
. . : v

107 rads) the“hydfogen‘yie]d G’(HZ) = 1.9 was higher than the
plateau G(H2) = 1.4 £ 0.1 obtained from samples containing
> 1073M N0,

2

ii) Nitrous Oxide Plus a Second Scavenger

In order to elucidate the hature of the_N2 precursor the
efféct of the addition of a second scavenger on gaseous product
yie]ds'inrHMPA'énd'éo1utions of NZO in HMPA waé investigated.

Several known radical and electron scavengers were employed.
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Some of the data are summarized in Table VI. Silver n{trate,
~and su]phdric acid wére unsuitable as second scavengeré, as
the addition of these substances ied to decomposition of HMPA.

Sma11.amounts of ga]Vinoxy] (Gv), a stable free radical,
or iodine in HMPA yielded solutions having absorption spectra
characte%istic ofwkﬁqwh ionic species, suggestive of interaction
with sd]venf»or'impurities.

The visib]efquorption spectra of galvinoxyl in HMPA
exhibited 1nténsé*bands at 430.nm and 580 nm as shown in
Figure III-5. The bands were similar in position and shape
to those attributéd'tq the galvinoxyl free radical (év) in
iso-octanol and thé galvinoxyl radical anion (év_) in alkaline
ethanol88® The species havé reported extinction coefficients

5 M']'gm'l‘and 2.2 x 10° M1 cp! respectively in .

of 1.8 X 10°
thdse solutions. Aiso shown in the figure is the spectra
‘obtained for a soIﬂfion of galvinoxyl in cyc10hexane,rwheré
only thé'freé.radﬁca1 band was observed. It would appear that
in HMPA, galvinoxyl feacted with the solvent (3.1) or some

impurity, Im, (3.2) to form the galvinoxyl anion.
GV + HMPA ————» HMPAY 4 Gyv” (3.1)

év + Im ——— In' o+ év' . (3.2)

Examination of the absorption spectra of HMPA samples
containing different amounts of galvinoxyl would tend to favour
reaction with impurity (3.2). From the observed absorbances,
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CTABLE VI

Mo]etuhar product yields from the irradiation of
HMPA samples containing known amounts of N20 and
a second scavenger.
Second
Scavenger [}J(m) BZQ(M) G(Nz) G(Hz) G(CH4)
NIL - - 3.2° 0.29
(only N,0) 0.0005 2.2 1.4 0.28
0.001 2.5 1.4 0.27
0.01 3.4 1.4 0.29
0.10 4.4 1.4 0.26
Water 0.22 - - 1.4 0.27
0.22 0.016 3.3 1.4 0.27
0.22 0.030 3.6 1.4 0.27
0.22 0.045 3.8 1.4 0.25
1.0 0.045 3.8 1.4 0.24
Methanol 0.10 - - 1.4 0.27
0.10 0.015 3.3 1.4 0.28
0.10 0.030" 3.7 1.4 0.27
0.10 0.044 3.9 1.4 0.26
1.0 0.030 3.4 1.4 0.27
Acetone 0.03 - - 1.3 0.3
0.03 0.015 3.5 1.3 0.26
0.03 0.030 4.2 1.4 0.28
0.03 0.044 4.2 1.3 0.29




- 105 -

TABLE VI (continued)

!

Second - s
scavenger | [s,[m) [ﬁé@(M) 6(Ny)  6(Hy)  G(CH,)
Acetone 0.27 0.013 3.8 1.3 0.28
(con't) AP ' . .

. 0.27 0.05 4.6 1.4 0.26
0,27 0.1 5.1 1.4 0.28

CHCT, 0.015 0.015 1.5 1.4 0.25
1 0.015 0.029 2.2 1.4 0.26

0.015 0.043 2.6 1.4 0.26

0.045 0.015 0.8 1.3 0.22

0.045 0.029 1.2 1.3 0.24

Ad.o45 0.044 1.6 1.3 0.24

cc1y, 0015 0.015 1.4 1.3 0.25
‘ 0.015 0.029 2.2 1.3 0.25
0.015 0.043 2.6 1.4 0.25

0.030 0.015 0.9 1.4 0.24

©0.030 0.020 1.2 1.3 0.25

| 0.030 0.029 1.4 1.3 - 0.26

0,030 0.044 1.8 1.3 1 0.26

0.045  0.016 0.6 1.3 0.22

0.045 0.029 1.1 1.3 - 0.22

0.045 0.044 1.5 1.3 0.24

I, B 0.105 ©0.011 0.5 1.1 0.12
0.10 ~ 0.018 0.7 1.2 0.11
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TABLE VI (continued)

Sécond i N

ScaVengéf‘ [SJ(M):' hZ@(M) G(NZ) G(Hz) G(CH4)
1, (con't) | 0.10  0.028 1.0 1.2 10.13
| 0.0 0.051 151 0.12
0.10 0.133 2.6 1.1 0.10

Galvinoxyl | 0.0001  0.014 3.2 1.4 0.25
0.0025 e 0.26

©0.0025  0.008 2.5 1.4 0.26

0.0025  0.014 2.8 1.4 0.26

0.0025  0.024 3 1.4 0.25

6.0025  0.053 3.6 1.4 0.26

0.046  0.011 0.7 1.2 0.12

0.046  0.014 0.8 ,"'--1;2 0.13

0.046 0.025 1.2 1.2 0.11

0.046 0.050 1.9 1.2 0.12

0.046 0.124 2.7 1.2 0,11

0, 0.002 0.014 3.3 1.4 0.24
- 0.002 0.026 3.4 1.4 0.24

0.002 0.042 3.9 1.5 0.25

0.002 ' 0.059 4.3 1.5 0.24

©0.011 0.014 3.1 1.4 0.21

o, | o0.001  0.014 3.2 1.4 1 0.27
| 0.015  0.014 3.3 1.4 0.25
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Second R :
Scavenger [SJ(M) hzﬂ(M) 6(N,) " G(H,) 6(CH,)
C0, (con't) 0.034 0.014 3.3 1.5  0.26
S 0.011 - - 1.3 0.24
LiBr 0.20 - - 1.3 0.28
0.20 0.014 3.6 1.4 0.25
0.2 0.028 3.8 1.4 0.23
0.20 0.044 4.1 1.4 0.24
0.20 0.060 4.3 1.4 0.23
0 0.12 4.5 1.4 0.25

.20

data accuracy estimated to be

+ (5 to 10)%.
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and assuming that, the extinction coefficients for the radical
and ionic galvinokXyl species in HMPA are identical to those
repgrted for the other solvents, one calculates that 1.1 X
10_¢M galvinoxyl in HMPA produces a sglution containing.5 X
10 “M radical species (G) and 5 X 10°°M fonic species ?Gv);3

_ For a more concentrated solution (containing 2.5 X 10°°M
galvinoxyl in HMPA) the anion band intensity fncreasgg only
two fold, representing the presence of only 1.0 X 10°°M .
galvinoxyl anion. The radical band intensity on the other hand
increased many times as would be expected if most 0f the
galvinoxyl were in its radical form i.e., 2.4 X 10" °M galvinoxyl
radical in the 1 mm spectrophotometer cell used, would have
an absorbance at 430 nm greater than fifty. These results
suggest that galvinoxyl in HMPA reacts with impurity to yield
small amount of_galvinoxyl anion but that for concentrations
greater than 10 "M the bulk of the galvinoxyl in HMPA is in
its free radical form.

Iodine also showed unusual behavior when dissolved in
HMPA. Figure ITI-6 shows the spectrum obtained for a solution
of 7.6 X 107%M iodine in HMPA. This spectra, with peaks at
295 nm and 360 nm, is compared in the figure to that attributed

to Ig observed in a solution of iodine and jodide ion in water.

3
from solutions of iodine, tetramethyl ammonium monoiodide and

Buckles et al. reported the spectra of 12, I~ and I, obtained
tetramethyl ammonium triiodide in ethylene chloride®® They
found the iodine absorption to be centered at 500 nm, the
iodide ﬁon absorption below 280 nm and the triiodide absorption

with peaks at 295 nm and 365 nm similar to Figure III-6.

From its absorption spectra, 7.6 X 1074 I, in HMPA would
appear to be present entirely as the triiodide gnion, implying
reaction with solvent or impurity, Im. Possible reactions
might be:
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+ Im e mt o+ 1:

2 «— Im + 1, ' o (3.3)
. + —_— > . -
Iz + Im «—= ImlI + I | ‘(3.4)
f A
1-2.+ HMPA 4———:! HMPA. I, (3.5)
I, + WAt ———— pmpatr o+ 1” (3.6)
. ;
12 ———> 1 +1 (3.7)
I+ 1, = 1 + I : | (3.8)
Tt T &———= 13 (3.9)
L+ T &> 1, | (3.10)
! -T',Iz —= I - _(3 11)

Similar formation of p01y1od1de anions. has been observed in
pyridine by Andrews et al?® They attributed the conduct1v1ty
~of solutions of iodine in pyridine to IPy , I”, and I. ions.

- Solutions of iodine in HMPA up to 0.1M showed stgong
absorption below 500 nm (presumab]y due to I,) but Tittle
absorption above 500 nm where I, would be exgected to absorb.
Thus, unlike for galvinoxyl, 8ur1ty reaction with 12 is
insufficient to account for the observed formation of“the
po1y1od1de ions.

The suitability of}iodine and galvinoxyl as scavengers in
the HMPA system wae vigorously pursued. This was beeause these
scévengers offered a hope of obtaining 1ndependent yield data
from spectrophotometric means. Unfortunately, as can be seen,
both systems were tqo complicated for practical purposes. Both
iodine and galvinoxyl possess large electron affinities. Perhaps
this combined with the high basicity and unusual solvation
properties of HMPA account for the observed results.

The methane yield from irradiated HMPA was Tittle affected
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by the presence of most scavengers. Iodine at 0.10M and
| galvinoxyl at 0.046M, both efficient electron and radical
soavengers, reduced the methane yield by about 60% from

G(CH = 0.29 + 0.03 to 0.12 = 0.02. The hydrogen yield was

2)
reduoed from G(Hz) = 3.3 £ 0.3 to a_cohstant value of
G(HZ) = 1.4 £ 0.1 in the presence of most of'the scavengers 
over a large concentration range. Exceptionvto this were iodine
- at 0.10M and galvinoxyl at 0.046M which reduced the hydrogen
further to values of G(H2) = 1.1 2 0.1 and 1.2 + 0.1 respectively.
The yield of nitrogen from solutions containing nitrous |
oxide and a second scavenger varied considerably. "Water,
methanol and carbon dioxide had little effect on G(NZ). Oxygen
Towered'the nitrogen yield slightly when present at a concentra-
tion comparab]e.tO'nitroué oxide. Iodine, galvinoxyl, cafbon “
tetrachloride and chloroform all reduced"the‘nitrogen yie]d-

'substantially.‘-ana11y the'presence of lithium bromide or

acetone resulted in an increase in the nitrogen yield.

c) HMPA - Water Mixtures

Extensive studies of the radio]ysfs of water have fairly
well established tho processes which occur in that solvent.
HMPA and water befng totally miscible in all proportions, it
was proposed that a étddy of HMPA/H20 mixtures might help
elucidate the methéﬁisms“of“thé?preséht?gtudyﬁ Blua amduiive

| Of particula¥ interest was the scavenging mechanism ofiNéo

in irradiated HMPA.. In order to assess the situation properly,
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mixtures of various HMPA/HZO compositions were all made 0.02M
in N20. This_was achieved by determining the solubility of
de for each mixtere and then introducing the gas at the
appropriate partial pressure. The yields of nitrogen, hydrogeh
and methane obtained from the radiolysis of such solutions as

a function of mixture composition is detailed in Figure III-7.

| , .3W _
2. Na/HMPA Studies

"a) Na Metal Solutions

.LSma11 amounts.of sodium metal were added to degassed
samples of HMPA» The metal dissolved slowly at room temperature
to giye re]at1ve1y stab]e intensely blue coloured so]ut1ons
valeft standing for several hours, the solutions slowly"
decayed to give stab1e ye11ow;orange sd]utions. The decomposition
was monitored by. gas ehromatography and was found to‘proceed
in part through the constant production of small amounts of
hydrogen and mefhane. The production of these gases ceased
as the last of the blue co]ourvdissappeared -- the total yield
of each representing only about 3% of the number of moles of
Na metal used to prepare the solution.

The addition of excess N20 to a sodium solution in HMPA
resulted in the immediate removal of its blue.colouration. The
reaction was studied in more detail by passing equal amounts
(27.0 umoles) of N20 through both blue and orange sodium metal

solutions in HMPA. For calibration purposes, equivalent amounts
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H,C containing 0.02M NZO as a function of mole
.fragtion HZO'



- 115 -

of nitroggn~gas:Wére5a1so passed tﬁrough the tWo solutions.
Table VII'lfsts the amount of nitrogeh gas recovered from
each of the gas additions. The addition of 27 umoles N20
into the blue solution also resulted in the formation of

0.3 + 0.1 umoles of hydrogen. None was evolved whén N20 was
injécted into the orange sodium solution. 'No methane was‘.
produced in the Nq solutions upon treatment with N20.

'
i

" TABLE VII

N2 observed (ﬁmo]es)‘fo]]owing the

injection of 27.0 umole samples of:

Sample _ : N2 NZO
Blue solution
of Na in HMPA ©27.3£0.5 | 27.2 0.5
Orange (decayed)
solution of Na in.
HMPA - 27.7 + 0.5 0.0 0.5

b)  Sodium Amalgams in Solution

Because of their inherent reactivity, it is extremely
difficult to prepare stable solutions of sodium metal in
amines which wi]TAcontain known, reproducib]é concentrations

: of}so1vated eJe¢trons. Furthermbre, investigations have



- 116 -

suggested that N20 molecules are involved in more than one
step of the scavenéing reaction. Therefore, even if "known"
metal solutions could be prepared, this possibility requires
'that'homogenous sz‘§o1utions of known composition exist
initially. That ié,'Na must be added to a solht{on already
containing nitrous oxide. In order to int}oduce a2 known
amount of"pure sodium and to retard its rate ofedissolution
(and hence its reaction), liquid amalgams of sodium in mercury
were employed. ‘ |

Equa] aliquots of a given amalgam were transferred from
an evacuated reservoir to an intermediate cell chamber.

They were then forced quickly into the reaction solution
by means of a high backpressure of inert gas. This method
was employed for two reéeons. Firstly, the technique prevented
the loss of. vo1at11e scavengers from the reaction chamber
Secondly, it 11m1ted possible reaction w1th amalgam prior to
its entry into the solution being studied.

Experiments.were conducted using HMPA, water, or mixtures
~of the two -- both with and without N20. No‘b1ue colouration
was ever observed following the addition of amalgam to any of
the samples.

Subsequent to the completion of reaction in solution, the
samples were analyzed by means of atomic absorption spectroscopy
for sodium ioh contente These analyses confirmed that all
aliquots did indeed contain the same eXpected amounts of sodium
metal. For examp1e, a piece of sodium mefa] weighing 0.74 =

0.01 gm was sublimed in vacuo severa].times then mixed with
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34.76 + 0.01 gm of purified mercury. Aliquots of this'amalgam
produced solutions containing a mercury residue weighing .
2.23 + 0.02 gm. Based simply on the fraction of the total
amalgam used ($ssuming that the sodium metal slug was 100%
pure'and that no loss occurred during its purification) the
sodium conteht of each aliquot would be giVen by equation
(xxviii). |

Theoretical aliquot Na content

2.24 £ 0.02 gm Hg residue X 0.14 % 0.01 gm Na

6

- 34.76 + 0.07 gm Hg total X 2.30 X 10" ° gm Na/umole

393 + 32 umoles Na - (xxviii)

~ However, sihce~the sodium metal was cut in air.it would be
covered with an oxfde.]ayer initially and each sub]imation prior
to the amalgam formation left a small residue. Therefore; the
“actual sodium content of the aliquots would be expected to be
somewhat less than‘this estimated value. Indeed, analysis of
the spent so]utiohs by atomic dbsorption techniques revealed
the presénce of 360 * 20 umoles of Na+ ions in each case -- a
value indicating excellent accord with expectations. |

The gaseoué products resulting from the addition of sodium

amalgam to the various §o1utions;were measured by gas chroma-
tography. Typical resh]ts are given in Table VIII. 1In addition,

one amalgam aliquot containing 360 * 20 umoles Na was introduced
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’TABLE'VIII Yié]ds.of gaseous products obtained from Various
sq1Vént-mixtures upon the addition of amalgams
.,confqihing 360 + 20 umoles of sodium metal. |

[}2@ ~ 6 X 1072w,

Mole Fraction ! Gaseous Products
N20 (umoles)
HMPA H20 Present? H2‘ 'N2
1.00 | 0.00 X 4 + 2° 0
v 2 + 1 165 + 15
0.67 | 0.33P X 13 + 32 0
v 12 + 3 100 = 10
0.29 0.71 X 8 + 2 0
v 19 + 4 45 + §
0.03 | 0.97 X 92 + 10 0
0.00 | 1.00 X 195 + 15 0
Voo 2 +1 | 200+ 15

a amalgam essentially stable in this solution. Addition

of excess water resulted in reaction.

b 1 ml HZO in 20 ml1 HMPA.
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into the embty angﬁevacuated reaction cell. Nitrous oxide at
one atmosphere pré%suré was Subsequently added to the cell.
Immédiate]y after the N20 addition, the surface properties

of the amalgam changed and it tended to stick to the cell
‘walls. Analysis of any gases produced shoWed that some

- nitrbgen (v 25 umojes) had been formed -- bresumab1y by a
_'direct su}face reaction between spdium in the amalgam and
gaseous nitrous'OXide.

Severa] jmpor;ant results are immediately obvious from
the:déta of Table VIII. Firstly, the amalgams were stable in
pure HMPA or HMPA containing moderate amounts of water. Even
in a solution having 0.33 mole fraction of water (1 ml H,0 1in

20 m1 HMPA or > 5 X 10%

umoles HZO)’ the amalgam containing
360vumo1es of Na atoms was unreactive. The amalgam reacted
.With pure water;to gfve 195‘t 15 umoles of’HZ. When 6 X 10-2M
| .N205w5$ presedt jn ﬂater;“the:hydrogen»keécf%oh_was surpfesﬁed 
“Snd Zbé + 15 umoJes-bf‘Né produced:jnstéad;:_Thatvis, one mole
6?'H2 wéslproduéédffrOm'fhe reactfonAof th moles of Na but
also only ohe mo]é of N2 was produced_ffbm 2»mo]es of Né. From
so]htionS'df HMPA containing 6vX 10'2M N20, s1ight1y-1ess (165 +
15 pmoles).nitrbgén:was produced, but little hydrogen was
.produced.inAaﬁy predominafe]y HMPA so]ution.i Again the produttion_
of one'm61e of'nit}ogen from NéO reaction required at léést
two mojes.of Na ﬁn]ess alternate feactions occurred which did

not Tead to gaseous product formation.
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B. DISCUSSION: | STEADY STATE EXPERIMENTS:

HMPA ‘was stﬁdied'with the objective of investigating
the roTe of so1Vated electrons in that solvent. 1In so- ca]]ed
steady state rad1o]ys1s experiments one cannot in general
observe react1ve 1ntermed1ates directly. Therefore, one must
make indirect 1nvest1gat1ons by observing stable reaction
products and'study1ng the effects of various solutes on their
yields. In this way one can often deduce valuable information
about intermediate species. It was with these considerations in

mind that results of HMPA experiments were interpreted.

1. Gamma Radiolysis Studies

a) Processes Leading to Molecular Products Formation

The radiolysis of pure'HMPA yielded hydrogen and methane
as.gaseous molecular products. The presence of known_e]ectron
scavengers such as acefone, carbon tetrdch]oride, chloroform,
and nitrous oxide had little effect on the methane yield. This
would tend to rule out jonic processes in the formation of that
product. Galvinexyl which is a stable free radical, would be
expected to scaveﬁge radical species and has been shown to do
so in 2,2,4-trimethylpentane?! 1Iodine is also known to
efficiently scavenge radicals in many systems. In the presence
of either of these substances, the methane yield was reduced

indicating_that a pfecursor is a radical species -- probably
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the methyl radical. Although, as discussed, iodine in HMPA
probably exists as the triiodide ion thaf species would also
be expected to acf as a radical scavenger. Since 0.10M jodine
orf1046M ga]vinoXy] in HMPA reduced the methane yield by only
60% it is apparent that methane is also formed through un-
scavengable radfation—induced molecular prbcesses. Such
processes could iné]ude spontaneous dissocidtion of electron;
fca11y excited solvent mo]ecu]es, 1ntraspur4feactions or "hot
atom" (radical) reactions.

Since the‘presence of any of several electron scavengers
over a large concentration range reduted the hydrogen yieid
from G(H,) = 3.3 = 0.3 to a constant value of G(H,) = 1.4 3
0.1, hydrogen must be formed via at least two processes, one
of which involved a comparatively long-Tived reducing species
scavengable by NZO' That this species was unlikely to be
the hydrogen atom was shown from data fbr samples cohtaining
methanol or oxygenlin addition to N20. |

Methanol is known to react rapidly with hydrogen atoms
in many solvents via reaction (1.12) to produce molecular
hydrogen?? |

H + CHa0H ——— H, + CH,OH (].]2)'
Therefore, if the.réducing species were hydrogen'atoms, the
addition of methanol to HMPA should have had no effect on or
increased hy@rogen yield upon radiolysis. As can be seen

from the déta of Table VII, the hydrogen yield from a solution
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'containing 0.1M methanol was reduced to G(H2) = 1.4 0.1,
Furthermore it has been reported that nitrous oxide does not
react with hydrog;n atoms during the radfo]ysisvof Tiquid
methanol®3® or cyclopentane?* 1In general, the scavenging of
hydrogen atoms by N20 is accepted as occuring with a relatively
Tow rate constant?®°%¢ For example, in aqﬁeous solution
methanol and oxygen react with hydrogen atoms some 20 and 105
times faster respectively than does NZO?7 From solutions of
HMPA containing 10-? to 10']M N,0, the observed nitrogen yield
was little affected by the presence of even 0.1M methanol or
0.01 M oxygen. Now, while this data cannot rule out the
involvement of hydrogeh atoms in a Tater stage of the process
leading to molecular hydrogen formation, it does strongly
preclude the possibility of the initial reducing species being
the hydrogen atom. This suggests that the 1ong-1ived reducing
species is probabe a negative ion, X;; either a solvated
electron (e;) or a molecular anjon (A;).

If the reducing species, X;, were anionic in nature then
it should be readily scavenged by protons. Furthermore, such
reaction might distingujsh between mo]ecu]ar anions and
solvated electrons by producing different products, according
to reactions (3.12) and (3.13).

HMPA

ot ey > A > (3.12)

H" + A_ ————» MH ——» products (3.13)
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Unfortunately, HMPA is attacked by electrophiles so that
protons are unstable in this soiventf' The introduction of
| IO'ZM H2804 into a sample of HMPA produced a cloudy suspension
indﬁcating»that decomposition had occurred. |
“v‘Hydrogen atoms do appear to be'invo1ved to.some extent
in a second hydrogen forming process since h1gh concentrat1ons
of eff1c1ent rad1ca1 scavengers reduced the hydrogen y1e1d
below the plateau value of G(H2) = 1.4 0.1, Ga]vinoxy]
-at 0.046M.and "iodine" at 0.1M reduced'G(Hz) to_1.2 1'0,1
and 1.1 £ 0.1 respectively. At fhese concentrations the
radical scarengers would have been eXpected to pick up all
the radical species produced during the radio]ysis. Thus, as
was the case forAmethane formation, molecular hydrogen also
appears to arfse fhrougn unscavengable molecular processes.
From the observed molecular product yjelds and the effects
of scavengers on those yie1ds, one can deduce possible
mechanisms for the processes occuring during rad101y51s ‘The
following scheme ‘would account for the observed results in
pure HMPA. For convenience, the formula for HMPA, ((CH ) N) PO,_
is expressed as CHd(MPA) | The wavy arrow denotes rad1at1on
induced processes, square brackets 1nd1cate processes
occurrjng w1th1n the spurs and an asterisk signifies electron-

ically excited species.

CH (MPA)NW\/\,»[E:H (MPA)*,CH (MPA) e~ 2,CH4] - (3.14)

[CH (MPA)* ]___> [(MPA), CH3,-H * CH ,(MPA),CH (MPA)] (3.15)
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ECH3 + CH3{(.MPA)] _— [CH4+ ‘CHé(MPA)]

-l:leJ’,Clev(..MPA)_] —* FHZ + -CHé(MPA)]'

. L 79 r -
o7 + cuymen)] ——— e, wen)]

[é* +:CH3(lMPA)+ —_— CH3(MPA)*:|

-

ﬁ 9 |
’ E(MPA), -CHZ(MPA) ———% —  » Products

‘ECH3: — > "CH;
. _.EH]"———————* ‘H
S

[CH3(MPA)+] —————> CHy(MPA)]

@»HB.(M;‘;‘A‘) ':]_' ———> A,

~tCHy + CHy(MPR)  ————» CH, + -CH,(MPA)

CoH o+ CHg(MPA) > H, + CH,(MPA)

ey *+ CHy(MPR)Y ——» CH,(MPA)"—» H + *CH,, (MPA)

- . + '
'AS-+ CH3(MPA)S — —> H + .CHZ(MPA) + CH3(MPA)

, -CHZ(MPA)'-———————» Products

(3.

(3.

(3_-
(3.
_(3.

(3.

(3.

.16)
17)
.18)

.19)

20)

21)

22)

23)

24)

25)

.26)
.27)

.28)

.29)

30)

It was not supposed that this mechanism represented the actual

processes, but it simply served as a basis which suggested
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reasonable investfgative lines for the later eXperiments.

The observed‘pne—to-one correspondence between AG(NZ)
and AG(HZ) in the nitrous oxide depletion experiments and the
fact that no ethane was observed implies that radical-radical

reactions such as (1.9), (3.31) and (3.32) are not important.

HAH ——— H, (1.9)
‘H o+ sCHy ——— CH, (3.31)
"CHy + «CHy —— C,H, o (3.32)

This is probab]y a reflection of the'efficiency of_the‘molecufar
processes (3.16), (3.17) and the hydrogen abstraction processes

(3.26), (3.27).

b) Free Ion Yield

0f aT] the'speéies‘that arise as a resd]t_of the radio]yéis
of HMPA, the highly reactive reducing species X;, is most
important. Because'of the strbng poSsibi]ity that X; is a
-so]vated.e]ectron,and thefefore a free ion, determination of
its yield is of paramount importance to an understanding of
HMPA radiolysis. “Here, the term free ion refers to any compara-
‘tive1y-10hg-1iVed ionic species that has escaped geminate re-
~combination and as such is free to diffuse through the medium

“and react in the normal chemical sense..



- 126 -

The anionic reducing species X; is readily scavenged by
nitrous oxide. Based on the nitrogen yield from solutions
~of up to 0.13M'n1tr0us oxide in HMPA, as shown in Figure III-3,
X; is produced with a_yield of G(X;)'z 4.5 + 0.3. This assumes
of course that ﬁitrous oxide scavenges only X; and that each
such reaction ultimately leads to the formation of a single

nitrogen molecule laccording to reaction (3.33).

k
N, O

X; * N —— 5 + products

(3.33)
In the absense of nitrous dxide, X; must react with its counter
positive ion, impurity, the solvent, or itself. If such
alternate fates can be represented by a single reaction (3.34)
where S represents a spebies.other than N20, then the data of
Figure III-3 can be analyzed on the basis of a simple
competition between reactions (3.33) and (3.34).

k
- S !
Xs + S ——— products | (3.34)

That is, for this competition,

Touo bodl ]

G(N,) = a(x]) | 2

e Bl B < 5, [<T0]

(xxix)

—

or rearranging,



"_‘tion range, ‘10~

- 127 -
I R

":iG(NZ)if‘; a(x) : v .kNZOZ[NZQ]‘h ’

{xxx)

A plot of 1/G(N,) versus 1/[h2a] should be a straight Tine
havjhg avalope equal to ks[s]/szoG(X;) and an‘intehcept equal
to 1/G(X;) if thfs:mechahism holds. Figure ITI-8 shows such-
a plot for the data of Figure I11-3 for 5 X 10°M to 1.3 X 107
nitrous oxide in HMPA. The filled circles represent those
experiments for which the argon dilution technique was employed:
in order to attain Tow concentrations of nitrous oxide. The
data for samp]es 1n1t1a11y conta1n1ng 1ess than about 5 X 10 4M
n1trous ox1de were not included because- of probable nitrous
ox1de dep]et1on dur1ng radiolysis. While the uncerta1nty in .
' the data for 1ow n1trous oxide concentrations may be large; the
plot appears to be non- 11near However, for the high concentra-
-2 to 10 ]M nitrous ox1de, a near 11near relation-
ship was obtainedyas.shown in Figure III-9 and from the intercept
a va]de‘of G(X;)'= 4.3 + 0.3 was calculated. It could be
Anoted that this value is obtained at nitrous oxide concentrations
very much higher than would be required to scavenge free ions |
with 1Tifetimes of at least usec. Further, the yield is much
larger than the free ion yield that dne would expect from a
1iquid having a dielectric constanf of 3068297398

~Thus the éimp]e'competition mechanism represénted by
reactions (3.33) and (3.34) probably does not adequately deéchibe
the HMPA system and it is concluded that the high nitrogen yield

obtained at high N20 does not represent the ”free-ibn" yield,
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Nitrogen yields from irradiated NZQ solutions have been
found to be much larger than "free-ion" yields obtained by
other methods for several systems. Table iX shows typical
results which cempare,G(Nz) from N20 with G(free ion) measured
independentiy Simf1ar1y, Table X shows data from the vapour
phase rad1o1ys1s of some nitrous ox1de/hydrocarbon mixtures,
For 1ow concentrat1ons of n1trous oxide in severa] systems,
the n1trogen y1e1d is comparab]e to the free ion yield. Indeed,
in some cases such as water, methane, and neopentane, a plot
“of G(N2) versus, 1ow n1trous oxide concentrat1on exhibits a
plateau req1on where G(Nz) v G(free 1on) This behavior would
be expected if the reduc1ng species were in fact a comparat1ve1y'
1ong 11ved free ion.

In the absenee_of scavehgers, the fate of the redueing
anion,'X;, must uhtimate]y be neutralization recombination
with a cation. Ih HMPA .such a process'appeers to']ead at 1east
“in part to the format1on of mo]ecu]ar hydrogen -- poss1b1y via

react1ons (3 35) and (3.27).
Xg * CHg(MPA) — CHy(MPA)" —— "H + +CH, (MPA) (3.35)
f.H + CHé(M?A)-———————» H2 +V-CH2(MPA) ' (3.27)
That X; is indeed a free ibn,is evidenced by the fact that very
Tow concehtratiohs of e1ectron.scavengers (even trace impurities)

efficiently surpress the above mechanism to give only the low

plateau hydrogen yie1d of G(Hé) = 1.4 0.1,



N1trogen yields for low and high concentrat1ons of nitrous ox1de in various

TABLE IX
Tiquids compared to the free 1on yields determ1ned 1ndeoendent1y
Free Ion Yield Plateau
Solvent G(f.i.) N20 (M) G(Nz) Exhibited . | References

Ethane 0.13 0.0004 0.6 ? 99
0.20 5.4

Propane 0.08 0.0004 0.3 ? 99
1.5 5.4

Neopentane 0.9 0.0001 0.95 Yes 100
1.7 4.7 |

2,2,4 0.3-0.4 -0.001 0.8 ? 101, 91

Trimethylpentane 0.7'} 5.5

Cyclopropane 0.04 0.0004 N0 .1 Yes 100
1.8 5.

LEL. -



TABLE IX (cohtinued) o

A G

_ N Free‘igﬁjYield ,;» S PTateau'
Solvent - G(f;ig)iiv .' N20 (M) G(NZ) Exhibited | References
Cyclopentane 0.16 . 0.001 0.9 | No |- 94, 102
1.1 5.5 |
Cyclohexane , o 0.17 0.0009 0.5 No 103, 98, 91,
| 0.4 5.4 104
JEthylene | 0.02 0.0004 " 0.2 | Yes 99
o 2.0 4.2 |
Propylene | o004 | 0.0003 0.1 | Yes 99
1.6 4.2 |
Benzene o 0.06 0.04 0.7 © No 104, 91
4.6 6.7 |
Methanol - 5 1.1,1.9 0.003 2.0 Yes | 93, 105
1.0 4.5




TABLE IX (continued)

Free Ion_Yié]d S P]ateau_.ﬂ~
Solvent G(f.i.) | N,0 (M) G(Nz) CExhibited - Référéntei_:'
{Ethanol 1.0,1.7 0.00001 0.2 106, 98
0.0001 1.3‘ Yes?
0.4 4.5
2-Propanol 1.0,1.2 0.00007 0.3 107
| 0.001 1.1 No
1.0 3.5 |
Diethyl Ether 0.2-0.4 0.0003 0.6 No 108, 102
| 0.29 4.0
1,4 Dioxane 0.1,2.2 <0.001 <] No 109, 110, 98 -
' 0.21 3.1
MWater 2.7 0.00004 2.5 Yes 111, 112, 113
0.20

- EEL -



. TABLE IX (continued)

- veEL -

Free Ton Yield | _ - Plateau
Solvent G(F.i.) N,0 (M) | G(N,) | Exhibited | “References
Lig. Xenon ~4.6,7.1 | 0.001 4 No 114, 115
| | 1.0 N2 |

Formamide 0.7 0.01 1.9 . No 116, 98
0.05 3.2

Dimethyl ' 1.3,1.6 | ~0.005 0.4 ? 117, o8
Sulphoxide ’ o - 0.02 1.0‘
1.8

Propylene - 2.3 0.001 0.2 | No 118, 98
Carbonate . 0.10 2.0
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.TABLE X Nitrogenlyiers from the gas phase radiolysis of

various compounds in the presence of nitrous oxide.

‘Ton Yield

N,O

isopropanol -

. 2
Compoﬁnd | 5446(9-) | G(N,) Mole % Reference
ethane 4.2 5.6 g 119, 120
propane. 4.3 .3 "4 119, 120
n-butane 4.4 7.0 ng 119, 120
isobutane 4. 7.1 w4 119, 120
T-butene 4.1 8.0 v 119, 120
cis-2-butene 41 8.2 4 119, 120
trans-2-butene 4.2 8.1 "4 119, 120 -
prooylene 4.0 4.2 "4 119, 120
isobutene a0 4.1 "4 119, 120
methyl : '
cyclohexane 4.4 22.0 2-10 121
|acetylene 3.9 6.0-18.2 1-20 122
3.5 12.5 2 123
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_Based on these‘considerations, the nitrogen yield froh
.1rrad13ted HMPA cohtaining very low concentrations of N20 should
more éccurate]y reflect the free ion yie]d. As explained
however, suitable solutions were most difficult to prepareb-e
and those ohtainedvsubject to scavenger depletion. Fortunately,
the a]ternate fate of the reducing species also resu]ted 1n
‘h'lthe format1on of an. observab]e product, name]y molecular |
'hydrogen Thus, those exper1ments in wh1ch NZO dep]et1on was
s1gn1f1cant were eaS11y d1st1ngu1shab1e That is, the n1trogen'
'yjeld from the sampTe containing the lowest'ihitial N20
.concentratibh_which gave no evidence for scaVenger depletioh
(i.e. 1ncrea$ed Hz_yie1d) should represeht the free ion yie]dt
As detailed. in.FiguYe I11-4, the hydrogen yield increases
from samp]es of HMPA initially containing less than about
3 X 10 4M N20 From solutions conta1n1ng > 3 X 10 4M N20,
the hydrogen y1e1d exhibited a plateau va]ue 1.4 £ 0.1. Over

Ay N,O, the nitrogen

the concentration range 3 to 10 X 10
yield was G(Nz) = 2.2 + 0.2. |
The H2 and-N2 yie]d data over the "N20 depletion region"

from 0 to ~ 3 X 107 %

M N20 provided additionaj consistant
evidence. As shown in Figure III-4, the sum of'H2 and N, yields
was constant, G (N2:+ H2) = 3.5 £ 0.3. This implies a simPTe
competition for the reducing species. Over that concentration
range Nzlproductioh must reflect the scavenging qf a single
species by N20.v_A]so, the fact that above 3 X 10° %M N,0, a three

fold increase 1n,N20 concentration resulted in only a slight

increase in Nz-yield ihp]iesvthat neutraiization recombination
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represents thé oh1y a1ternate fate of the free ions under those
conditions}, ‘,'} ‘A f |
In addition,ffhe one-to—oné relationship between Hz or
N2 production means that the yield of reducing‘species would
also belgfveﬁ bylfhe difference in H2 yields from pure HMPA
fn the pfesence and5absence of N,0, AG(H2)~=.(3.4 +0.3 -
1.4 £ 0.1) = 2.0 + 0.4. | - |
| Onithe basié of.ihese experiments thevfree ipn yield in
irradiated HMPA was thus determined to be G(free ion) = 2.2 =
0.2. Similar mecHanisms have been proposed to.account for the
dependence of hydr@gen yield on. nitrous oxide concentration in

several other systems?3°94212%5125

c) Free Ion Lifetime

If one makes certain assumptions about tﬁe rate constanfé'
invo]ved,.the expefihents conducted af Tow nitrous oxide
conéentration allow 'an estimation of the free ion 1ifetime to.
Be calculated.

‘If N20 dep1étion is insignificant, reaction (3.33) becomes
: pséudo - first ofder; Assuming the reaction to be difosion

10 -1

~controlled (1'.e.'k3 33 v 2 X 10 M sec']), one calculates

the mean lifetime T (given by(k3 33 [ﬁzﬂ )'1) to be ~ 700 nsec
for [N2]= 7 X 10 °M.,
From Table VI it can be seen from the H2 ahd N2 data for

5

solutions initially containing 7 X 10 °M N,0 that neutra1izatiqn

(3.35) and free_ion'scavenging (3.33) occurred at comparable
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rates. Therefore, the ion lifetime, T, as calculated above
should fepreseht ﬁhe free ion lifetime in thetabsence of “
scavenger;‘ Indeed, since from the table if is evident that
scavenger depletion was occurring in those solutions the value
is at best a lower limit. The result does imply that the
reducing species 1ive§ at least microseconds and is therefore
Justifiably labelled a free ion, sfnce in general, species
undergoing spur re;ctions have lifetimes <10_8 sec. Indeed,
as will be detailed later, there is considerable evidence from

. the present study to identify the primary reducing species in

HMPA as a solvated electron, eHMPA'

d) Nitrogen Yield From the Solutions Containing High

-Concentkations of Nitrous Oxide: Other Sources__

It éah be seeh-from Figure ITI-3 that the radio]ysis.of
HMPA conta1n1ng > .10 ]M nitrous oxide pfoduced nitrogen with
A-a y1e1d G(N ) > 4.5 + 0.2, much higher than the free ion.y§e1d
G(free jon) = 2.2 + 0.2 est1mated in the prev1ous section.
‘There are three possible processes besides free ion scavenq1ng
which could lead to nitrogen formation from nitrous oxide

solutions. They are:

i) Direct radiolysis of nitrous oxide.
ii) Reaction of n1trous ox1de with other spec1es produced

e1ther d1rect1y or indirectly from solvent rad1o]ys1s.

iii) Secondary ionig react1ons of nitrous oxide.
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o

i) Direct Radiolysis of N2
=
Direct radiolysis of sz leads to the formation of

nitrogen according to the general reaction (3.36).

i NZO/VVNNAﬁv—* N2 + prodhcts
|

The nitrogen yields from gaseous NZO.at room temperature

(3.36)

and Tiquid N,0 at 185 “K are reported to be 10 and 13
respectivelyl26>127>128

However, despite those large yields, calculations reveal
that direct radiolysis of NZO in the HMPA studies could
account for at the most two percent of the nitrogen observed.
_Thislis because the radiation energy absorbed direc£1y'by
any component of a system‘is proportional to that componeht's
electron fdensity) fraction. By far, the solvent repfeéented

the major bulk of the absorbing medium in the present study.

ji) Reaction of N20 With Other Species Produced Either

Directly or Indirectly From Solvent Radiolysis

The radiolysis of HMPA can be expected to produce a
variety of excited, radical and jonic species. The interaction
of all of these with N20 must be considered as possible

precursors of molecular nitrogen.
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1.1) fExcited_Speties

The 1nteractlon of HMPA with ionizing radiation undoubted]y
leads to the format1on of highly excited solvent molecules in
which bond dissociation occurs and the molecules are fragmented
(predissdciatibn).v Evidence for this comes from the observed
unscavengable yfe1d of molecular hydrogen and methane produced
by so-called "molecular processes". In this way a number of -
radical and possib]g ionic species could be formed. . Of concern
here, however, is the fate of excited solvent m01ecu1es'that
do not themse]vés dissociate. Such species are probably short-
lived but might undergo energy transfer processes with solutes.
However, there seems to be Tittle evidence to suggest that
nitrous oxide is capab]e of scavenging such excited neutra]
solvent molecu]es _Da1nton and Logan''® observed the n1trogen
yield from the rad1o1y51s of aqueous solutions of nitrous oxide
and nitrite ion;a They suggested that some of the nitrogen
obtainéd frOmjso]utfoné of high nitrous[oXide-concentratTon
'(up to 0.2M) was a_résu1t of the scavenging of excited water
molecules. Russell and Freeman'?® obtained similar results from
aqueoﬁs nitrous oxide 501utions'c6ntaining ethanol. However;
they attributed the increased nitrogen yield from concentrated
solutions of nitrous ox1de to nonhomogenous scavenging of 1on1c
species within the spurs (gem1nate ion scavenging).

Holroyd!3® studied and compared the scavénging of species
produced by the photb]ysis and radiolysis of alkanes. He

concluded that at concentrations greater than 10°2M, nitrous
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oxide'scavenged excited solvent molecules in cyelohexane, but
" not in 2,2,4- tr1methy1pentane However, as has been pointed
outls!? Holroyd's observatlons may have been an artifact of
his experimental arrangement which could have allowed d1rect
photo1ys1s of N20 near the optical windows.

Salmon and co-workers!®? examined directly the fluorescence
from excited states of aromatic solutes {n Cyc]ohexane and
benzene. They found for benzene solutions that the triplet
yie1dé of naphthalene and 2,5-diphenyloxazole were 1itt1e
affected by the presehce of large amounts of nitrous oxide
(> 0.1M). In cyclohexane solutions, the aromatic solute
triplet yields were reduced, but their fluorescence lifetimes
were unaffected. Salmon et al. concluded that aromatic trip]ets
were formed directly by energy transfer from excited solvent
molecules in benzene but from ion neutralization proeesses
in eycloheXane where excited solvent states WOuld be expected
to be short Tived. In the 1attef case,.nitrous'oxide competed
for the ionic preeursors and thus reduced the observed triplet
yield. 1In any event, the observations c1ear1yfindicate that
nitrous oxide did not react‘with.solvent or solute excited
states 1in those systems.

The only syStem in which there may be some evidence of
reaction between excited solvent molecules and N,0 is dioxane!?®?
However, other radiolysis studiesl°3’11°;13“ have shown that .
system to be particularly "messy". In order to explain
observations it wes,usually necessary to invoke mecHamisms in

which a large number of excited and ionized species underwent
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rather specialized jreactions.

Mayer and Baxefnda]e135 observed the emission from benzené
and tg1uene in thefpulse radiolysis of cyclohexane. Théy
concluded that the>upper 1imit for the yields of cyclohexane
éxcited states waé oh]y G(RH*) < 0.3, which is probably typica]
for the hydrocarbonsf iHMPA, with its many>hethy1 groups, is.
probably not vefy d{fferent from the hydrocarbons in this
respect. | .'. » _

THus, the eviaence from most systems studied seems to
indicéte that reaction of nitrous oxide with.excited species
in HMPA is unlikely. Even if such é process did occur the
results of Mayer and Baxendale suggest that only a small yield,

of nitrogen would be produced.

ii.2) Radical Species

Radical species most 1likely to be produced during the
rédio]ysis of HMPA are hydrogen atoms, H, and methyl radicals,
6H3. The observed yields of molecular hydrogen and methane
from pure HMPA and the effects of various electron and
' radicé] scavengers on these y1e1d$ confirmed the presence of
these radicals. As no ethane was observed among the radio]yéis
products, ethyl radicals were probably not produced during the-
solvent radiolysis. The existence of other radica] species, é,
which would not lead to the formation of volatile mo]ecu]ar

products was not investigated. .

The reaction of nitrous oxide with these radical species~
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might Tead to nitrpogen formation according to reactions (3.37),

(3.38) and (3.39).

0 +H ——» N, + OH

No 2 (3.37)
NpO + CHy ———> N, + CHs0 (3.38)
Np0 + R ————> N, + 0R (3.39)

As discussed ear]ief, nitrogen formation through hydrogenA
atom scavengihg.(3u37) can be ruled out in HMPA from the data
obtained from samples containing oxygen or methanol as second
scavenger; Seki énd Imamura®?® showed that reaction (3.37) was
unimpbrtant in liquid methanol. They found that as the‘pH of
a solution:of nitrous oxide in methanol was Tlowered, fhé nitfogen
yieid decreased. At pH Nl whefe reaction with protons would
converf all the'so1vated electrons to hydrogen atoms (1.13),
lTittle or no nitrogen was observed. Since acidic solutions of
HMPA are uhstab]é;1the analogous reactions in HMPA could ndt
‘be investigated diféct]y. |

Scavenging of methy]l radicals by nitrous oxide (3.38) in
HMPA can also be eliminated as an additional source of nitrdgen.
The presénce of‘0.1M nitrous oxide had 1itt1é effect upon the
yield of methane gas, while known radical scavengers (jodine and
galvinoxyl) reduced the methane yie]d substantially. 'Indeed, the
data for the competitions between nitrous oxide and iodine or

galvinoxyl would tend to rule out the invo]vement of any radical
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stavénging process (3.39) in the nitrogen formation mechanism.

i1.3) Ionic Species

In order to investigate the possible involvement of more
than one ionic species in the nitrogen formation mechanism,_
additiqna] scavengers were introduced into nitrous oxide
=.501utions to compete fof the precursors of nitrogen.' To

"1072M to 107!

M.hitrous Qxide so]utions, comparable concentrations
o ofAthe_known’eléctron scavengérs carbon tetrachloride, ch]droform;‘
gé]vinoxy], iodine and acetone were added. With the excebtibn
of acetone, the nitrogen yield was considerably reduced in the
presence of these second scavengers as shown in Table VII. The
data were analyzed in terms of a simple competition between

nitrous oxide and a second scavenger, S, for an undefined

nitrogen precursor, P, according to reactions (3.40) and (3.41).

N.O + P ——Eiiﬂl+ N, + products
‘2 o TP (3.40)
k3.4
S + P ———"—» products (3.41)

A steady state treatment of this mechanism (similar to that done

for reaction (3.33) and (3.34) leads to the kinetic expression

(xxxi).

L P TI W 5] )

G(NZ) G(P) k3.40 [ﬁgﬂ (xxx7)




Figure’IIf41O SHoMs the fesu]ts of plots of 1/G(N2) versﬁs
[SJ/[ﬁz'] for nitkous oxide in competition with carbon
- tetrachloride, ch]orofdrm, ga]vinoky], iodine and acetone. The
‘fact that Tinear ré]ationships were found'indicafes that the
second scaVengers were competing for the nitrogen precursbrs.
ATso; the 1iheari;y(jndicates that all the'nitrogen_comesrfrom
the same sourde.”
Table XI;1ists'thé yield and rate constant ratio, _
_k3_41/k3;40,“f6r the.nitrogen precursors in HMPA obtained from
the slopes and_iﬁtércepts of the competition plots of Figure

ITI-10.

TABLE XI Nitrogen precursor yield and rate'constant ratios
ca]cujatéd for competition between N,0 and second

solutes in irradiated HMPA.

k3. 41/k3. 49

Second - ' ky 49/ | (For e;q, From

Scavenger: G(P) | k3 40 Data of Ref. 37)_

Carbon Tetrachloride 4.240.

4| 1.8:0.3 | 5.4
Chloroform 3.9:0.4 | 1.4:0.3 3.6
Galvinoxyl . - 3.950.4 | 1.120.2 -
Todine - 2.5:0.4 | 1.020.2 9.1
Acetone 4.2+0.4 |  <0.01 R

" The ca]cu1ated'rédUcTng species yield of G(P) ~ 4 is much higher

- than the}prpposed:frée'fon yield, implying a mechanism involving
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Figure TIIT-10. Plst for the nitrogen yield daza utflizing equation
(xxxi) from competitions between N,0 and CCl. ?Q),
%H5;3 (O), galviroxyl (O), I, (M), and acetone
A). ‘ '
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addftiona] species. The relative scavenging rates of NZO
compared to the other electron scavengers (as determined from
the rate constant ratios) were smaller than have been.reported'
for e;q in the radiolysis of aqueous solutions®® This again
could indiéate that species other than solvated electrons are
involved. More likely, the observatiohs sdggest that since
electrons are not expected to be strongly so]vatéd jn HMPA,
their scavenging reactions may well be diffusion controlled. As
such, the rates would tend to be independent of solute.

"~ The results from acetone/NZO mixtures in irradiated HMPA
samples were unique. In HMPA, acetone (known to be an efficient
electron scavenger in other systems)136 did not appear to compete
with NZO for nitrogen precursors. Indeed, the nitrogen yield
was substant1a11y increased from samples containing N20 and
high concentrations of acetone.

A possible exp]anation for these résu]ts is that nitrous
oxide undergoes a charge transfer reaction with the acetone anijon

formed from the initial competition for the nitrogen precursor,

P, according to the following sequence:

N20 + P —m—» N2 + products (3.40)
CH3COCH3 + P - (CH3COCH3)' (3.42)
(CH3COCH3)' * N0 ——— N, + products _ (3.43)

If this were the case, the increase in the nitrogen yield is
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|

concentration. Vidyarthi!®? found that acetone quickly
9 -1 |

simply a reflection of the increase in the total scavenger

scévenges‘hydrateq electrons (k v o107 M7 sec']). More
important, he showed that the reéu]ting acetone anion could
subsequently be ph;tolyzed, regenerating hydrated electrons
with a yield of~.un1ty. This result suggesfs_that the acetone
anion is fairly long-lived (in water at least) and that it
readily gives up its excess electron. Indeed, Chaudhri and

Asmus?!?3®

found that the acetone ahion could act as a reducing
species by transferking an electron to other sd]utes. And,

more pertinent to the present consideration, Burchill and
Wollner'®® presented strong evidence to suggest just such a
transfer reaction to nitrous oxide from studies of the radiation-
induced oxidation of 2-propanol by N20 in alkaline aqueous
solution. In HMPA then, the analogous electron transfer reaction
(3.43) might eas{]y be ehergetica]]y'favourab]e, accounting

for the observed results. A similar mechanism has been proposed

to explain the results of a nitrous oxide/acetone competition

for radiolysis products in dimethylsulphoxidel®*?®

ii.31) Geminate Ions - A Historical Background

Gamma irradiation of media in the gaseous phase produces
a uniform distribution of free electrons and posifive ions which
can be collected upon the application of an electric field. For
hydrocarbons, the yield of these free ions is found to be

G(f.i.)qas n 4.0. The radiation-induced ionization processes
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are not considered to depend upon the density of the medium,

“but, conductivity measurements on liquid hydrocarbons indicate

a much lower free ioh yiejd G(f}i.)]iq. v 0.1. Electrons
injected intq 1iqﬁid media would undergo inelastic collisions
with.nearby'mole;ﬁ1és and quickly become thermalized. Apparently,
in the hydrocarbons,.most of these e]ectfohs are ndt'suffi-_} .
ciently removed from their concomitant positive ion to escape

its coulombic attraction and rapid geminate recombination occurs.
Thus, in 11qpids,,on1y a few electrons escapé recapture and

| y]timately becomg'uniformly distributed as free ions.
."«Caicu1atiohs,based on a model suggested by Samuel and

1

- Magee'*! indicate a reaction time for geminate recombination -

of ~10713

setl" SﬁcH short-lived geminate ions would not be
expected to réétt‘with_added so]ufe;. However, for many Systems
.énd scavengérs,‘it has been found that the yield of broducts
attributab1e to é]ectron scaveng{ng was often much'greater'than '
“the ?rée‘ion yie1d.’ That is, many solutes, S, appearbab1e toi |
intercept the fdn recombination process (3.44) by scavenging the
geminate'e1ectrons (3.45). ‘ |

e+ RYl —» R (3.42)
[+ 7]

l:‘e_] +§ — 5 S (3.45)
Also, Khorana and Hamil1'*2 showed that halide ions, X~, could
db likewise by scaVengihg the oxidizing geminate species. They

"reported that from-aqueous solutions of high halide concentrations
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the so]véted'e1ecfron yie1d was increased and species identified
as dihalide iohs,’Xé,_observed. Similar results have been

reported for alcoholic solutions of halide salts!*® These
'groubsjattributed their-observations to geminate ion reactions.
They'coﬁc1udéd:th;f halide ions, which have low electron detach-
.menf energies (m_S'ev_fof I;q), readily undérwent eiectron transfer
“reaction Withvthe_oxidizing geminate species (3.46), f.e., |
either the positivé geminateAion or its oxidizing decomposition

product.
_[s{] + X — > X+ S (3.46)

The fesu]ting halide atom then reacted with a second halide
ion (3.47) to produce the observed dihalide jons.

XX X o (3.7)

Scavenging of positive ions by halide would prbduce neutral
species,'ending the coulombic attraction for the cohcomitant
geminate electrons and thereby lessening tHeif Tikelihood of
geminate reaction. Reaction between the electrons and neutral

halide atoms (3.48).
’ [eﬂ P — X7 o (3.48)

would not be expécted to compete with dihalide ion formation

(3.47) because of the huge excess of halide ions at the
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concentrations emp]oyed énd the relative stability of the
dihalide ion. Therefore, in the presence of hfgh concentrations
of halide ions, electrons that would have undergone geminate
recombination aré spared.rapid neutralization and become free-
ions, resulting in the observed increased solvated electron
yields. i |

The possibility of geminate ion scavenging means that
the reaction time for geminate recombination must be .Tonger
than was originally thought. Freeman.and Fayadh®® stated
that since trapped or solvated electrons have been found to
have mobi]itieé comparable to ordinary ions, most jon pairs
that undergo geminate recombination would do so in about
10'(]0i]) sec. Thus in order for a scavenger, S, to appreciably
intercept neutralization, the following relation (xxxii) must

be satisfied:

| 1041 -1
k3.45 [S] > 10 sec xxxii)

If geminate electron scavenging were correctly described
in terms of a simple competition between ion recombination
and electron capture by scavenger then the yield of a product,

P, would be given by (xxxiii).

G(P) = - G(»g-i»)
1+ 1
T K345 [S] (xxxiii)_
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where'G(g.i.) is the geminate ion yield and t = 1/k3 46

is the characteristic geminate ion lifetime.

However, the neutralization reaction does not take place

randomly EetWeen uniformly distributed species but between
isolated pairs of jons which are constrained by their mutual
coulombic potent%a]. The lifetime for recombination of such

ion pairs therefore depends upon the individual charge separation
distances. Electron thermalization would be expected to produce
a whole spectrum of ion pair separations reflecting the initial
electron energy spéctrum. Therefore, no single charactekistic
lTifetime could be assigned to the recombination process (3.44)
and the dependence of product yield on scavenger would not in
fact be expected to obey the relationship of_equation_(xxxiii).
At low scévenger concentrations in hydrocarbons, a pfoduct yield
G(P) ~ 0.1 is obtained corresponding nicely with the free ion
yield determined from conductivity measurements. Schuler et all“*
showed that as the scavenger concentration was increased, the
experimentally obsérved dependence of product yields arising
specifica]iy from electron scavenging reactions deviated
considerably from equation (xxx).

Several attempts have been made to derfve an expression
capable of describing the solute concentration dependence on ion
scavenging:*® '*® Unfortunately, due to uncértainties in the
initial relative spatial distribution of ions, their motions,
encounter radii and efficiencies for reaction, all of these models

failed to provide an explicit expression describing the product
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" yield of SEavéngﬁqg'as a function of solute concentration.

chhu1er‘““:reborféd a purely empirical relationship (xxxiv)

that would correctly describe experimental results for a wide

range of solute concentrations.

: rG(P)A:'::"'3= G(f.i.) + ~ G(g.i.)
(ag [s]*

1 +

(xxxiv)

The quantity, aé; ca]]ed}the reattivity,is proportional to the
rate constant for the reaction of solute, S, with the geminate
electrons. a, was found experimentally to have a value from
10 - 15 M'1 for good electron scavengers. At low solute conéen-
tratioﬁs equation (xxxiv) reduces to {xxxv) which predicts a

simple square root re]ationship between solute concentration

and product yier.

- . : %
G(P) = G(f.1.) + G(g.1.) (us [S]) (xxxv)
This expression is similar in form to that obtained by Hummel!*’
using a mathematical model to describe ion scavengihg at low
solute concentrations (xxxvi),
6(P) = Gf.1.) + Glg.1.)eKe(ky 45 [S])* (xxxvi)
where k3 45 Was the rate constant for reaction of ions

with solute and K was a constant involving the appropriate
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integrals ovér the spatial parameters.

These expressions are bbih in accord with a square root
dependence observéd ear]fer by Williamsi*?® |

Schuler has been able to describe other aspects of
geminate ion reathons by simply extending'the empirical
relationship of equation (xxxiv). Thfough the. inclusion of
suitable terms iﬁtp‘the.equation, the reactivity of scavengers:
that produce no mgaSUrab]e product upon capture of geminate
electrons have beén determined from observétions of the effect
of such solutes on ﬁhe hydrogen yield. Also, equations to
describe competitive scévenging have been presented. The
consistency with which equations based on thé simple empirical
re]ationship describé and correctly predict experimenta]
observations greatly enhances the models veracify.v

Recently, in a rigorous mathematical tfeatment, Abell and
Funabashils® formulated a "diffusion" model for geminate ion
reactions. It is significant that their calculations pfedict.
that Schuler's empirical expression (xxxiv) should quite

accurately describe the process.

ii.311) Geminate Ions in HMPA

The reaction between electrons and nitrous oxide in aqueous
solution is close to the diffusion controlled limit, i.e., the
rate constant for electron capture is k n 10]0 M'] sec_]. If

this applies for the NZO/HMPA system as well, condition (xxxii)
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would be satisfied for large nitrous oxide concentrations in»
HMPA and geminate eTectron stavenging could be significant.

, Accofding tb Schuler's empirical phenomenological model, the
nitrogen yié]d in éxcess of the free ion yield in HMPA should
then follow a square root dependence on solute cbncentration.
Rearranging equation (xxiv) to a linear form gives the following
equation (xxxvii) tbldescribe the HMPA/NZO system for N20
concentrations where G(N2) > G(f.i.).

1 L gy 1 |

(6(N,) - 6(f.1.))  G(g.i.) (“NZO[NZQ])%

(xxxvii)

A plot of 1/(G(N2f,flG(f.i.)) versus 1/[F2d]% shbu]d be a
straight 1ine with slope 1/aﬁzo G(g.i.) and intercept 1/G(g.i.).
Figure ITI-11 show; such a plot for the_data of concentrations
of nitrous oxide where the argon dilution technique wés employed
(filled circles), it is difficult to tell whether this deviation
is fea] or simp]yva reflection of systematic'errors. In any
event, the non-]inearity'suggests that a mechanism involving
geminate ion scavenging by N20,does not apply to the HMPAvsystem.

"From the slope and intercept of the "best" line through the
pojnts, one cé]cu]ates a geminate ion yield G(g.i.) = 4.2+0.6 and a
1

reactivity of N20 towards geminate electron, =11 + 3 M

o« -

 The Tatter vh]ue*is'comparable to ay =8 - 10 M']-reported for

0
: 2 : .
cyclohexane solutions. However, when combined with the free don
yield of G(f.i.) = 2.2 + 0.2, a geminate ion yield G(g.i.) =

4.2 + 0.6 would indicate a total ion yield of G(t.i.) = 6.4 + 0.8.
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Figure III-11. Plot of the data for nitrogen yield in excess of the free ion yield from
irradiated N20 solutions of HMPA utilizing equation (xxxvii).




In terms of‘fhé 1nit1a1 ionization process, HMPA should not

"be much d1fferent from the hydrocarbons for Wthh total.
1on1zat1on y1e1ds of about four are genera]ly acknow]edged

This fact along with the general non-]inearity of Figure III-11
' 1eads this author to reject the mechanism.

Resu]ts fromﬁsevera] experiments in which multiple solutes
were employed tend to corroborate this conclusion. Figure
ITI-12 showé the effect of the presence of 0.2 M LiBr on the
nitrogen yield frpmvNZO/HMPA solutions. The solid 1ine in the
figdre.represents the yield of nitrogen in the absence of
. bromide ibn; As éan be seen, the nitrogen yie]d'was'litt]e
affected. i

At 0.2M, Br"would be expected to scavenge positiQe geminafe
jons in HMPA'and thereby increase the free anion yield and life¥
time. If the extra yield of nitrogen above the free jon yield
(G(f.i.) = 2.2) arose from geminate e1eétron scavenging one
would have expected a marked increase in the nitrogen yield in
those solutions -- especially for the Tower concentrations of
N20. This was clearly not the case. Consequently tﬁere is the
imp]icatidn that geminate scavenging is not responsible for
nitrogen yields up to two times the free ion yield in HMPA.

Experiments in which écetone was used as a second solute
also lead to this conclusion. As has been described, acetone
appears to scavenge é]ectrons in HMPA to produce an intermediate
species (probably the acetone anion) which can go on to reduce

N20 to nitrogen. Now, a large concentration of acetone would be

expected to react with any "scavengeabhle" geminate electrons in
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Figure III-12. The effect of 0. 2M>Br on nitrogen yield from N,0 in HMPA. The solid line
represents the n1trogen yield in the absence of Br~.
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HMPA. Hunt!®S! has shown this to be the case in water f0f~
instance. Thus, al]akge acetone concentration would serve to
cdnveft sHort—]ived geminate electrons into reléiive]y Hong-
lived aéetone anions which could in turn be sta&enged by a
much 1ower,concentration of nitrous oxide. In this.way, the
contribution of geminate electrons to the total yield of
scavengeable rédhcing species wou1d be revealed.
| Figure IiI—]B reveals that the presence of 0.27M acetone
in NZO/HMPA so]utioné resulted in a near uniform increase in
nitrogen yield of about AG(NZ) n 0.7. Clearly the results are
“not conéistent’wifh geminate scavenging processes being
responsible for!the high nitrogen yields observed from large
concentrations of N20 alone. |
" The high ionization potential of nitrous oxfde (12.9 eV
in the gés phase)1%2 mékes reaction with positive iohs (3.49)
to prodhce nitrojgn unlikely.

+ .
R .+ NZQ EE——— N2 + products : (3.49)

" The presence of known positive ion scavengers in HMPA supports:
this supposition. Water or bromide ions at >0.2M concentratfons
had little or no effect on G(N,). o

Rzad'et all®® found that in cyciohexane, the addition of
N,0 (or other electron scavengers) resulted in an increase of

positive ion scavenging by cyclopropane.
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Figure III-13. The effect of 0.27M acetone on nitrogen yield from N,O in HMPA. The solid
Tine represents the nitrogen yield in the absence of acetone.
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iii) Serndary Ionic Reactions of Nitrous Oxide

i1i.1) Possible Mechanisms for N,0 Scavenging

In spite of‘the large number of investigations utilizing
nitrous oxide as.mn_electron scavenger there remains'considerable
uncertainty as to the nature of the intermediates involved.

Wentworth etjé]%s“ have shown that the attachment of
thermal electrons to nitrous oxide in the gas phase takes place

dissociatively via a two body process (3.50).

0 ——— N, + 0~

eg + N 5

2 (3.50)
However, they predicted from their observations that the speqies'
NZO' should also be stable. Other groups studied electron
attachment reéctions in nitrous oxide at much higher pressure.

By monitoring the e1éctron decay they Found'thét a three-body

process, probably (3.51),was indicated!ss»13¢

0 ————» N,0” + N,O

0+ N, 2 2 (3.51)

e + N2

Paulson,;®7 using a double mass spectrometer system, has observed
N20' formed via electron transfer from NO~ (3.52) thereby
confirming that it has apbreciab]e stability.

NO + Np0 ———> N,0 + NO (3.52)
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Nitrous oxide used as an electron scavenger in the
radiolysis of gaseous systems would therefore be expected to
produce 0~ or N20 ions as 1ntermed1ates ‘Johnson and Warman!?2s
in some early work on gaseous propane radiolysis proposed a
mechanism 1nc1ud1ng a secondary react1on between nitrous ox1de
and the oxide 1on_(3.53) to account for a nitrogen yield twice
the electron yield.

0 N0 ——— N, + 0, (3.53)
Warman!!® 1ater showed that the addition of CO, to N O/propane
- mixtures resu]ted in a decrease in the nitrogen yield to a

: 11m1t1ng value near the e]ectron y1e1d ;CO2 does not appear
Jto scavenqe therma] e]ectrons in the gas phase - Paulson'sé®
has. 1n fact calcu]ated that the electron affinity of gaseous
CO2 is negative. Nor is CO2 known to react w1th other rad1ca1
~or ionic species produced in gaseous hydrocarbon radiolysis.
However, a rapid reaction with the oxide ion (3.54) has been
observed!>®

0+ L0 —— cog (3.54)
Thus, Warman's C02/N20/propane gas phase data could be explained

in terms of a simple competition between €0, and N,0 for
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intermediate oxideiions.

warhan studieﬁ a number of alkane and alkene gases and
observed nitrogenvyie1ds between one and two iimes the electron
yie}d. He 5uggested fhat oxide ions might react with the
various'hydrocarbSné, R, to produce jonic species (3.55) which
‘cou1d Subsequently'react with N20 to produée secondary nitrogen

(3.56),
0"+ R ——» RO | (3.55)
RO~ + N,0 ——— N2 + products (3.56)

Involvement of suéh reactions to various extents could account
for his findings, and competition with CO2 tended to support
this conjecture. Warman further suggested that an afternate
path for the secondary reaction betWeen'O' and NZO (3.57)
could also result in intermediate nitrogen yields.

0 + NZO — N0 + NO (3.57)

Indeed, mass spectrometrici®® drift tubel®! and ion cyclotron
resonance’®? experiments have shown that reaction (3.57) is |

the dominant process when 0  is reacted with N20 in the gas
phase. Ferguson!®?® pointed out that since the'e1ectr0h affinity
of NO was very small (< 0.1 eV) the NO  ion would readily undergo

.collisional detachment (3.58).
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NOT + M ————> NO + M+ &~ - (3.58)

Regeneration of é]éctrons in this way would undoubtedly lead
to a chain reaction formation of nitrogen and thus such a
mechanism could not account'for the somewhat depressed nitrogen
yields observed. .

~ More recently, Johnson'®* examined the radiolysis of
propane, hitrous oxide and hydrogen chloride mixtures. It

was expected that HC1 would react with 0° by reaction (3.59),
07 + HCl ———— OH + C1° | (3.59)

and thereby reduce the nitrogen yield to the electron yie]d.

Such was indeed the case as the addition of HC1 decreased

G(NZ) rapidly to a value near the electron yield while fhe
hydrogen yield remained unaffected. HoWever, as the concentration
of HC1 was increased, the nitrogen yield slowly decreased

further while the hydrogen yié]d increased. Gaseous HC1 1is

known to react with electrons via reaction (3.60).

e + 2HC] —m» H2 + products (3.60)

These results supported fhe earlier conjecture that the excess
nitrogen arose from secoﬁdary reaction Qith an ionic intermediate.
That is, ai low concentration, HC1 interfers with the secondary
ionic reaction and at higher concentration competes with_NZO for

electrons directly. However, Johnson found that at low concen-



 trations of HC1, the nitrogen yield depression was independent

of N,0 concentration. Upon re-investigating the CO,-N,0-

2 2

propane system, hé'found-a similar independence. Under these
circumstances, thefdata were not consistent with 0  being the
reactive 1ntermed{ate. Therefore, it was suggested that electron

capture by NéO proceeded via the three body associative mechanism

(3.51) and resulted in the formation of the NZOé jon.
e + NZQ_+ N20 _— N20 + N20 ' (3.51)
NZO + N20 e N202 + N

2 (3.61)

Johnson proposed.that it was the subsequent secondary decay of

the N20£ ion (3.62) (possibly by neutralization) that accounted

for the excess nitrogen.

- _ (RHY) o
' N202 —_— N2 + products (3.62)

The effects of HC1 and CO2 would then be explained in terms of
2

a competition for the N20 1onv(3.63), (3.64), and reaction

(3'62)7

N,05 + HC1 ————» N,0 + OH + €17

2 (3.63)
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'The N202‘1on has‘1n fact been 1dent1f1ed as a stab]e species

Jboth in the ‘gas phase”l’162 and 1n aqueous so]utlonles’lssd
| The ox1de 1on,_0'; has been postulated as an 1mportant
‘111ntermed1ate formed from electron scaveng1nq by n1trous ox1de
'd1n ‘the rad1o]y51s of gaseous methy]cyc]ohexane121 acetylene122

167: In these systems, n1trogen y1e1ds of greater

"than 18 have been attr1buted to chain react1ons involving

ﬁ 'react1on between O and the hydrocarbon, fo]]owed by e]ectron
;'_transfer to’ N20 In the . acety]ene study, the add1t1on of
‘ e'COZ to-N, O/acety]ene m1xtures resu]ted 1n a reduct1on in the_
;nitrogen»y1e1d tend1ng to a 1ower 11m1t around the e]ectron’
fyje]d.' Th1s was. taken as ev1dence for the 1nv01vement of 0
.gions'fn the cha1n mechan1sm However, since these exper1ments
'=‘were conducted at re]at1ve1y h1gh pressures (near atmospher1c.g
pressure 1n some cases), electron capture would be exnected
;to produce the N20 1on via the three body process (3. 51)
h;Therefore, the 1nvo]vement of 0~ 1ons would- depend upon the
- 11fet1me'offN20_ w1th respect to d1SSOC1at10n (3.65). |

- N0 ———— N, + 0 | - (3.65)

From}a kinetic-studyfof the competition betWeen’dissociation and

l its reaction with deuterium iodide, a lifetime of > 1074 sec
:1has'been eStimated'for ‘the NZO' jon in gaseous hydrocarbons168

Thus 1t seems 11ke1y that N, 0 (or N2 2) ions were the 1ntermed1ate

react1ve spec1es

Ba11ey and D1xon123 suggested that these spec1es ‘were
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prespons1b1e for the1r resu]ts from the vapour phase rad1o1ys1s

- of n1trous ox1de 1n water/1sopropano] m1xtures They found

""ulthe n1trogen y1e1d from N20 about equal to the electron yield

in water vapour but greater than three times the electron yield
in 1sopropan01 vapour For -water/alcohol mixfures the results
f1nd1cated a compet1t1on for some intermediate'species. Complete
' react1on of e1ther N20 or N202 with water (3.66, 3.67) would
41ead to an overa11 n1trogen y1e1d equal to the electron yield.

‘0I+ M ———%» N.O” + M

o N, s
NZO-:_;;"”zO ———> N, + OH + oH" - (3.66)

In 11qu1d phase rad1o1ys1s stud1es, the mechanwsms whereby
'n1trouen is formed’ from electron scaveng1ng by n1trous oxide
appear even Tess we]] understood The very nature of liquid
rad1o1ys1s 1eads to inhomogenous d1str1but1ons of rad1o]yt1c,
products and the~so1vat1on properties of liquids undoubtedly
:faffect the stab111ty of the various ionic 1ntermed1ates Fér-
example, the n1trogen yield obtained from the rad1o1ys1s of
-n1trous ox1de 1n 11qu1d benzene was on]y about one fifth that

_}obta1ned from a qas phase studv167 Sato et all’* were first to
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Vpropose secondary 1on1c react1ons of nitrous oxide in 11qu1d
phase rad101ys1s from stud1es of cyclohexane. By analogy w1th
.gas phase.work the oxide ion was proposed as the reactire
1ntermediate S1nce that time a number of authors have
proposed secondary n1trogen formation in many ]1qu1d
System59391013108911k’115916991703171

oIt is part1cu1ar1y interesting that Schuler's group17°v
',arr1ved at such a. conc1u51on Unlike most solutes, data from
N20 stud1es in cyc]ohexane could not be predicted from their
: emp1r1ca1 phenomeno]og1ca1 model (based on equation (xxx1v))
'Forced to conc]ude that secondary ionic’ react1on must occur
in N20 so]ut1ons they modified their model. The changes
' resu]ted in a much more complex (but 1og1ca1) expression which
then a]]owed correct predictions to ‘be made for the cyc]ohexane

‘solutlonst

'liii{Z)r Secondary Ionic Reactions in HMPA

It seens quﬁte‘possible then that in the present inves-
t1gat1on of HMPA rad1o1ys1s, the high n1trogen yields from N20
solutions m1ght ar1se from secondary ijonic react1ons involving
NZO E]ectron capture by N20 must lead, at 1east initially, to
the formation of_NZO (3.68).

es * N0 — oW (3le8)
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"dThe 1ntermed1ate m1ght more genera11y be denoted as (N 0)

.74 wh1ch represents the NZO Jon 1tse1f, or some daughter 1on

Iniformed from decay or d1ssoc1at1on i Such an 1on might then
'iZUnderqo any of severa] processes 1ead1ng to the formation of
:  -a s1ngle mo]ecu]e of n1trogen as represented by the pseudo-

"h f1rst order process (3. 69)

?

'5(N 0)~ _;Eﬁ;@i, N, + products
Y | | 2 T Pro | (3.69)

on the other hand neaction of (N 0)_.with'alsecond N,0

-mo]ecu1e (3;70)'cou1d lead to the eventual formation of two

mo]ecu]eS‘of'nitrogen (3 71)

T 3.70 -
,ttnzq),.+7N29 T Ny + 0(N,0) - (3.70)

N O)-'__Ei;ll_, N, + products
ORI : N2 TP _ ' - (3.71)

For such a;éeheme;*theifraCtion of (NZO)' ions Undergoing

secondary reaction. with N,O, f . .» would be given by (xxxviii).

sec
oLk, [N ﬂ
foec = 3.70 (M2 |
k3.70 (V20 * K3 69 (xxxviii)

The nitrogen,yjeld{from‘a solution containing N20 and reacting

via this mechanism would therefore be given by (xxxix).
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(F.i) (1 + 370 [2] )

L

k3,70 [Nzo] YR30 (xxxix)

LI

~ This expression can be rearranged to give (x1).

l4

o (G(N'Z’)'_jj_"--.e_(_f‘.1-,:)*).,;;“’j;'e(f.1f) 6(F.1.) k3.70 [Nz] Sy

k

G(NZ) - G(f.i.) is simply the nitrogen yield in excess
of the free 1on y1e1d ' ' ' .

A pIot of I/(G(N - G(f.i.) versus 1/|}1 (ﬂ should be a.
"stra1ght I1ne with 1ntercept I/G(f i.) and slope k3 69/G(f.1.)
k3,70 F1gure III 14 shows. such a plot for the n1trogen:lx A

' y1eIds %rom N O/HMPA squt1ons of F1gure III -3, taking G(f.i.) =
"2 2 As can be seen, a fa1r1y I1near reIat1onsh1p was obta1ned

”From the sIope and 1ntercept of a least squares fit of the data,
vjba vaIue of k3 65/k3 70 = 1.2 £ 0.1 X 10 2N was caIcuIated ~What
th1s means 1s that 1f this is in fact the operative mechan1sm,
~then for an HMPA squt1on conta1n1ng 1.2 X IO 2M N20 fully half
-‘the (N 0)‘ 1ons undergo secondary ionic react1on to give a

: second moIecuIe of: n1troqen

iv) Geminate ‘Ion Scavenging Versus Secondary Ionic Reactions

"iv.1) In Pure HMPA Radiolysis
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Figure III-14. Plot of the excess"'n1troqen yield from N,0 in HMPA for the data of
: - ~ Figure ITI-3 ut111z1ng equation (x1). ,

L -
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) It 1s ev1dent that of the many processes which m1ght
‘1ead to a n1trogen y1e1d from 1rrad1ated so]ut1ons of N20
-_1n HMPA 1n excess of the free 1on y1e1d on]y two mechan1sms. |
are. reasonab]y compat1b1e w1th the observat1ons : These‘. -’

;”;processes are the react1on of N20 w1th

. Gem1nate~ onsﬁ‘

< Secondary N20 1ons'or one of their decay products

Based on theamechan1sms d1scussed ear11er for each of -
;:these schemes,_the n1trogen y1e1ds observed as a funct1on of

ﬁ n1trous ox1de concentrat1on wou]d be g1ven by

- . Geminate ion:iscavenging

(x1ii)

'jTheoret1ca1 curves for these equations are shown in F1gure ITI-15

‘h7wh1ch 1nc1udes the observed n1trogen y1e1ds taken from Figure

- [QIII 3. The dashed 11ne was obtained from the gem1nate scaveng1ng




T

1 - A ‘-"1  iy _ g '_ . _ R ~f  i -
| 0 [NO] x10° M | |
"'Figuré 111-15. Thebfetfca] N, yield curves resu]ting from'géminéte.ion'scaVéhgidg.@-Q--)-

and secondary ionic reaction (se+<+s considerations. The circles represent . -
actual observed data from Figure III-3. > o
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. equation (x11) tak1ng G(f .) = 2. 2, G(g i. ) 5 7 and O‘N b =
-equati 2
1

The dotted 11ne was obta1ned from the secondary 1on1c
react1on equat1on (x111) tak1ng G(f.i- ) 2. 2 and k3 69/k3 70 =
-2 -121 e ‘ ‘

M

12 x0° S |

| Both funct1ons f1t the data fa1r1y we11 The secondary - )

}}.1on1c curve tends towards a plateau, wh1]e ‘the: N2 observed |
.;y1e1d cont1nues to 1ncrease w1th N20 concentrat1on At very -

'“h1gh scavenger concentrat1ons a sma]] contr1but1on from qem1nate

va""1on scaveng1ng wou]d be ant1c1pated wh1ch would’ account for the -

’~fdev1at1on g The data from N20 a]one 1n HMPA thus does not suff1ce
- to e]uc1date the N20 scavenq1ng mechanism. As po1nted out
7the add1t1on of other so1utes ten$ to rule out gem1nate 1on

. scaveng1ng

‘e) Radiolysis ‘of Liquid Mixtures

I Background?f

It m1ght be expected that rad1o]ys1s product y1e1ds from a
,hfm1xture of two 11qu1ds wou]d be 1ntermed1ate between the y1e1ds

" of the pure so]vents ; Schm1dt and A]]en1°? us1ng the c1ear1ng

‘ T””ff1e1d techn1que, stud1ed a var1ety of. hydrocarbon mixtures and

rfound that 1ndeed A1n each case, 1ntermed1ate:free ion y1e]ds ‘

'Vlwere obta1ned

- The 1on y1e]d from a m1xture W11] depend ma1n1y upon the'
hpelectron fract1on of the components and perhaps the1r solvat1on

'propert1es Wh11e 1t is true that in a m1xture add1t1ona1 types
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of soTvent - soTvent 1nteract1ons coqu 1nf1uence the overaT]
f~soTvat1ng propert1es, 1n generaT “an overa11 averag1ng of '
those propert1es woqu tend towards the 1ntermed1ate y1e1ds

_obta1ned : Scaveng1ng of the resuTtant ions on the other hand

"dshould be much more dependent on m1croscop1c propert1es of

. the m1xtures, esoec1aTTy 1f the two soTvents produce "common"
>pr1mary spec1es (';;1H, CH3, etc). d
’ S It 1s proposed that in. HMPA excess N2 arises as a'resu]to‘
fof secondary 1on1c scaveng1ng rather than from gem1nate 1on
fscaveng1nq If th1s 1s the case,: then it was ant1c1pated that
.~a study of the n1trogen y1e1d from m1xtures of HMPA and ‘a
”vsoTvent 1n wh1ch secondary 1on1c react1ons are known not to
fyoccur m1ght serve to e]uc1date the anion scaveng1ng mechan1sm -
Tof n1trous ox1de 1n HMPA. | |
| The y1e1d of scavengeab]e eTectrons in water has been‘

f.measured from stud1es ut111z1ng many so]utes and techn1quesl72-*'

- The data suggest that n1trogen formation from 1on1c react1ons

"of n1trous ox1de 1n water does not- 1nvo]ve secondary 1on1c
'react1ons 5 That 1s, the n1trogen y1e1ds observed were comparab]e

“to- the scavengeab]e e1ectron y1e1d determ1ned 1ndependent1y

1) HMPA/H,0 Mixtures

Consider thehradiolysislof HMPA/H,0 mixtures;~ Lf;has.is
1~1nd1cated from the resu]ts discussed ear11er, ‘the. Free'ion yield
in HMPA 15 G(f i. ) 2 2 and the h1gher y1e1ds of n1trogen arise

f‘from secondary 1on1c react1ons,,the f0110w1ng modeT can be.
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brbposed.: o v 3 | ‘ .
- For a sbiuttoh\of 0.02M N,0 in Water, the nitrogen yield‘

is G(NZ)H20 3?23i? whieh is accepted as the:scavengeable

~electron y1e1d for a‘éolute at that’cdncentration - Since the

e]ectron dens1t1es of water and HMPA are nearly equal, the. -

yield of so]vated e]ectrons produced- by 1on1z1ng rad1at1onﬂ

jn HMPA-water_m1xtures ‘would be g1venuby (x1111).

6(el) .. = Glel)y noVy £ + Gle )iy (1 - Vo o) -
Coosimix L TS THR0 TH,0 STHMPA 27 THR0T (xadid)

~where VH O'is the volume fraction of water in the mixture;'
2

G(es)H20 and. G(e )HMPA are the so]vated e]ectron y1e1ds in

the pure so]vents '

In so]ut1ons conta1n1ng nitrous ox1de, the so]ute scavenges
these ionic species to produce n1trogen The assumpt1on is
made that if the scaveng1ng mechan1sm 1nvo]ves HMPA mo]ecu]es,
more than a s1ng1e nitrogen molecu]e cou]d u]t1mate1y be
produced.v If water mo1ecu1es are involved, 1t is assumed~thet
only a single N2 resu]ts ~These mechan1sms are . represented by

‘reactions (3.72) and (3 73).

“k

SRR T S . - o
nix *_Nzo _ ~> Np + products . (3 77
e--'*tdh 0 __Ei_li_, tt + n) N} + Droddcts |

ix T2 “ 2 T (3.73)

mix -
S HMPA
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where n > 0.0 and depends upon the NZO concentratibn, |

even in pure HMPA.

The fraction, f, of electrons that could give rise to more than

a single molecule of nitrogen is then given by (x1iv):

1

L, Kau72 [0

k3.73 LHMPA] . - (x1iv)

f -

The nitrogen yield from a mixture of HMPA and watef
éontaining a fixed NZO concentration would therefore be given
by (x1v):

e(e')mix-(mfﬁf)

G(NZ)mix

(x1v)
Combining equations (x1iii) to (x1v) one obtains (x1vi),
SN nix = [G(es)Hzo'VHzo + Gleg)yupa (]‘VHZO)J' |
— T
_—
1 +
1+ K [1,0] ‘
[HMpA] (xv1i)
| _ .

where K = k3 75/k3 73

For G(es)

H,0 3.2 and G(eS)HMPA = 2.2, equation (x1vi) reducgs B

2
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to (x1vii):

2 mix (VHZO

+2.2) (1 +

[HmPA] (x1vii)

For pure HMPA cdntainihg 0.02M N20 a value of n ~ 0.6 is
indicated from Figure III-3. That is at this concentration
6(N,) 1.6 G(f.i.)yypp (assuming G(f.i.)yypa = 2.2). Figure
I1I- 16 shows plots of equat1on (x1vii) for n = 0.64 and K =
‘]0 3 10 -1 and 102 It can be seen that the general shape of
the ca]cu]ated plots is determined by K, the rat1o of the
'rate constants for the scavenging mecham1sm. This is logical
becaﬁse K disc1osés which solvent dominates the overall
scavenging scheme thereby determining the extent of pbssibje'
secondary processés. Also included in the figure are thé
ﬁitrogen yfe]ds of Figure III-7 observed experimenta]iy from
HMPA)HZO mixtures containing 0.02M N20 in the presént study.
Equation (xlvii) indicates a maximum possible va]ue-for

G(N = (1 + 2.2) (1 + 0.6) = 5.1. This could be achieved

Z)mix A
if a trace of HMPA in water made reaction (3.73) dominate over
(3.72) so that 1.6 N, were formed per e;

The fact that a maximum is reached at all means that K << T
and implies that HMPA haé that effect on water. This then implies
that in nearly pure water the process (3.65), |

N0 ———— N, + 0 (3.65)
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1

o - | O5 | 10
MOLE FRACTION H O

Figure III-16. Computer s1mu1at1on (11nes) and observed nitrogen
yields (O) as a function of solution composition

from irradiated m1xtures of water and HMPA

containing 2 X 10 M NZO The curves are explained
in the text :
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is not very fast or does not simply end there.

~ The theoret1ca1 curve for K = 10'3

and n = 0.64 represents
the best f1t to the data from a computer: s1mu1at1on using
equation (x1vii). .Clearly, the simple overall scheme proposed
does not'adequately describe the operative mechanism, but further
g attempts to refine the model would be pure.specu]ation and of
1itt]e value. Suffjce it to‘say that the N2 yield data from
NZO in HMPA/H20 mixtures it consistent with a reaction scheme
jnvb]ving secondary,ionic reactions.
| S1nce a constant concentration (0.2M) of NZO was used 1in
a]] m1xtures, the resu]ts point to a second important conclusion.
That is, unless the initial radiolytic processes are much
d1fferent in the m1xtures, the observed N2 y1e1ds could not
have ar1sen through gem1nate ion scaveng1ng processes.

. There have been relatively few studies conducted on the.
‘rad1o1ys1s of 11qu1d ‘mixtures, and fewer still in which N20
was used.as scavenger. The present work appears to be a uniqne
attempt to use mixtores to try to elucidate scavenging mechanisms.
Hentz and Scherman”9 studied the radiolysis of d1oxane / water
_m1xtures conta1n1ng NZO They concluded that like water, the
nitrogen yield corresponded to the solvated electron yield 1in
dioxane. _A |

Now, wh11e they did not examine their N .data from dioxane/
H20 m1xtures in terms of a. function of compos1t1on, such
cons1derat1ons are poss1b1e from their published data. A plot

of dloxane/H 0 data similar to Figure III-16 for the HMPA/H 0

shows N2 values as a simple 11near function of composition --
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~exactly what one would predict from a mixture of solvents
in neither of which secondafy ionic reactions are thought to

occur.

f) The Nature of the Secondary Ionic Species Leading

to N2’In‘N20 Scavenging Studies

Since the experiments had fairly well established that
secqnddry idnic reactions occurred in HMPA containing‘NZO,an'
attempt was made to identify the intermediate species involved.
As discussed ear]ier;electron scavenging by N20 in liquids
almost certainly leads initially to the formation of NZO_
(3.68). Now, the fate of this N20- ion must be paramount in
determining the extent tq which ionic reactions lead to_excess

nitrogen formation. Certainly a Tifetime less than the 10°%

to 1073 sec attribufed to this species in the gas phasel®3°121

would be expected. In aqueous systems. for examplel73217%>17s
there is evidence that NZO' is rapidly converted to a hydroxyl
radical through proton transfer from solvent (3.66).
A half-]ife less than 3 X 10'6 sec was 1nd1cated for this process
and Adams!’® est1mated a value as low as 1 nsec. | Czapskil’”?

pointed out that 0. rather than N 0 (3. 74), might in fact be

‘ aq’
the reactive intermediate species in the aqueous system and that

-9

as such might live for perhaps 10 to 10’8 sec before being
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"'tonvérted fd¢afhydroxy1 rédica1‘(3.75).

o H,0 _ | |
NoOo ——=— Ny + 0 o (3.74)
0] + Hp0 —————» OH + OH

2 (3.75)

Zehavi and Rabanif conducted a thorbUgh multi-solute studyiﬂ

78
of'NZO Satufdted'aquéous solutions. They presented rather
convincing évidehce that'NZO', 0 and OH were formed in turn
from adueous'electrons via reactions (3.68), (3.74) and (3. 75)
with half-lives of 10, < 100, and 7 nsec respectively.

Salmon et 51339 however, concluded from studies of de
and ga]vinoxy] Gv, 1n cyc]ohexane that N20 has a 11fetfme,
> 20 usec in that solvent. They monitored the build-up of
the strong’ opt1ca1 absorption of the Gv. anion. From a solution

fsM ga]Vinoxy] in cyc]ohexane the presence of

containing 5 X 10
0. M N20 had no effect upon the yield of Gv s, although the
.kinetics of its formation changed Now, N20 is known to be a
eff1c1ent electron scavenger, therefore, from these so]ut1ons ‘
where [ﬂ Q}/[@Q] = 5 X 10 the electrons would be scavenged.by |
NZQ' Salmon et al. concluded that Gv .was formed via electroq'
transfer from‘NZO (3.76).

2v

The fact that Gv_ formation continued for more than 20 ﬁsec was
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taken as an %ndication of the N,0° lifetimé. On the other

hand, the presencé of .1 M iodine, another efficient electron
'scavenger, completely surpressed Gv formation.

| However, since Salmon et al..did not measure the nitrogen:

yields from their_samp1es, this'aﬁthor feels that there is no
~ justification for the assignment of N,0~ as the Tong-Tlived |
‘intermediate‘transferring change with Gv. That is, their
mechanism 1mp11es there should be complete surpression ofv
n1trogen format1on from NZO containing so]utlons in the presence
of even small amounts'of>ga1vinoxy1. An alternative (and at
‘1eést eéua]}y plauéib]e) explanation for their'observations is

. that gaTvinoxy]jreécted not with NZO', but with some daughter
:  aﬁion'arising from the N20 decay mechan1sm -- poss1b1y 0,
',NéOE;IOQHor somé dtﬁer species -- after N, formation.  Indeed, -
Schuler's recent studies on cyclohexane!”! indicate that if
seéondary'iohic kééctions'of N20 occur in that system, then they
must be extreme]y rap1d

It was thought that galvinoxy]l might prove to be an

exte11ent probe of the NZO scavenging mechanism in HMPA. The
| proposed:mechanism could be represented by the following

~ simplified scheme (3.77), (3.78), (3.79).

. HMPA/N 0 _
Chmpa ¥ N0 —— > N0 (3.77)
HMPA/N 0 ]

N0 > —— N, + A (3.78)
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. HMPA/N,O v
A ' > >N, + B

(3.79)

That is, in HMPA solution, nitrous oxide scévenges the é1ectr0ns
to produce NZO' which then goes on to produce one or more
mo]ecu]es of nitrogen. Now, consider the effect upon the
observed nitrogen yield of the addition of a small amount 6ff-
galvinoxyl. ‘If,gélvihoxy]_effectfve]y scavenged N20_, nitrbgen
formatioh would be totally SQrpressed. If the A” anion of'the'
proposed scheme were scavenged, then the nitrogen yield would
be'reducéd to a constant value equa1 to the electron yield.
Finally, if B~ (or some daughter anion) were.scavengedAby
galvinoxyl, the nitrogén yield would be unaffected (or partially

4

reduced). As was shown in Table VII, the addition of 10 "M

galvinoxyl to a solution of 1.4 X 1072

M N,0 in HMPA had Tittle
effect upon the nitrous yield. Only when the concentratibn of
galvinoxyl was increased to a level where direct compétitioh
betweeh Gv and N,O for the electrons themse1ves.wou1d be'probable
did the nitrogen yield drop appreciably. Even then, a p]ateau
value was not observed; the nitrogen yield was simply a function
of the solute composition as shown in Figure III-10. It is |
significant that even in the presence of 0.05M galvinoxyl the
nitrogen yield from-a solution of 0.12M NZO in HMPA was G(N2) =
2.7, a value higher'than the proposed free ion yield G(f.i.) =
2.2. Thus, even at}a'concentration where ga]vindxy] Qdu]d be
competing for electrons directly, there is evidence suggestive

of a secondary ionic mechanism of nitrogen formation. |

Now, since the galvinoxyl anions, Gv -, would be neutralized



- 185 - '

eventually by the concomitant p051t1ve ions produced dur1ng
the rad1o]ys1s, the yield of these ions (or in fact their
presence) could not be measured in the present experiments.
Capellos and Allen®! found that the galvinoxyl anion decays
on. the microsecond timesca]e in hydrocarbon solvents. However,
the'experiments.with'HMPA indicate that either NZO- does not-
. transfer an e1ectron to galvinoxyl or else it is too short
lived 1in HMPA to do so. A similar argument wdu]d apply to
Species A" of react1on (91) wh1ch most 11ke]y would be 0 or
| N202 1n the HMPA system The evidence, a]thouqh not stronq,
suggests that ga]v1noxy1 could -interrupt on]y a later stage of
 the N,0 scaveng1ng mechan1sm

Attempts were made to further define the nature of possible
species A.‘} The NZQ_,1on might be short Tived in HMPA-because
of’decay to an oxide radical anion (3.80).

HMPA

N0 >0  + N, | (3.80)

In this case, secondary nitrogen formation would have arisen
from the subsequent reactions of the oxide ion. Now, molecular
oxygen is known to react readily with this ion (3.81) to

produce the ozonide ion, 05 -- a value of k3 81'= 2.6 X 109»

Mo sec] being reported for the rate constants of aqueous

solutionsi®?®

0 + 0 —— 0, ﬂ (3.81)
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Oxygen was addedrfo-samp1es of NZO‘in.HMPA. If the oxide
ioh'were‘impoftaht,ih the setondary.NZO scavenging mechanism,
one would expect the njtrogen yield to be reduced to a.constént
vaTuevindicative'bf[the electron yield. However, the presence
of oxygen, even in large amounts (comparable With the N20
concentration) had 1ittle effect upon the hitrogen yield. Tﬁis
result is somewhat ambiguous, however,.because.the 0 system -
may not be quite 50 straight forward. Beher and (Zza;‘)ski”l1 have
suggesfed that thg 0; ion can dissociate unimolecularily to

regenerate the 0 ion (3.81).
Oy ———> 0, + 0 (3.81)

This mechamism was supported by the work of Gall and Dorfman!®?
who reported an_ébso]ute rate constant ks g7 = 3.3 X 103 sec™?
for this reaction. Therefore, if the ozonide ion had'no
alternative fate in the HMPA system, regeneratibn of oxide could

produce the observed results. Now, the oxide ion, 0™, also

reacts with methanol (3.82) (k3 gp = 5.8 X 108 M-] sec'])§83
L k3.82 )
0 + CH,OH ———» CH,0H + OH (3.82)

3 2

In the present work, Table VII shows that the presence of 1.M
methanol in N,0 sb]utions of HMPA had no observable effect'upon
tﬁe_nitrogen yield.‘ This result taken in conjunction with the
'oiygén édditioh’d#fa_tends to'prec1ude.£he‘Tnvolvement of oxide

ions'(reactidh 3.80) in.the N,0 secondary jonic reaction'meéhaniSm‘
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in HMPA radiolysis.
The NZO ion cou]d also be short lived in HMPA because

of subsequent react1on with N 0 (3.61).

N0+ Np0 ———— N,0, + N, (3.61)
Recall that the studies on the radiolysis of NZO in gaséous
hydrocarbons gave evidence that CO2 could scavenge the N20
ion (or possibly 07). Unfortunately there is ample evidence .
to suggest that in solution, CO2 may also act as an electron
_ scavenger'®* (3.84).

&g * C0p ————> €0, | (3.84)

In the present study of HMPA radiolysis, Table VI shows

that the‘nitrogen'yie1d from N20 solutions Was_unaffected by

the presence of C02, eVen in amounts compafab]e to NZO' At
ffrst Q]ance; this appears contrary to the othef evidence
.wh1ch points to the involvement of N202 (or less 1ikely, 07)
ions in the anionic- N20 scavenging mechan1sm in HMPA. However,.
it is s1gn1f1cant that CO2 did not compete for the electrons
directly. 1If COé behaved in HMPA in a way similar to the water
or cyclohexane systems cited, then the results necessitates that
the electron species (and subsequently 0~ or deé)'be very
short-Tived in HMPA. Other evidence suggests that this is not .

the case. One is forced to the conclusion that in HMPA solution,
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CO2 efther‘cahnot compete for ionic species on an equal basis
| With dfher'processes as it does in other media or else the
COE ion reédi]y gives up its excess electron to other solutes.
;Infelta and Schuler!'?® had shown for example that in cyclo-
‘hexane solution, COE transfers an electron to CH3Br. One
could further speculate on the source 6f this ambiguity, but
suffice it to say that CO2 is not suitable as a second so]ute' 
for attempts to elucidate the N20 scavenging mechanism in HMPA.
Thus, on.the“basfs of information from NZO in pure HMPA,
H,0/HMPA mixtures, and solutes of HMPA containing a second
_so}ute, Somé information has been gained about the nature of
the electron scavenging mechanism by NZO'in HMPA. = The N20' ion
formed initially must be short-lived, but probably does not-dééay
to give the oxide ion 07 . The NZO" ion reacts with positive:
ions, solvent molecules or additional N20'molecu1es fo ine a.
molecule of nitrogen and a product (6fhér than 07 ) which may or
may'not réact‘furfher with N20 to produce additional nitrogen.
Direct reaction of NZO' ions with positive ions (i.e. simp]e.
néutra]ization) is‘not.1fke1y to be of'major imbortance_in a
system like HMPA where secondary ionic reactions are indicated.
First]y, béing uncharged, the species formed from neutralization
~are unlikely to 1ead td the subsequent feaction necesséry to
produce ‘secondéry'vnitrogen molecules. SecondTy, even if
neﬁtra]ization occurred at a rate limited only by dfffusion, the
ions Are bresent'at such a low steady state concentration that
théy would still have Tifetimes sufficient to allow effective

.,reactfon with added solutes. Indeed, Dainton et all®® estimated
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a $econd order rate cbnstant of about 2 X 1012 M~ secil for
'neutra11zat1on of N20 in cyclohexane solution. In HMPA the
. secondary 1on1c mechan1sm most likely 1nvo1ves the participation
of N202 1ons at some stage.

Despite the fact that numerous approaches have been tried,
the present research has failed to c]ear]y'define the mechanism
by which N20 scavenges anhionic species pkoduced during steady
state y?radiolysis of HMPA. Consequently, the absolute value
of the solvated electron or free ion yfe]d by scavengef methods
~has not been unequivocally established. It should be noted
 h6wéver that similar ambiguity and uncertainty exists in many
systems when scavenging methods are involved.

| Rpcent]y for examb]e, two groups of investigators studied
what was presumab]y the simplest system of this type -- nitrous
' ox1de in 1iquid Xenon. Because of the large e]ectron mbb111ty
in Xenon (2200 cm? vy~ sec'])185 it is 1ikely that the radiolysis
would result in a large yield of homogeneously distributed frée
ions. Rzad and Baka]eil“ basing their arguments on considerable
data, convincingly demonstrated the involvement of secondary
reactions of N,0 in that system. Robinson and Freeman'!'® on
the other hand, who were conducting concurrent studies, applied
Freeman'é diffusion model'*® and proceeded to‘discuss the same

system,equally convincingly,completely in terms of free and

geminate electron scavenging.

g) Solutions of Sodijum Metal in HMPA
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AaigiSCUSSed_in some detail fn the intraduction, many
.gg1ar so]venfé have been shown capable of dissolving alkali
! meﬁa1s to'produee3sfab1e so]ufiohs.‘ HMPA has been shown to
be an exeellent’501rent for such purposes. The solutions
comprise‘a variety of solvated species which may include
‘sb1vated e]ectrons, meta1 ions and atoms, as well as a number
of" aggregate spec1es 'The paramagnetic susceptibiiity,:para-_
| magnetlc resonance spectra, opt1ca1 absorpt1on spectra, and
‘equ1va1ent conduct1v1ty of the so1ut1ons consistenty indicate .-
'.that the so]vated e]ectron is of paramount importance in those
- systems. vThus, the dissolution of an alkali metal, M, in a
eo1vent, S, hay#wfth reasonable certainty be initially represented

by'reaction (3.85)Ee
S o . ) S
‘M;f S,———————-—>MS +_?su o (3.85)
:3where thegédbsEript,'S, denOtes_sb]vated species.

Alkali meta1'501Utions of known concentrations are most
dffficu]t to prepare . Initial. reaction with trace impurities.
and natural decay dur1ng the relatively slow dissolution of bulk
heta] particles 1ead to uncerta1nty in species concentration.
The latter prob]em can be alleviated by transferring the solvent |
to a.vesse1'containing_a prepared metal mirror which dissolves
almost instant1y._ However, such a procedure is not always
- desirable and Warshawsky186 has shown that even under "stick"

vacuum conditions the distillation of alkali metals in Pyrex
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glassware 1eads toipartia1 decomposition due td,reaction with
stfong]y absofbed Qater molecules. _Fina]]y, because of the
diversity of species fhat have been shown to exist in these
so]Utioné (possibly in eqqi]ibrium with each other) one has
1itt1é hope 1in pfeparing'a sclution of known composition.
Solutions of;a]ka1i metals in_HMPA;deéay.s]ow]yvto give
‘predominantly the salts of two'anions, namely the dimethylamine
anion and diamidophosphite anion (3.86)! | |

+2M ——> — (CHy) ,NMT + ((CH

COP(N(CHg)p) 5 +.

-t
3)oN) ,POM

(3.86)

These ions produce the observed orange colouration of the "spent"
| sodium solutions in the present study. The decay was ori-

ginally fhought fd pccur via a simple radical-anion‘heﬁhanism.

In view:of the now accepted major importance of solvated electrons
in these systems, the decay mechanism more 1ikely arises from
initial reaction with these species, with radical anions

"poésibly being a Feactive intermediate. In HMPA the‘observed'
formation of small amounts of hydrogen and.méthane from decay of
the sodfum so]utfon'suggests that a number of anions and radicals
may'be formed such as suggested by reactioné (3.87) to}(3;91).

- Na® ' - |
OP(N(CH3)p) g + ef ——— E)P(N(CH3)2)3} (3.87)

[}P(N(CH3 2 3] ————————»[EP N(CH3)2)2N(CH3)EH2] 13953)
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+
Na - .
_— OP(N(CH3)2)2NCH3 + CH3

(3.89)

'___;__—’ Na+ 'OP(N(CHs)Z)Z + N(CH3)éf>
(3.90)
+.

——— Na’ "N(CH,), + OP(N(CH,),),

(3.91).

where [9P(N(CH3)2)§ may or may not represent a real
species, and the radicals may be stabalized via hydrogen

abstraction'from HMPA or bimo]ecu]ar recombination.

The>fact that nitrous-oxide was efficientTy and quantitativé1y 
reduced to nitrogen in anvexcess of the blue solution of sodium
in HMPA but-comp]ete]y unaffected by thé decayed (orange sodium-
salt anion) solution is most significant. It demonstrates that
N20 scavenges an electron species which exhibits an optiqa]
absorption in the infra-red region of the spectrum. That is,
NZO wés reduced efther_by so]vated electrons themse]ves_or'
by some solvated species whigh consists simply of a close
association of electrons with sodiumvions and/or solvent mo1ecu1és
(HMPA;, (Na+--e')s, Na_, Na;, Na2$) -- but waé ggg reduced by
sodium cations or any of the anions of decomposed HMPA. |

In order to facilitate a more detailed study of the N,0
scavenging mechanism, it was necessary to introduce known amounts

of sodium metal to a solution of N20 in HMPA, water, and mixtures
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of fhe'two., In addition, it was necessary to limit the Tocal
conéehtration Ofvso1vated species at the point of metal
injection so as to allow reactive competition and diffusion

by the N20 solute mo]eéu]es.. These prerequisites were realized
through the use of liquid sodium/mercury amalgams. In bureA
water, where the introduction of pure sodium metal is explosive,
the ama]gamsvreacted slowly over a perfod of hours to produce
one-half mole of hydfogen for each mole of sodijum atoms (or
presumably e;q) present. This observation corroborates resuTts
previously reported!!’ and obeys the accepted stochiometry of

reaction (3.92) for which the bimolecular combination rate

constant has a'reported'va1ue k3 92 = T X 1010 M_1 sec_1§eg
o H,0 . - v o
®ag ¥ Caq T Tyt 20 (3.92)

aq aq ' 2

Nitrous oxide, present in water at a concentration of

6 X 1072

M competed'successfu11y_for e;q producéd,upon ama]gamv
dissolution. Hydrogen production was supressed and in its p]aﬁe
an equivalent amohnt of nitrogen obtained. That_is, two moles
of the reducing species reacted with N20 to produce a single
mole of nitrogen. Shaede and Walker'?®® had observed this unusual
‘behavior earlier and attributed the unexpected relationship to
inhomogenefty effects. They suggested that the reduction of
nitrous oxide in aqueous solution would resu]t in the formation
‘of a hydroxyl radical through protonation of the oxide ion (3.93).

'H20

epq * N0 ——=—> N, + OH + OH - (3.93)



M
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Reaction_is localized at or near the amalgam/water interface
which would facilitate the scavenging of a second solvated
electron by the'hydroxyl radical (3.94). .
-;é'- + OH —;——————»_OH; - C (3.08)
'[”Reaciibh (3 94) s known to be very fast37 (k3 94 = 3 x 1010
'T’ ) and cou]d we]] account for the observed sto1ch1ometry
vand absence of mo1ecu1ar oxygen. | |
It was hoped that the addition ofvSodium amalgams to

solutions of N20°fn HMPA would result in the formation of two
' .mo]es‘of‘nitrogenifor each mole of sodium (or so1yated electrons)

'injected.' Such a result would provide direct evidence fon the
secondary ionie scavenging mechanism proposed from the radiolysis
experimentse 'Tne‘invo]vement of the oxide anion, Of; has been
Shenn»most un]ikely in the HMPA scheme so that the formation
and subsequent neaction of hydroxyl radicals (fnom reactions -
ana]agous to (3.93)_and (3.94)) was doubtful. However, as can
be seen from the data presented in Table VIII, the addition of
sodium amalgam to NZO/HMPA so]utione produced nitrogen yields Tless
than or at best equa1 to those obtained from the aqueous solutions.
In_other wonds, assuming that N20 scavenges all the neducing
épecies, these results imply that two electrons (or sodium atome)
“are required to reduce'a single NZO molecule to szin the amalgam/
N O/HMPA system ~These results are not at all compatible w1th

the rad101ys1s data and certa1n1y show no evidence of secondary
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ionic reactions;1ééding.to N, formation.

It may be that scavenging reactions on amalgam addition
take p1ace totally at the amalgam surface through a Unique
mechanism and as Such do not reflect the propérties of the
solvent or solutes involved. |

One feature of the amalgam experimenté that supports
this conjécture is the fact that the amalgams were comp}ete]y :
stab]e in bure HMPA, reacting only when N20 was added. - This
suggests.that solvation energy for electrons in HMPA is small --
~certainly less than fhe stabilization energy provided by the
amalgam. Now, such a conclusion is not unreasonable, for as
has been stated, HMPA fs known to be an extremely poor Sb1vator‘
of anions.v'Indeed,ﬁit came as an unexhécted surprise thét
solvated electrons were at all stable in this solvent. It Was
noted that when thé'amaTgams‘were.prepared considerab]e:heat
was generated; Shqwing‘the protesé to bé exothermic. -The exéct
natUré of'the amaigams is unknown. The sodium atoms may be
ioﬁized,'undissociéted or bondedvin a Na-Hg compound,.a]though.
electrical condﬁctivity data'®! on dilute amalgams tends to rule
out the former case. | |

Reaction of N20 at the amalgam surface éou]d then involve
Na atoms directly. In the gas phase, such reaction is knownjto

occur to give Na20 (3.95).
2Na + NZO————————» NaZO + N2 (3.95)

It is interesting to note that in the gas phase, two Na atoms‘are
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requ1red to reduce a S1ng1e N20 mo]ecu]e _
| It was not1ced 1n the present study that NZO cou]d in fact

,react w1th sod1um ama]gam in the absence of so]vent Th1s,

'~ﬁtaken w1th the fact that ama]gams were stab]e 1n HMPA unt1]

o Nzo was 1ntroduced,’strong]y suggests that surface reaction

» ""also occurred 1n so]ut1on Poss1b1y then, the unexpectably =

f1ow N2 y1e1ds from such so]ut1on arise from reactions (3.96)
and (3.97) in wh1ch two Na atoms are requ1red for each N,0 o -
”reduced Lo I |

Na/Hg N0 ————> NaO/Mg + N, g

.NaO/Hg,ftﬂé/Hg‘f—__—_f_* Na,0/Hg ’(3;97)

- where /Hg refers'to species in or at the'ama1gam surface.
_Therefore;'Whiie,the studies involving sodium metal in HMPA
support the geneha1*conjecture that N20 reacts with solvated

e]ectrons in HMPA, the data unfortunately cannot further e]uc1date

the exact scaveng1ng mechan1sm

cC. PULSE RADIOLYSIS STUDIES OF SOLVATED ELECTRONS IN HMPA

As had been anticipated, the steady state gamma radiolysis
and sodium metal solution studies showed HMPA to be a very

useful medium for investigating solvated electrons. However,
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" the work snffers a major drawback in that most of the specific
conclusions pertatning to the solvated electron come indirect]y
from:observattons‘Of reaction products. As a resuTt, a number L
of amb1gu1t1es arose and it has proven d1ff1cuTt to decide
in many cases whether the problem originates W1th a primary
spectes or some reactive intermediate in the product formation
scheme » | | |
Scavenger stud1es indicated that the rad1at1on produced
'soTvated eTectron in HMPA has a naturaT lifetime of the order
of " m1croseconds Q— Tong enough to be d1rect1y observable with
modern-pu]se radiqus1s apparatus. Clearly, direct observat1on
“of theteTectrdnfs spectrum and reactions would compTementtthe
' ;steadyrstate'work very WeTT It woqu be part1cu1ar1y valuable
: to obta1n an 1ndependent vaTue of the eTectron yield.. ATso,
observat1ons of ‘the reactions between solvated eTectrons and
'scavengers.(notabTy N20, acetone and H 0) might conf1rm the
proposed react1on schemes The relative 1mportance of gem1nate
ion scaveng1ng 1n th1s system might aTso be resoTved from stud1es
us1ng both eTectron and pos1t1ve ion scavengers.-' |
h The puTse rad1oTys1s fac1]1t1es at U.B.C. were not su1tab1e -

for, the types of exper1ments that woqu g1ve usefuT 1nformat1on
on the HMPA system FortunateTy, an opportun1ty arose to make
use (on a short term basis) of the pulse radiolysis fac1T1t1es

gat The Oh1o State Un1ver51ty in CoTumbus, 0h1o Those fac111t1es -

dhfwere 1deaTTy su1ted for the part1cu1ar exper1ments des1red SO

: arrangements were made for. two f1er trips to that estab11shment

The knowTedge ga1ned about the HMPA system from the steady state
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work at U. E.AC. fac111tated the planning of spec1f1c experiments
énd cond1t1ons such- that a qreat deal of usefu1 1nformat10n
could be obtained in the short time ava1]ab1e.

The absorptihn spectra for the wavelength region 300 -
2300 nm obtained th'pure HMPA at the end of 5 Krad electron
pulses is shown.ih Figure III-17. HMPA itself exhibits a .
number of strong absorption bands over this spettral regiont
These can be seen th Figure ITI-18 which shows the solvent
absorptibn spéctra as measured directly in a radiolysis cell
.hav1ng a 20 mm path 1ength The transient absorption spectrum
of Figure III-17 actual]y represents the normalized results of
several 1ndependeht series of experiments using cells having
0ptica1'path 1engths of 3 and 20 mm.

The intehstty and decay characteristics of this hand were
'studied as a function of wavelength, radiation dose‘énd samp1é
purity.“It wa;'révea]]ed that a second'species contributed
to'the‘absorption beTow 500 nm. This species, which accounted
fortthe‘increase'tn absorbance in thé uv regidh as can be seen
in F1gure IT1I- 17, was much longer lived than the species
| absorbing in the 1nfra red A number of so]utes including
electron and pos1t1ve ion scavengers»were added to HMPA samples.
The effects of these upon the intensity and decay of these
bands was investigated. When new absorptions appeared their
intensity and decay were monitored. The specific details and
results of all these experiments are best presented as their

implications are discussed.
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D. DISCUSSTION: PULSE RADIOLYSIS EXPERIMENTS

1. fTransieht Absorption Spectra

The transient absorption spectrum obtained froh the pulse
radio]ysis-bf'HMPA‘as shown in'Figure I11-17 §s similar over
"~ the wave]ength-fange 1000 - 2300 nm to that éttributed by Brooks
and Dewald’® ‘to the so]vated electron in so]ut1ons of sod1um
in HMPA The1r spectra exhibits absorpt1ons below 1000 nm
attr1buted to spec1es 1nvo]v1nq alkali metal cations. No such
‘absorpt1on appears‘nn the present rad1o1ys1s study, but when
the two spectra;ake ﬁorma1ized at 1500‘nm they correspond very
well over the region 1000 nm to 2300 nm (the detection limit
fer the'breseht'sthdy)' In addition, the spectrum fs ih qenera]
agreement with two recent studies of the pulse radiolysis of
HMPA193’19“ wh1ch suggest that absorption band maximum occurs
at amax >1500 nm ‘As can be seen from Figure III-17, the
present study 1nd1cates that the absorption maximum is near
2200 nm. However,;the intense so]vent absorption, the decreased
tntensity of the ana]yzing 1ight and the reduced sens1t1v1ty
of the photo d1ode in this region precluded in unequ1voca1 |
tdeterm1nat10n of A Jou et ali®® have shown empirically that

max '’
for bjnary mixtures of ethylenediamine (EDA) with various ethers,
Ama¥‘ehenges honotonicaTTy between the maxima for the pure liquids.
Extrapo]ation of,p1ots of mixture composition versus band
maximum energy to‘the pure ether case gave excellent agreement

with the actual band maximum energy observed from the pure Tiquid.



The band maxfma 5n'puke EDA}occurs at 1360 nm. Mixtures of.
' HMPA/EDA would be expected to give maxima between 1360 - 2200
1 nmv:;-a_region wheré the phbtodetectidh s&stem employed is
ﬁuch more.sensftivel Extrapolation of an energy/composition
vp]bt to pure HMPA would thus provide a independent estimation
-of the:band maximUm for that system. Figdre-IIIf19 shows such
a plot for HMPA/EDA mixtures. Mixture composition is expreésed
“in term§ of/bbth md]e and volume fraction. Jou and co-workers
‘used mole fract1on in the1r d1scuss10n, but there seems 11tt1e
Just1f1cat1on for so doing. For miscible 11qu1ds, there are
reasons for expect1ng the composition over which the solvated
electron's density is distributed to be giVen by the volume
fractional composition. This conjecture is supported by the
superior 1ineafity exhibited by the plot of energy of the
mixture maxima verses volume fraction as opposed to mole fraction.
When the molecular we1ghts of the components are comparable
(as in the Jou experiments) it wouldn't matter which fraction
is used. | | |

Extrapolation of Figure III-19 gives a value of Amax =
2150 + 100 nm for pure HMPA, which is in excellent agreement with
the direct measurements.

Dye and cb-wofkerslgs.have shown that solvated electron
spectra can bevmathematﬁca11y reproduced by a combined
Gaussian/Lorentzian function. For a given spectral energy, v,

the relative absorbance, y(V), has been found to be well

approximated by {(xIviii):
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- - \2
Tn 2 (vmax - vi)

y(v) = exp |- ' . for v, < vy

= for Gi > v

max
(x1viii)

where G and L are half of the 1ndependent1y var1ab1e "half-

w1dths" for: the Gauss1an and Lorentzian funct1ons v

max
is the energy,(cm ]) corresponding to the absorption
maximum.
Taking Gmax = 4550 cm” ) (correéponding to A ., = 2200 nm) for

the HMPA system, the function was fitted to the data of F1qure
ITI-17. The resu]tant curve is shown along with the data
p]ottéd on an energy scale in figure II1-20. Also included in
this figure, represented by the filled circles, is data over the
region 1000 - 3200 nm féken from the spectrum obtained by

Brooks and Dewald’® for sodium so]ut1ons in HMPA.

From this spectra] ‘data alone one can with reasonab]e
confidence assign the observed band to the solvated electron in
HMPA. As will be detailed later, the behavior of the species
responsible for the absorption in the presence of added
scavengers corroborates this cdnc]uﬁion.

The half-width of the absorption band in HMPA appears in

Figure III-20 to be only 3600 cm”]

(0.45 eV) -- a much smaller
value than has been generally found in other systems. For
instance in the alcohols, amines and ethers, ha]f-widfhs in the

range of 0.7 to 1.5 eV are common. Also, the absorption maximum
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at 22001nm cokre§p6nds to a transition energy of only 0.57 eV.
These facts together suggest that solvated electrons are very
weakly bound in_HMPA, and that the cavities are large and not
too dissimilar in.size. These results had beén anticipated
from considerations of the size and nature of the HMPA dipoles.-
‘A simple calculation of the smallest cavity possible from a
tetrahedra1 configufation of four HMPA molecules pointing
“head-in" indicafed a radius of about 5A. Indeed, taking}

xmax = 2200 nm, a ta]culation based on Jortner's'cavity continuum
" model has been made!®’ and a value of 4.3 A for the caVity
radius obtained. These values are large in comparison to
similar calculations for several alcohols, ethers and amines

where radii from 1 - 3 K‘were indicatedl?®®

2. 'Molar Absorptivity and Band Oscillator Strength

The.abSO]ute intensity of the transient absorption band
was measured by éonverting the solvated electrons to anions of
known molar absorptivity. Aromatic hydrocarbons exhibit
relatively high electron affinities'®® and they react to produce
stab]e anions which absorb strongly in the visible region of the
spectrum. Through electron transfer reactions with a known
amount of the dimeric dianion of 1,1-diphenyl ethylene, Gill et
al?%% prepared solutions of the anions of pyrene (Py) and
anthracene (An) in'tetrahydrofufan (THF). They reported vé]ues
for the maximum molar absorptivities of 5.0 X 104w em”! for

Py  at 495 nm and 1.0 X 104 u! em™! for An~ at 740 nm respectively.
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wHen pyrenevor anthracene were present in pu1se irradiated
HMPA the electrop‘Spectrum was replaced by bands correspondipg 
to the aromatic antaps as shown in Figure III-21. In order
to verify thatAtHese aromatic anions possess equiva1ent molar
absorptivities 1n'HMPA.and THF, their spectra in the two systems
were compared Fortunate]y, the apparatus "had been used some-
time ear11er for a study of pyrene in THF2°! In Figure ITI-21,
| the solid line of the pyrene anion spectra actually represents
the‘spectra obtained in THF, norma]ized at the band maximum
with the‘HMPA'data»(circies) "The spectra, undoubtedly ar1s1nq
" from (ﬂ > T ) electron1c transitions involving the conjugated
‘aromat1c ring system, wou]d not be expected to be greatly

=g1nf1uenced by the so1vent The fact that the pyrene anion spectra

": appear 1dent1ca1.1n the two solvents sapports'the idea that

eduivalent transition states‘are‘inyolved. Thus; sipce.the

- solvents in question have comparab]e:refractive indices, one

ean make the reaSOnab1e assumption that the.osci]1ator.strength
for the band is approximate]y the same in both media. Then,lthe
conclusion is reaEhed that the value for the maximum molar
absorptivity of the pyrene anion in THF also applies for that
anion in HMPA. Anaanalogous situation most probably holds for
the anthracene anion as well.

It shoquAbe‘pointed out that both the aromatic cations???
and excited aromatic molecules?®® are also known to absorb in
the same region of the spectrum as do the aromatic anions.
’Fprtunate1y;‘it was easily proven that no such interference had

occurred. 'The relatively long life-times of the absorptions
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Figure III-21. ‘Rad1at1on produced transients observed at (1)
‘ 470 - 520 nm for (2.6 = 0.1) X 10°M nyrene and
(ii) 710 - 780 nm for (6.3 + 0.5) X 1n'M
anthracene in HMPA., The snecies are attr1buted
to the aromatic negative ions.
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- attributed to the aromatic anions precluded any contribution
from excited sbecies In the presence of v 0.1M N 0 (a so]ute
'known to scavenge negat1ve but not pos1t1ve ions) samp]es

3M Py or An, the aromatic anion y1e1d was

conta1n1ng < 10
‘reduced by more than 95%. This strongly suggests that the. |
aromatic cations Py' or An" also did not cbntribute-appreéiablyn
to the observed absorptions. Further, over the concentratien

range from 1074 -1

to 10 M, the yield of aromatic anions in HMPA
was found to be essentia11y independent of solute concentrafion;
On the basis of these considerations‘it seems reasonable to
accept the qdantitative conversion of eﬁMPA to the aromatfc
anions. | |

The magnftude of the transient absorption at 1000 nm in
pulse irradiated pure HMPA was compared with the maximum of the
‘radical anijon absorpt1on in the same samp]e after the add1t1on h
in vacuo of suff1e1ent amounts of Py or An to ensure complete
e;MPA scavenqing Table XII shows typical data. The comnar1sons
gave a value for the molar absorptivity for the trans1ent in

3 -1

HMPA at 1000 nm of (4.75 + 0.4) X 103 M) sec™!. Using the

measured ratio of 6.7 * 0.4 for the absorbance at 2200 nm to
that at 1000 nm, the maximum mo]ar absorpt1v1ty for the so]vated

electron in HMPA was calculated to be g;HMPA = (3.2 # 0.5) X

4 -1 1 max

10" M sec’ . This value is substantially larger than that

recently reported by Nauta and Van Huis'®3 who found efHMPA n

mgx

In addition, Mal'tsev and Vannikov' s'%3 result of €;HMPA = 2.8 X

3 -1 -1 -3 -2 ., 1600
10_ M cm based on anthracene at 10 M is only one

1.6 x 10% n7! cm‘1 using biphenyl and anthracene at 10°% to 107

to 10



TABLE XII Comparison of absorbances in a 20 mm cell of eﬁMPA at 1000 nm
' with the radical anion maximum after aromatic hydrocarbon_addition.

For each pair of readings equivalent radiation pulses were used.

. Anfhracene : Pyrene
ASHMPA = 0.365 + 0.002 ASHMPA = 0.0325 + 0.001
1000 . - 1000
An— _ Py- _ .
AR, = 0.172 % 0.001 Agds = 0.34 £ 0.01
- [an] =63 = 0.5 x 107w [py] = 2.6 + 0.1 x 1073
An” [V I R Py _ R
€70 = 1.0 x 10t Wl ent €5 = 5:0 X 10 w7l cn
calc €®HMPA = 4.71 + 0.20 X 103 ™' | calc c®HMPA = 4.78 + 0.30 X 103 ™! ¢!
1000 c e 1000 I

- 0Le -
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_tenth the correspond1ng value e;HMPA = (2.0 £ 0.2) X 104 M']

. 1600
cm'1 found 1n th1s work. A possible explanation for the 1ower

»~.ya]ues found dn the other studies is the fact that they used
‘comparat1ve1y 1ong radiation pulses dur1ng wh1ch a s1gn1f1cant
.fract1on of the so]vated e1ectrons wou]d have decayed.  No

‘1nd1cat1on was g1ven that correct1ons were made for such decay

in those stud1es “The higher va1ue for the maximum molar

absorpt1v1ty E:HMPA = 3.2 X 104 1

max
supported by a ca]cu]at1on of the oscillator strength for the

M cm™ ' found in this work is
- absorption_ band .

The osci]]atoh strength of an absorption band, f, is a
'measure of the probab111ty of electronic transitions occurring.
It 1s a measure of the degree of dipolar osc111at1on of the
e]ectron between orb1tals involved in transitions -- ‘the so-
called d1po1e strenqth of the transitions. The symmetr1es
and mu1t1p11c1t1es of states necessarily affect the oscillator
strength, but a- fu]]y a]]owed transition has f = 1. It can be

shown that??°*

f = 2 303 mc /ed\_) : _ o
, be’ | (xTix)

where 'm and e are the mass and charge of an electron, c is
the velocity of light, b is the number of solute molecules
per cc, and F is a term related to the refractive index,

n, of the medium."
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Several éuggestidns have been made as to the appropriate

2, or 9n/(n2'+'2)2.

refractive index term to use?°’ such as n, n
*Since there is no genera1 agreement and since each of the
expressions usually yields a number close to unity, the term is

often omitted. In that case, expression (x1ix) reduces to (1).

fo= 4.32 X 10'9/€d\3 - (1)

where the integral is simply the area under the total

absorption‘band plotted on an energy scale.

As a first approximation to the IR absorption in HMPA, the
Gaussian - Lorentziah function (x1viii) was taken as representative
of the electron absorption band. It has been shown!®S that
integration of that'functidn leads to the fo]]owing»éxpression-

(11) for the enclosed area:

yO)dvy = (Y7 e+ L) Cnax
2 vIin? 2 _
= (1.065 6+ 1.571 L)€ (11)

Values for the half-widths, G and L of 1600 cm™' and 2000 cm” |
respective]y,'were_taken from the best fit curve as shown in
Figure III-20. SubStitution into equation (1) gave a value
for the oscillator strength of the solvated electron band in-
HMPA of f = 0.7_i‘0,2. This large value is in accord with

similar determinations for other solvated electron systems2?8°207
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: and suggests that the value for the maximum molar absorpt1v1ty

4 -1 -1

G;HMPA = (3.2 * O 5) X 10" M sec obtained in this work is

ma X :

not unreasonab]e
Further ev1dence which-tends to corroborate this value

for‘HMPA comes from comparison with the solvated electron spectra

“reported for other solvents.

To a good approximation,
: | (1id)
where w, 15 the half band width.

. 2 - .

Figure III422vshows‘so]vated spectra for a number of .

solvents. ;Be]ow‘each curve is the value of € __-w, for each

max %
spectrum. As can be seen, the value for the solvated electron
spectrum in HMPA is comnarab]e to the other systems when the
value for e;HMPA found in this work is used.
o max

3. Solvated Electron Yield in HMPA

A particularly useful piece of information that can be
‘learned from a pulse radiolysis experiment is the yield of some
absorbihg'species. .ff One knows.the dosage represented by the |
radiation pu]Se and either knows or can ascertain fhe molar
absorptivity of the species in question then the technique has
obvious advantages over the indirect methods required in steady-

state radio]ysis'studies- Often the two techniques are
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1

INH,
:- (1 .6)
13) fi

* Figure III-22.

1O - 20
1A (cm™ x10*5)

Oscillator strength comparison for e in severa] solvents. -The figures in

brackets represent va]ues of €. x-wL X 10°M'em® as explained in the text.
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comp]emehtary;

In pure HMPA no fast geminate decay of the so]vated
e]ectrons cou]d be observed with the. fastest ava11ab1e time
reso]utjon of 5.ns. This would be expected for a liquid of.
high dielectric constant because the resulting small Onsager
escape radius wou]d lead to very short lifetimes for gem1nate
ion pairs. Thus, it can be reasonab]y accepted that the
absorption observab]e after 5 ns corresponds a]most entirely
to free.ions‘l—_particu1ar1y,in light of the fact that the
half-1ife for'decay was on the us timescale.

The y1e1ds of the aromatic anions of pyrene and anthracene
- were determ1ned for various concentrations of those scavengers
Rad1at1on.dos1metry was performed under 1dent1ca1 acce]erator'
operating cond1t1ons and in identical ce11s using water or
"KCNS so]ut1ons. The e]ectron absorption was comp]ete]y '
e]iminated froh}sq]ut1ons of the aromatic scavengers, soAit_
was_assumed thatﬂddantitative conversion of free electrons to
anions had'takén p1ace. ‘As will be shown Tater in a discussion
of the reactions of the solvated electrons, careful examination
of the electron decay and aromatic anion buildup from dilute
scavenger solutions confirmed this assumed one-to-one correspondence

Table XIII shows the radiation yields of the aromatic anions
found for various scavenger concentrations. Based on the data
from this table, it is conc]uded that the free ion or.solvated

electron y1e1d in HMPA is G(e 2.3 + 0.4,

HMPA)
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Radiation yield of aromatic anions from
“Anthracene and Pyrene at various concentrations
in HMPA for § 1'kfad pulses.
Solute
Concentration Yield
Anthracene (6 £ 2) X 10™ M G(An") 1.9 + 0.4
(6.3 + 0.5) X 10™ %M 2.3+ 0.4
Pyrene (3.2 £0.3) x 107 | &(py7) 2.1 + 0.4
(2.6 + 0.1) X 1073m | 2.3 + 0.4
(1.2 + 0.1) X 10" '™ 2.4 + 0.4

This yield 1is in

0.3 meaéured at about

good agreement with the value of 2.4 %

the same time. by Nauta and van Huisio®

but twice that reported by Mal'tsev et all®® The value is in

excellent accord with the value of G(e;MPA) = 2.2 + 0.2 proposed

from nitrogen yiers from the ®°Co steady state radiolysis

studies of nitrous oxide solutions in HMPA presented earlier in

this Chapter.

" 4. Kinetics Studies

- a) Decay‘of Primary Species
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i):jThe Solvated Electron

| Thes1ifetimeyof‘the solvated electron in pure irradiated’
' HMPAfwes sensitivefto sample purification and preparation
techhiques._ Genera]]y, the 1ifetime 1n1t1a11y increased w1th

- -total absorbed dose per sample, presumably due to the react1on'

“Z_and remova] of sma]] amounts of impurities. For a given samp]e,

the electron ]1fet1me was greatly dependent upon the rad1at1on
dose per pu]se Typ1ca1 oscilloscope traces are.shown in Figure
ITI- 23 _By us1ngfyery 10w dose pulses (~ 300 rads) in very
carefu11y:deokygeoated samples, first half-lives approaching
50 usec could be achieved (Figure III-23(a)).. For the majority
- of the'experiments reported here, medium dose pulses (~ 2000
rads) were utﬁ]fzed which gave lifetimes on the order of 5'usec
(ngure III—23(b))‘ Very ]arge dose pu]se (w 10,000 rads) gave
11fet1mes of only about 2 usec (Figure I1I-23(c)).

The e1ectron decay data were examlned to see if it followed

simple 1_ or an

order k1net1cs.' Figure 1II-24 shows the
results obtained:for the data from Figure III-23(a) and (e)
‘i.e.‘for e1ectrons of both long and sHort lifetimes. As can be
seen, the very low dose data curve f1ts a second order plot over
at least the two f1rst half-lives w1th an apparent b1mo1ecu1ar

10 M1 sec_1. On the other hand, the

rate constant of 2.5 X 10
data from a large dose pulse is nearly linear on a logarithmic
plot over the first two half 1ives with a pseudo-first order
constant of about 3 X 10° sec_]. The Tatter result is consistent

with values reported by the other invesfigatorslg3’19“ who
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Figure II1-24. First (a) and second order (b) plots for the data of Figure III-23 a and c.
' Data for short-lived electrons (0) and long-lived electrons (®) are shown.
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abpérent]y used only large dose pulses. Data from moderate
‘pulses fit neither first nor sécond order plots. These results
suggest that both apparent first and second order process are
involved in the decay meéhanism, and that the first order
component 1nvo]ves‘rea¢tion of éﬁMPA with radiafion produqed
species. | ‘ |

“ A méfhod ex{sts for analyzing mixed first and second order.
décays where the.réactant‘concentration can be monifored.“8
For the electron decay data, the method applies to a mechanism
involving a pseudo-first order reaction (3.98) and bimolecular

combination (3.99).

%
o 3.98 B
eympp *F X ——— X ’ (3.98)
i i 2k3. 99 |
®umpa * Cywpp —> Products |  (3.99)

In this case, X represents unspecified impurities, both intrinsic
and radiation produced, which'arevat,considerab]y higher con-
_'centration:that.eHMPA.  | _ :

. The method utilizes a plot of Tn ((A, '+ a)/At) versus time.
‘At'is_the eleCtkon:absorbance at time t and o is a dimensionless u

barémeter given by equation (1iii):
. B / ' . o
@ = K3.98/2k3 99 €T 4 (i)

where € is the molar absorptivity of the solvated electron
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at the wavelength studies and 1 is the optical path
1eng£h.

A éomputer program was written which when given decay
data and some arbftrary value for o, calculates through an
iterative process the value of o that gives the best least
squares fit to the data. The pseudo-first order rate constaht
is given directly by the slope, m, of the plot of 1n ((At + a)/

At) versus time:

k3,98 = m = slope | (1iv)

and the bimo]ecuiar rate constant, 2k3 99 from

2k3 g9 = '
o - (1v)

Figure III-25 shows the results of such régression analysis for’
the electron decay from both the Targe and small dose cases

from Fiqure III-23. Analyses of this type consistent1y give
. , |
3.98

values were found to vary between 7 X 103 and 1 X 10° sec']‘

values of 2k, oo = (1.9 + 0.4) X 1010 -1 Sec']; but k

depending on pulse dose and sample origin. Table XIV shows
typicaivresu1ts for a series of experiments where the.dose per

pulse varied from 400 to 12,000 rads.
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Figure TII-25. Mixed first plus second order plot for the'_.
: S data of Figure III-24. The method is explained
in the text. ' '
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TABLE XIV K{net1c ana1ys1s of electron decay.data in a
Sémp]e of'HMPA for which the doseAper bu]se value
was vaffed. The combined first plus second order
treatment described in the text was used to |

, .
calculate the parameters, k3.98and 2k 99

3.
' /

Dose 1 K3 08 k3 99
(rads) ' (X 1074 sec']) (X 10710 y-1 sec'])

400 0.96 + 0.1 2.1 + 0.2

600 0.96 + 0.1 2.1 + 0.2

800 1.6 + 0.2 1.9 + 0.2
2,000 3.5 + 0.4 1.6 + 0.2
12,000 12.0 + 1.2 2.0 £ 0.2

Now, the forego1nq reaction scheme 1gnores the neutrali-
zation reaction (3.100) that could occur in HMPA.
k3.100

Cuppp t S T —* S

(3.100)
where S represents the positive counter-ion or some

oxidizing radical species formed therefrom.

The computer was programmed to simulate electron decay data from
mechanisms involving pseudo-first order decay (3.98) and (A)

bimolecular combination (3.99) or (B) bimolecular recombination
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(3.100). ~Figune III-26'shows a typical comparison between
. an actua] observed decay (11ne) and those s1mu1ated from
mechanisms (A) (f11]ed c1rc1es) and (B) (open circles) taking

k3 gg= 3 X 103'M~],sec']; 2k 4 99 =2 x 100 M'] sec'];'and

k3 100 = 2:5 X lojO_M'] sec™'. No doubt other,mechanisms'are

~also possible, but one can conclude that electron decay.via_:.

reactions (3.98),(3.99) and/or (3.100) is entirely consistent
'e‘wftn the data. |
That e sinQTe species contributed to the‘absorption bver

‘f:the wave]ength range from 500 to 2300 nm ‘'was confirmed from

- k1net1c stud1es ) W1th1n exper1menta1 error the decay character-'

1st1cs of trans1ent absorpt1ons over this’ reg1on were identical
‘and the band has been attributed to the solvated e]ectron in
HMPA. This. k1net1c cons1stency also preva11ed in the presence

. of a number of so1utes wh1ch exh1b1ted varylng decrees of

4react1v1ty towards the transient.

~ii) The UV-Absorbing Species

Below 500 nm, as noted prev1ous]y19“ at least one other
species contr1butes to the absorption. This is evidenced by
the fact that after the infra~red electron absorption in pure
.irfadiated HMPA;had decayed, some absorption persisted at
wavelengths shortek_tnan 500 nm. Indeed, this second species
had a Tifetime on the order of 100 usec. The UV absorption
band was much neaker_than that found in the infra-red, suggesting

that either this longer-Tived species was produced with a
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corresponding]y Tower yie]d or else it possessed a smaller
-molar absorptivfty at the ane1engths studied. The figure
would tend to support the latter idea for, as can be seen in
‘Figure IT1-17, it is very possible that on]y the ]ow energy |
tail of the absorpt1on band was being monitored. ‘

Now, the experimenta] apparatus was not designed for, nor
we]]’suited to,the study of transient species which absorb only
in the ultra violet Yegion of the specfrum. Consequently,
quantitative studies of this second spe;ies -- particularly
kinetic analyses -- were cumbersome and subject to gross
uncertainties. In addition to the problem of intense solvent
absorption, 6bservations in that region were complicated by
the presence of Cerenkov radiation emission and the possible
photolysis of species in the cell by the analyzing light beam.
Also, the electron band may have contributed significantly to
the absorbance in the UV region. By monitoring the electron
decay in the infra-red, one could determine.tﬁe'nature of the
electron decay then subtract the appropriate cbntribution from
the UV decay. However, it proved difficult to determine the
exact proportiona]ity between the electron absorptivity for the
two regiohs. lIn any event, the resulting "corrected" UV decay
data must then contain a correspondingly greater uncertainty.

A further complication arose because of thé much longer
lifetime of the UV species. Recall that the analyzing 1ight
sourcé was operated in a pulsed mode so as to increase its
intensity. Such operation restricted the time period over which

reactions could be studied to a few hundred ﬁsec. Resorting to
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a steady-state modé of lamp operation would havé facilitated
longer fimesca1e studies, but the resulting enormous loss in.
éhe signa]—to-noisé ratio would render results more ambiguous.
The contribution of the éo]vated eTectronS to the UV
absorption cou]d:be eliminated through the addition of electron
scavengers such as nitrbus oxide or oxygen; Under those
conditons, an ébgorption'in the UV region perSisted_with a
lTifetime pf the same order of that found in the pure system.
However, one cpu]d:not be certain that the yield of reactivity
of the UV species was unaffected under those conditions. In
addition, most solutes produced new absorptions in the Uv or
yisib]e regions which masked the absorption beihg studied.
The presence of electron scavengers in the syétem had
1ittle observable effect on the UV species. Certain}y, its
Tifetime was not significantly altered. As will be_detai]ed,_
there is eyidence‘that the transient reacted to some extent with
the solvated electrons of the system. These facts tend to suggest
that the species may in fact be the primary oxidizing species,
S. This species would be expected to be either the solvated |
positive counter ion, HMPA:, df eise one of its decay products --
possibly some radical species. Cooper!'? for example, has
identified a band centered at 550 nm as the positive ion in
irradiated dimethy]su]phpxide (DMSO). DMSO, also being a polar
aprotic solvent, ‘is similar tb HMPA in reactivity and many of its
properties. Also, Simic and Haybn21° have shown that radicals
and radica] anions of many amides exhibit absorption maxima below

300 nm.
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“ ?j-wa'cdﬁcéﬁfréfjdns of water or_methanol, both known to
'rea¢t Qith posithévions; had no effect on the UV species..
However, ﬁhé s§a§¢hging reaétions of both water (3.101) and
methanb] (3§102)7ake known to occur via proton transfer from

the positivé'ioh.
MO+ RH — R+ a0t
H0 | 3 (3.101)

Because of the exceptionally aprotic nature of HMPA, the
failure of the‘UV‘species to react with methanol or water does
not rule out the poss1bi]ity of it being the positive ion. The
species was also unreactive towards dissolved hydrogen gas.

Strongly oxidizing.kadica1 species react with hydrogen (305),

R+ Hy ———— RH + H | ' (305)

and the fact that the UV species did not, does tend to rule out

the 1ikelihood of it being of this nature.

iii) 'Reaction Between Transient Species

~ That the twd_tfansient species reacted together'was
demonstrated by a series of experiments conducted with a sample

of HMPA containing a small amount of some unknown electron
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scavenging fmpurity.' Figure III-27 details the pertinent
transient absorptions observed at 1000 nm (a,b,c,) and 356 nm
(d,e,f,). After the first irradiation pulse the electron,
mohitored at 1000»hm, decayed rapidly (a) because of reaction
with dissolved impurity.' The first half-Tife was only. 3 usec
in that'Case:and_theee1ectron absorption tbta]]y unobservable
.50 usec after the‘pu1se With each succeeding pulse, the
electron 11fet1me 1ncreased as the trace impurity concentrat1on
| 'decreased. After f1ve pulses, the first half-1ife had doub]ed
to abeut 6 usec, (b) The e]ectron absorption was again absent
after 50 usec suggest1ng that its decay still involved a |
s1gn1f1cant.f1rst order component. Following 30 pu]ses, the
‘first half-1ife for the electron had not s1gn1f1cant1y increased,
(c), but its decay character1st1cs had changed. A s1gn1f1cant
absorot1on remained 50 usec after the pulse, indicating that
f1rst order components to the decay were negligible after that
‘per1od

o It qs 1nterest1ng to compare this with that behavior of
‘the UV absorb1ng-spec1es (dse,f,) monitored at 350 nm from a
.para1Ie1.§er{ee ofiexperiments, Those resuﬁts were obtained
after'fhe”sma11 (1 m1) volume of liquid that had been "purified"
;by irradiation was mixed with the bu]k_of the solution (50 m])v'
:and reb1aced with a fresh sample containing the trace impurity.
Figure 111-27 (d,e;f,) show the decays observed for the UV species
under,sfmiTar conditions to thoée described'for the electron decay
studies. Because the UV species is longer lived, the timescale

is 1ncreased four- fo1d in those d1agrams Contrary to the
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R e1ectron case, remova1 of the trace impurity resu]ted in

- acce]erat1on of the decay of the UV absorbing spec1es After

'f the f1rst pu]se the UV spec1es had a f1rst half-1ife of about

| 90 usec.(d) After 5 and 30 pulses this value had decreased
to v 45 usec and 20 usec respect1ve1y In addition, the decay
~in those 1atter cases c1ear1y occurred via . at least two processes
:4on vast]y d1fferent t1mesca1es In the latter experiment the
fast decay of the UV spec1es corresponded very well to the
de]ectron decay On 2 qualitative basis, these observations are
dcons1stent w1th~a mechan1sm in which the two transients react
”w1th each other in compet1t1on with other spec1es

Attempts to estab11sh a feasible reaction scheme and thereby |
‘obta1n qua11tat1ve 1nformat1on about such reactions, however,
proved fru1t1ess ~ Undoubted]y the large uncerta1nt1es
'assoc1ated w1th the UV species absorpt1on is respons1b]e for the

d1ff1cu1t1es

iv)',E1ectrdn'Decay in Irradiated Sodium Metal Solution

In an‘attembt to'fUrther elucidate the mechanism for the
electron decay, some experiments were performed on the pulse
radiolysis of blue solutions of Na metal dissolved in HMPA.

These solutions contained substantial (but unknown) concentrations
of solvated electrons and possibly other ionic species. Figure |
IiI-28'shows a tycica1 osci]]oscope trace at 750 nm obtained
when.such a so]dtion was subjected to two radiation pulses,

about 30 seconds apart.



. Figure III-28. Effect of electron pulses on a solution of Na
4 ~ - - in HMPA at 750 nm. The second pulse, b, followed
" 30 .sec after the first and showed that the pulses
.~ gave an initial increase in efmeps coOncentration.
~ . . but a net permanent loss of the. species. Similar
.-...results.were found at 1550 nm. ' o

. cg o

"As can be'séen,:éadﬁ'radiation pulse initially created additional
‘solvated eiectronﬁcht the overall processes led to a net loss
in concentration ofve;MPA.‘ The Tloss was comparable in magnitude
“to thelfadigtfon'yfé]d of so1vated electrons. Furthermore, the
loss was’héfmaﬁént‘as évidenced by the fact that_30 seconds
later, jUst pqur f6 the Second radiation pulse, the residual
_concentratioﬁ of e;MPA had remained at the lower value.
If’the,e1egtr6n species formed via radiation induced
ionizatfbn and éodium metal dissolution are 1déntfca1, then

- electron decay thrdugh bimolecular combination (3.99) can be

ruled out @s_an‘importaht step in this syétem.
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e ‘Jri‘eﬁMPA —> oproducts (3.99)
Even if such a féaction involved an equilibrium with some
dimerjc (ez)ﬁ&PA species, the observations could not be
reconciled. It is significant that neutralization recombination
reaction between-e]ectrons‘and the co-produced positive jons
could not account for the net loss in-e;MPA' In order that the
charge balance be breserved, these two species must be produced
in equal yield during radiolysis, therefofe, the initial and
final concentratioﬁs of eﬁMPA would have been the same. Since |
the stable Na éo]utions obviously cannot contain impurities
which react_wfth éaMPA’ one must conclude that other radiation
produced specieé,‘éuch as free radicals, contribute to the electron
decay. Recall that this conclusion had‘been proposed ‘to account
for the dependence.of the electron decay on the radiafion'doée‘

per pulse.

b) Behavior of Transient Species in the Presence of

Added Solutes

i) Electron Scavengers

i.1) Pyrene and Anthracene

As has been discussed previously, the aromatic hydrocarbons
pyrene (Py) and anthracene (An) react with the reducing species,

in HMPA to yie1d theiaromatic anions. The reactions appeared to
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be veryvfast,—-'thére]ectron decay beinglcomp1ete in ns for
solutions contaihing moderate concéntrations (>.10'3M) of
the aromatic scavengéré. | » ’

" The reactidn,between solvated eTectrons‘and énthracene'
was $tudied by prebaring a sample containingvon1y (6 £+ 2) X

1075

M anthracene in HMPA. Upon irradiatioh, both the electron
decay at 1000 nm énd the corresponding anthracene anion build-

up at 740 nm could be observed.

.1 OQ— ~ - { 100—

75T ] | 50—
% T —T i % T

Figure III-29. Decéy of eumpa absorption at 1000 nm (A) and
_ ~ simultaneous build-up of An  absorption at 740

nm- (B) in a solution of (6 + 2) X 107°M _
anthracene in HMPA following a 200 ns radiation
pulse. ' :

Figure 11I-29(a) shows the accelerated electron decay, .
monitored at 1000 nm. Initially, the aromatic anion is absent
and thus does not mask the electron decay. The aromatic anion

is much longer Tived than the electron, so its maximum contribution
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to the absorption ét‘1000 nm is given by the steady non-zero
absorbance at long time (in this case t > 2 usec). Since :

this absorption represented less than 5% of the initial electron
absorption, and since its contributionvwou]d,actua]]y be much
smaller dur1ng the initial stages of the e]ectron decay, it

was ignored in the k1net1c analysis of the data. On the other
hand, as shown tn'Figure III-17, the solvated electron in HMPA
absorption band encbmbasses the whole of the visible spectrum.
Thus, the build-up of the anthracene anion, monitored at 740 nm,
shown in Figure III-29(b) contains a significant contribution
from so]vated.eTéétrdns. The pkob]em is compounded by the fact
that e]ectrbnvaﬁébrptton is ]argest initially when the anthracene
anion component is:smalT ‘However, the contr1but1on by the
electron to the total absorbance at 740 nm is determlned s1mp1y
from the correspond1ng values observed at 1000 nm, mu1t1p11ed

by the ratio of the electron extinction coefficients at these

two wavelengths. From Figure III-17 the ratio is found to be:

HMPA  / ESHMPA = 0.56 - -
e740 1000 - - (Tvi)

Even at (6 + 2) X 107°

M concentration, the anthracene
concentration would be about ten times that expected for solvated
e]ectrons:produced in HMPA by a 200 ns puise. Therefore,
bimolecular reaction between those species would be expected to
appear as a pseudo-first order process. Fiqure III-30 shows

first order plots for the electron decay at 1000 nm and the
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ewmm decay

AN

- An” build-up

Figure IIT-30.

1 L
1.0 1.5 O

t (psec)

First order kinetic nlots for the e mwpy decay at
1060 nm (O) and the “corrected" anthracene anion
absorntion build-up at 740 nm (@) from an

irradiated solution of (6 £ 2) X 10°M An in HMPA.

'_o.5
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l"comr‘ected“ anthracene anion build-up at 740 nm. As expected
- the e1ectron decay deviated from first order behav1or at 1ong
“times (t > 1.5 usec) because of a small but s1gn1f1cant ‘
contribution to the total abserption by anthracene at that
point. For the.Ah"bui1dfup, the plot is 1n (Az.s - At)
~against time,where A2;5 is the absorbance 2.5 ﬁsec after the
pulse (plateau value) and At is the absorbance at time t,
corrected for the electron contribution. | '

| it is moét significant that the twe plots exhibit nearly
identical slopes. ‘That is, from the slopes one calculates
psequ-first oeder rafe constants for the electron decay and
anion build-up of (1.5 + 0.2) X 108 sec”! and (1.7 = 0.2) X

, 106 sec'] respeétfve1y This resu]t affords rather convincing
ev1dence that the so1vated electron in HMPA reacts on.a one- to-
one basis with anthracene mo]ecu]es to produce one s1ng1y
charged anion (3 103) |

i K3.103 o
HMPA * Al ————> An" - (3.103)

Combihing tﬁejpseudo-first order rate'cohstents with the
concentretioh of ahthfacene present ((6'£ 2) X 10° M) one -
ca]cu]ates the rate constant for react1on (3. 103) to be k, 103 =
lk + 1) X 10]0 =1 sec'l. | |

~ Similar beha?ior was found for solutions of pyrene in HMPA.

However, the electron and Py absorptions appeared to mutually

interfer to a greater‘extent making anaTysis more difficu]t.=
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-4

; ‘,A1so, the 1owest concentrat1on studied, (3.2 * 0. 3) X 10 M

Py, resu]ted in the e]ectron decay and Py bu11d -up be1ng t00;

- fast to be stud1ed in deta11 " To a f1rst approx1mat1on, the

f, scaveng1ng react1on between pyrene and so]vated e]ectrons»
(3. 104) occurs at a rate comparable to that measured for}

enthracene
eumpp * PY ———> Py

'The'arOmatic énfons‘were'remarkably long-Tived in HMPA.

F1gure 111-31 shows the decay of the absorpt1on of (a) An at

740 nm. and (b) P y _at 495 nm.

;(31104) |

e | B I T R o
100— |—t 100— YV»..-J N
I s e N O R B R O o
V /\./\rf' 75-» L,—/’r' E3.F3yf'
S o I e e e TREA
0—

N

Figure,fII-31. Decay of aromatic anions produced via electron
. : scavenging 1in 1rrad1ated HMPA. (A) An at 740 nm

from (6 + 2) X 10°M An 1n HMPA. (B) Py at 495

nm from (3.2 + 0.3) X 107*M Py in HMPA
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It can be seen‘that these decays are complex as each c1ear1y
eXhibitsxtwo distihct decay regions. Such behavior could arise
from the formation and subsequent decay‘of a dimeric aromatic
yspecies_or possib1y,some neutralization complex.  In anyocase,'g
e]ectron scavengtng:by An or Py in HMPA leads to the formation
of absorbtng'species with lifetimes approaching seconds.

Small amounts of the e]ectron scavenger n1trous oxide
lwere added to samp]es of anthracene or pyrene in HMPA. Upon
»1rrad1at1on, the~1n1t1a1 yield of aromatic anions was sub-
. stantially decreased -- but the decay rate of An or Py was
essent1a11y unchanged These findings. are cons1stent with there
being a compet1t1on between'NZO and the hydrocarbons for'
“solvated e1ectrons It turther implies that there is no charge
‘exchange between An (or Pv ) and N20 or between [N 0 J and
;An (or Py) Bv contrast the presence of oxygen in a Py so]utlon_
_affected both the y1e1d of Py~ and its rate of decay. Invthat
case, the Py decay was greatly accelerated ‘suggest1ng'that.'
02 reacted w1th the aromat1c an1on (3 105) -
—f;———f—* Py + dg

2 (3.105)

S1nce the aromat1c hydrocarbons produced observab]e transient
species upon react1on w1th so]vated electrons; they prov1ded
a means-wherebycthe<p0551b1e 1nvo1vement‘of gemlnate ion scaveng—(v
. ing coutd be‘stndied directly. The scaveng1ng rate of anthracene
:(and presumab]y pyrene) has been shown to be fast enough that

- one~wou]d expect that at h1gh-concentrat1on ‘the aromatic hydro-
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éarbons could comnete effectively with geminate recombination
for the electrons. If such were the case, one would anticipate
‘the following behavior. As the concentration of An or Py was

3

increased from the normal scavenger level (1‘0"5 to 10 °M) to

say 10']M one would expect to see a corresponding increase in

the initial anion yield -- due to geminate'electron scavenging
(3.106).
ElMP_A'+ ...eHMPA] +~Py--—-——»E{MPA + ...Py:] (3.106)

However, as a result of the strong coulombic attrattion of the
nearby positive ion, this extra absorbing anion would almost
certainly itself undergo a rapid geminéte neutralization

reaction (3.107), resulting in a decreased absorbance.
[HMPA.+ ..,Py;] —_— [HMPA - Py] (3.107)

Jou??® has observed just such behavior in tetrahydrofuron
(THF) solution, where the rate constant for the electron

11 -1

scavenging reaction is (1.2 * 0.2) X 10 M sec']. Irradiation

4M pyrene gave results similar

of THF cohtaining up to 3.X 107
to those réported here for HMPA. At higher Py concentrations
Jou found an increased initial Py~ yfeld that decayed rapidly
(over ns) .to the_]ower'value at which point the much slower
decay prevai]ed. | |

No such evidence was found in HMPA. Recall from Table XVI
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that from a samp1e containing (1.2 + 0.1) X 10 Ty pyrene in
HMPA the initial Py yield was G(Py~ ) = 2.4 £ 0.4. This value

.1s not s1gn1f1cant1y h1gher than that observedifhom solutions .
c0ntaining‘ohders,of magnitude less pyrene. Also, at the
.fastest:timeseaie bbsehvab]e (S'ns), no fast decay of Py
'ceuld be-detected .These findings tend to ru]e out the
1nvo]vement of gem1nate electron react1ons the scaveng1ng
’processes in 1rrad1ated HMPA. |

Because of 1ts 11m1ted so]ub111ty in HMPA, anthracene
cou1d not be used at a h1gh enough concentrat1on to provide’

_corroborat1ng ev1dence

i.2) Nitrous Okide

N1trous ox1de, NZO’ was used extensively as an e]ectron
scavenger in. the steady state gamma radiolysis stud1es As has
been d1scussed those experiments indicated that the scaveng1ng
react1on (3.68)" was rap1d and led ultimately to the product1on
of mo]ecu]ar n1troqen

- o Kses o o

eympa t N20 ——————»(NZO ) ————>N2 + other’prdducts (3.68)
.It was thus imcerattve that the pu]se radio]ysis work include
expeftments to d1rect1y confirm that N20 scavenges eHMPA and if
possible to measure the rate of such a reaction.

Figure III-32;shows typical fast time scale oscilloscope
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traces obtained at'1000 nm upon irradiation (a) of pure HMPA

and (b) containing (7.9 + 0.2) X 10'4M’N20.
i | B R R A 0
100~ 2— ‘ 100~ ~
N - 7
‘ \\\\‘\\\ ' \\\g‘v_nNﬁ_~-//
%T | A TT1 || |»%7 |B
O— —d
< | 7s=| F >
pulse length , : pulse length

Figure III-32. Typical fast time scale oscilloscope traces
: obtained at 1000 nm following 700 nsec
radiation pulses in pure HMPA (A) and HMPA
containing (7.9 + 0.2) X 10™'™ N,0 (B).

As can be clearly seen in the figure, the e1ectkon decay was
greatly acce]eratgd in the presence 6f N20. Figure III-33 is a
first order p1ottof the e]ectron decay in the presence of N20
(from‘Figuré I111-32(b)) in which fhe end of the pulse is taken
as time zéro. Within the uncertainty of the.data, the plot is
Tinear, and from the slope, a pseudo-first order rate constant

equal to (1.1 % 0.3) X 107 set_] was obtained. For: @2@ =

(7.9 + 0.2) x 107%

M, this corresponds to a bimoelecular rate
constant ky (o = (1.4 £ 0.4) X 1010 y-1 sec™! for the reaction
between NZO and eUMPA (3.68).

Figure IIT-32 shows that the build-up of the solvated
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,%HLA.H‘

1

‘2 -

L |
| t (usec)
Figure III-33. +irst order kinetic nlot for rapid'elmﬁﬂ decay
| in the presence of (7.9 * 0.2) X 107°*M N,0 from

Figure IIT-32{(k). Time zero corresnonds to the
end of the radiation ~ulse.
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e1ec£ron concentrafion is very-different in the presence and
' ebéenee df N,0. In F1gure 111-34 the data are plotted in
abserbance‘units.M As a consequence of the fact that the
radiation pulses were essentially square waves (Figure II-12),
the electron absorbance-increased'steadily throughout the
duration of the pulse. That is, the rate of formation of
solvated electrons was e constant, K:
deympa _ d(A/el)
dt dt v o (1vid)

where A is the electron absorbance, e is its molar absorptivity

at the wavelength studies and 1 is the optical path length.

Now, in the presence of N20 the e1ectron decey is greatly
acce]erated through ‘reaction (3.68). The resu]t is that during
the radiation pulse a point is reached where the rates of
electron formation and decay are equal and e1ectron absorbance
remains. constant -- at a so-called steady stete value, A

5.S.°
Under those conditions,

_ dA 1
3.68 I G o
dt Asslﬁzq (Tviii)

Substitution of the appropriate va1ue$ from Figure III-34 into

10 ,,-1 -1

(1viii) gives k3 68 = (1.5 '+ 0.2) X 10 M sec as the rate

conétant for scavenging of solvated electrons by nitrous oxide



radiation pulse duration
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Figure III-34. Build-up of ejyus absorbance at 1000 nm during
: 700 nsec "square" radiation pulses of Figure III-32.
n npure HMPA (O) rate of formation was constant, dA/dt = (5.2 +

! r
.1) X 10°sec™'. For HMPA containing (7.9 % 0.2) X 10"M N, 0
@) 2 steady state absorbance ASS = 0.044 + 0.002 was reached.
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in HMPA. This resu]t is in excellent agreement with that
obtained directly from the electron decay and therefore lends
credence to. that vé]ue; but, since it was.not obtained
comb]eteTy independently, does not confirm its precision.

The rate constant for the corresponding reaction in‘water

is 0.56 X 10'9 M1 sec™137 The higher rate in HMPA is
understandable in terms of the very weak solvation energy of

the electron in HMPA and possibly its higher electron mobility.

i.3). Oxygen

Oxygen.appearS‘to react rapidly (and expectedly) with
eﬁMPA as evidenced -by the fact that when irradiated HMPA was
exposed to air at one atm pressure the electron absorbance

was greatly reduced and short-lived.
‘1.4)’ Acetone

| Another proven electron scavenger,eacetone, had been used
in the steady state ®%Co radiolysis studies of HMPA -- usually
in conjunction wifthZO. Under these conditions, it was'l
expected that acetone would scavenge electrons (3.107) in
competition witH nitrous oxide (3.68) with the result being
a lower yield of nitrogen from the latter reaction.

eumpp T CH3C0CH3 —_— (CH3COCH3) | (3.107)
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eympa * N0 —+ N, + products  (3.68)

In point of factlhdwever, the nitrogen yield was found to be
increased_in:thosé studies. The ambiguity was attributed to
a charge trahsfer,reaction (3.43) between fhé acetone anion
and N20.

(CH3COCH3) + NZO — N, +.products (3.43)

In that case, thevincreased nitrogen.yieid wou]dAsimply be a
reflection of thé increased total scavenger concentration.

In order to confirm these suspicions, a series of pulse
radiolysis experimenfs were conducted. As can be seen from
Table XV, the initial electron yield in irradiated HMPA (as
measured from the absorbance at 1550 nm.immediéte1y following
the electron pulse) was considerably lower in the presence of
acetone. In the case of a so1utiqn containing (1.6 = 0.2) X .

Ty acetone, the decreése amounted to 96%.

10° |
A new.broad fransignt absorption appeared in the visible -
region of.the spectrum from irradiated solutions of HMPA
containing acetone. Figure 111-35 shows the spectra observed
between 400 and 2050 nm from a solution containing (1.6 * 0.2)

2M acetone. Spectra present immediately after, and 2 useq

X 10
after, the radiation pulse are given. The absorption from about
1300 nm to 2050 nm is assigned to the solvated electron.. The

electron spectra would also contribute to some extent below 1300 nm



Effect of acetone

on the electron absorbance af 1550 nm in'irradiated

TABLE XV
‘ HMPA.
AO Percentage First Half-
Relative Initial Decrease in Ao Life (eHMPA)
EMJ Absorbance ® 1550 nm -From Pure HMPA -(usec)
0 0.708 + 0.010 0 2.3 % 0.2
(3.2 + 0.5) X 107 %M - 0.135 + 0.005 819 2.2 £ 0.2
(1.6 + 0.2) X 107 M £ 0.003 96 1.5 + 0.4

0.031

- 8%z -
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Spectra obtained in irradiated HMPA containine (1.6 *

_ immediately (O) and 2 psec (@) after the pulse.
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but the - maaor 1ncrease in the visible and UV reglons'is :_
'attr1buted to the product of react1on (3.107), perhaps to the
acetone an1on, (CH3COCH ) V1dyath11?7 nas observed an .
:absorpt1on due ‘to this an1on or its protonated radical in
water, and has reported’that its absorption maximum occur§
"lbelow 250 nm. | o | B | |

| It shou]d be noted that the e]ectron spectra persiéted
ZtuSec after,the pque.‘ The significance of this fact is‘more
_eutdent from tne data in'Table XV. The table shows that wh11e
.the initial e1ectron absorbance was qreat]y reduced in the
‘presence_of acetone, the electron decay following the pu1se wasd
'essentia11y unaftected. These facts imply that acetone does
not in fact scavenge solvated electrons in HMPA but rather

attacks the precursor of that species, e (3.108).
‘ HMPA/VNNAAV———v[e{} + products ~ (3.i4)
[e] - % (3.23)

.[e] ‘+ CH3C0CH3 _ (CH3COCH3) (3.108)

This proposition is supported by'evidence found‘by:investigating
the so]vated electron formation during.the radiation pulse in
both the presence and absence of acetone. Figure ITI-36 shows‘
the ouild-ups observed at 1550 nm. ‘Note that in both pure HMPA
-2

and in the presence of (3.2 + 0.5) X 10 “M acetone the electron
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7absorbance bu11d up was 11near, with dA = (1.7 = 0.1) X 166
o o dt L '
‘secf1 and (2 1t 0 1) X 105 sec ],respective1y ' That is, in

the presence of (3 2 1 0 5) X 10 2M acetone the rate of so]vated

' e]ectron format1on was one- f1fth that:in pure HMPA S1nce

'?such a decreased rate wou]d 1tse1f account for the 80% drop

siffor the two scavengers

f1n e]ectron concentrat1on at pu1se end between the samp]es, }1s.
react1on between acetone and eHMPA 1s-not 1nd1cated Instead
acetone appears to scavengedfour f1fths of the so]vated e1ectron'
‘fprecursors in that case ‘ o
_'~ Contrast these resu]ts w1th those from a samp]e conta1n1ng
“ca f1fty fo]d 1ower concentrat1on of N 0 ((7 9 £ 0. 2) X 10° )
',dn HMPA. In that case a]so,‘the e]ectron absorbance was
’: s1m11ar1y reduced at the pu]se end (by 87%) but dur1ng the pu]se_
< the e]ectron concentrat1on had qu1ck1y reached a constant
(steady state).value } C]ear]y d1fferent processes were operat1ve
-4

The presence “of (7 9 110;2) X 10 M N20 1n a so]ut1on of

vf&a(3.2_£ 0 5) X ]0 2M acetone in HMPA resu]ted 1n the near tota]

:Lﬁjremova] of a]] absorpt1ons at 1000 nm. Th1s observat1on conf1rms

"”‘_"the ear11er conJecture that N20 reacted w1th the an1on1c acetone'

'i‘rspec1es in HMPA (3 43)

\ . .°3.43 - : . .o S

,f“ﬂ.Based on a crude steady state" ca]cu]at1on, the present

'ﬂ»ﬁlO

eexper1ment puts “a 1ower 11m1t for the rate constant of k3 43 >

9 M -T C7] for the react1on between N20 and Ac”

v
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~ii) Positive Ion Scavengers

11;1)  water-and Methanol

" As might be expected even large concentrat1ons of water
or methano1 had Tittle effect on the solvated e1ectron
.absorpt1qn in HMPA. These molecules are known to scavenge
positive ions through proton transfer reactions. An upper
Timit for the rate constant for bimolecular combinatioﬁ with
eumpas K < 10° Mf] sec”! was established from solutions

eontaining up “to 4M water and up to 2M methanol. Most likely,

that limit is governed by impurity levels in those solutes.

ii.2) Bromide Ions

{1121) Yield of Oxidizing Species

Irradiat?on'of.HMPA samples containihg.bromide ions
résu]ted in an increase in both the yield and 1ifetime of
so]vated e]ectrons - For example, from 0.14M LiBr or 0’17M-
: NaBr, the e]ectron y1e1d was 35% greater than from pure. HMPA
‘alone. In add1t1on, a new trans1ent absorpt1on with A ax n
360 nm.was-observed on irradiation of the bromide solutions.
 The transient spectfa can be seen in Figure 1I11-37.

” Th1s new v1s1b1e band was s1m11ar to: that renorted by

Grosswe1ner and Matheson209 from photo]vzed aqueous bromide

solutions. They,attr1buted the absorption to the d1brom1de



Figure III-37..
) : . . compared to puré HMPA (— — —). Also shown are the long-lived transient
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Spectraiobtained.in irradiated HMPA containing (2.0 + 0.2) X 10°'M LiBr'(d), f

observed on the addition of (1.3 % 0:1) X 107M N,0 (@) and the short-1ived
eumpp COntribution from that solution (O). ‘ 7
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anion, Bré._ Subsequently, that species has been observed
and identified in.a number of pulse radiolysis studies?!?
Many inVestfgatbrs concluded that Bré ions arise from

‘the scavenging of positive ions by Br~ (3.109, 3.110).

BTt st B+ s (3.109)

- Br* Br ——— Br, - (3.110)
Such processes were proposed to account for an observed increase
in solvated electron yield from irradiated solutions of Br-
ions in ethanol and methano12'2 That is, they suggest that
~positive ion scavenging leads to a decrease in neutralization

processes (3.111).
S [ﬁ0H+, ei] + B —4m8m—» [ROH; Br, e_] ‘ : (3.111)

The observed increase in equpp Yield and lifetime in HMPA
containing large éoncentrations of Br  has two important conse-
quences on that system. Firstly, it supports the postulate |
the neutralization with positive ions contributes to the complex
e1ectron decay mechanism. Secondly, the results indicate some
involvement of gemfnate ion scavenging in HMPA.

If Targe concentrations of Br' ions can scaVenge bositive
geminate ions in irradiated HMPA, then they would be expected

to have scavenged all free positive ions in the process. Since

such reaction Teads to an observable product, Bfé, it should be
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possible to measure the positive free ion yield. This would

give another_independent measure of the solvated e1ectron‘yie1d
if one assumes a one-to4one correspondence between those species{
From the measured dos1metry and the absorbance at 360 nm for

a 0.14M L1Br solution in HMPA, one ca]cu]ates G(Brz)E;BrZ =

4 -1 -1 max
M cm  molecule (100 ev)

(2.] + 0.1) X 10
A'probTem arises as to whether or not the absorbance at

360 nm from this solution arises solely from Bré anions. In

pure‘HMPA, studiesvindicated that eﬁMPA and at least one other’

‘species;.s, (whichemay‘be the positive ion or its derivative)

also absorb at 3é0 nm; Assuming that both species contribute'

in the bromide'soiution and based on extrapolation and comparison

with the electron absorbance at 1000 nm one finds that the

4

contribution.from Bré is reduced to (1.2 + 0.1) X 10 ~If only.

one of the other two species contributes to the absorbance at

360 nm, this value becomes (1.5 + 0.1) X 10%

or (1.7 + 0.1) X
. ,

107 for the e]ectron_and UV species respectively.
Unfertunately, the?Bré species itself comp]ete1y maeked
the region over which the uv species was observable in those
experiments. Thue it was impossible to further define its
contribution to the absorbance by direct means. The solvated
electron and dibromide anion decays occurred over combarab]e
timescales, so that their relative components could not be
resolved direct1y‘either. Nitrous oxide at (1.3 0.1) X 10 3n
concentration wes introduced into a sample containing (2.0 + 0.2)
X 107 TM LiBr.  FjQure I11-38 depicts a series of normalized

oscilloscope traces observed at various wavelengths between 360
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I 20% Transm_ittance

Hntq

7'50 nm b

L00 nm

1000 nm K\

360 nm

1
| t (usec)
Figure III-38. Nermalized oscilloscope traces showinn th2 relative
: centributions of ey, and Br~ at various wave-

lTengths from the irradiation of a solution o§ HMPA containing
(2.0 + 0.2) X 107" LiBr and (1.3 = 0.1) X 10°M N,0.
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and 1000'nm. Undervthese conditions,gthe'electrOn absarption
“was greatly»redUCed ahd'yery short lived, while that of the
Bré ion was hear1y‘unaffected Thus the effect of N20 addttion
Was'to fac111tate the reso1ut1on of the two absorb1ng spec1es
. over th1s wavelength req1on | Shortening the e]ectron 11fet1me
.jn th1s way had its pr1ce however, for the 1n1t1a1 e]ectron
.'y1e1d was reduced to a steady- state va]ue only one-sixth that
~ found in the or1q1na1, mak1nq accurate reso]ut1on d1ff1cu1t
hThe most str1k1ng ‘and obvious conc]us1on that one reaches from
fthese data is that the electron does not contr1bute to the
absorbance below . 400 nm and therefore cannot 1nterfere with the
Br2 absorpt1on at 360 nm. However, as can be seen in F1gure
I111-37 the presence of N,0 resulted in a decrease .in the Bry
maximum at 360 nm. ~These results are”not'compatible} Therefore,
~unfortunately, the huge range in the GEZValue for Bré froh;>
(1.2 + 0.1)'X‘104ato (2.1 £ 0.1) X 10° could not be definitively
narrowed down. |
| A second major controversy which adversdy affects the
uncertainty oflaBré yield calculation is that regarding the
haghitude of the maximum molar absorptivity of the dibromide anion,
6563 Values have been reported in the literature“l’z”f21l+
for this constant rang1ng from 8200 to 12000 M~ cm™! in
aqueous solution. Thus, the present study gives a value for
‘the yield of dibromide ions from 0.14M LiBr in HMPA, 6(Bry) =
1.8 + 0.8. Thié,va]ue'which’sheu1d be equivalent to the positive
ion yield is‘mueh’1ower than the corresponding electron yield,
6 (

ehMPA)'z 3.1 =+ 0.4, in the same solution. Certainly it is
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_ s1gn1f1cant1y 1arger than the increase in the e1ectron yield
Hcaused by the presence of Br~

' It is poss1b1e that the ox1d121nq spec1es in HMPA have
h*rap1d alternatijve decay paths and thus are not a]] scavenqed
'jby 0.14M Br'i1ons. For example, from a solution conta1n1ng

'4M LiBr, the Bré yield was only 3 or 4 percent

that of the 0.14M solution. From (1.7 * 0.3) X 10°2M LiBr,

(64i’2) X 10

~ the yield of Bré‘Was about half that of the more concentrated
solution, but all the absorbance grew-in during the radiation
‘pulse and was certaih]y complete in a microsecond. These
findingslsubpokt the idea that the positive ions have alternate
fates which renders them relatively uhreactive. This'possibi]ity 
COuid exp]afn why the aromatic anions Py~ and An~ were so long
- Tived in HMPA. Indeed -- such a mechanism m1qht we1] be the
major contr1but1ng factor responsible for the 1arqe y1e]d of

stab1e solvated e]ectrons found in 1rrad1ated HMPA

1.2.11)' Kinetic Considerations

As mentiohed;‘in‘the presence of 0.i4M LiBr, the solvated
~electron decay was diminished..-The'first half-1ife increased |
from 3.5 usec to 5.0 usec. Table XVI .gives the results 0bta1ned
from . first plus second order regression ana]yses of the
electron decay under the two conditions. As one would expect,
bromide ions had no effect on the apparent first order portion
of the electron decay. The calculated second order component

‘of its decay however was halved. This is attributed to the
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'remova] by brom1de ions of positive 1ons that wou]d otherwise

nneutra11ze so]vated e]ectrons

TABLE XVI f?Resu1tsfof first plus second order regression
"analySES for the e]ectron decey'at'TOOO nm in

pure HMPA and the same samp]e conta1n1ng 0. 14M

L1Br
k;? - Calculated k K- - Calculated
CCumpa CHMPA
‘ First Order Component Second Order Component
'Samp1e . of.e; decay (sec'l) of e; decay (M'1 sec'])
o S _ 5 I 10
pure HMPA (1.2 £0.1) X 10 (2.0 £ 0.1) X 10'
0.14M LiBr | (1.1%0.1) X 10° | (8.6  0.1) X 10°

The d1brom1de anion decay proved to be much s1mp1er than
'that of the e]ectron In Figure III-39 the Brz decay at 360 nm
from the same 0. 14M LiBr so]ut1on (open circies) was found to
conform to a second order plot. From the s]ope; one obtains a

second" order rate constant kBr— = (8.6 + 0.1) X 10° GE 2 M1

2 : 360
360 = (1.0 £ 0.2) X 104 M ]'cm'] one calculates
Br. : : '

| a second order ratg constant for the Br2 decay,'.

sec”!. Taking g

 kB - = (8.5 % 1.5) X 107 77 sec']
Y‘2‘ )
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aure ITI-39.

B0 100 180 ©
t (usec)

Second order kinetic piots . for the decay of the
Bry absorption =zt 360 nm in frrzdiated HMPA

containing (0.17 #0.03) .M LiBr. Decay was

examined over both short {Q) and Tong time
sca'les (@®).
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vvComparing thiéﬁvé]ue with that obtained for the second order o

,_cbmponent of the electron décay,

K'- = (8.6 % 0.1) x 10°

f]gsecf]'\

.'Tt'SuggeS#S~thét these species in fact react together (3.111).

By + o7y, — 3111, pp,- |
2 * Cumpa (3.111)

Such a reaction has been proposed to occur in aqueous solution2!!®

a value for the'bimolecular.rate constant k = (1.3 £ 0.5) X 1010

M1 sec”! being réported.

| It should be remembered that about half of the electron
_absorpfion decay occurs simutanequs]y via first order §roces§es.
Therefore, if reaction (3.111) is the dominant decay proéess‘
. for dibromide ions, about ha]f the Bré absorption would remafn
when the electron absorptidn had disappeared. This was_found to
‘be so for.the Q,T4MvLiBr solution. -

1

. From a solution containing (2.0 = 0.2) X 10" 'M LiBr,'the

Bré decay was monitored over a time period of 150 ﬁsec by_using
the analyzing Tamp in its steady DC mode. This allowed inves-
tigation of the Eré decay after eﬁMPA had completely decayed. As
can be seen 1n»fhé”b1ot,of Figure III-39,_the slow Bré decay |

(filled circles) a1so foi1owed second order kinetics with an

apparent bimo1ecu1ak rate constant k = (4.0 = 1.2) X 109 M cm'].

In aqueous solution a simple bimolecular combination reaction

(3.112) has beenApropbsed with ké 112 Oon the order of (2 to 3) X '
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109'M'] seq_1311b

Br'l+ Br_f-—i;lgi» Br, + Br~ (3.112)
The tribromide anion is reborted to absorb below 300 nm211a an
1naccess1b1e req1on in the present study of HMPA because of
~strong solvent absorpt1on

The removal of solvated electrons through the addition of
NZO would be expected to surpress reaction (3.111) and'thereby-
~ extend the 1ifetfme of Bfg ions -- particularly over the first
10 - 20 pusec. However, the first half-1ife period'of‘]8_nsec :
for 0.14M LiBr ihiHMbA was reduced to 14 usec and 13 ﬁsec‘in ”
the presence of N20.at (1.3 # O!])IX 107 3m ahd (1 3 i-O i) X
TO'ZM‘}espectfve1y . While it is poss1b1e that some impurity
cou]d have been introduced a]ong with the N20 these resu]ts_
would tend to suggest that Br2 reacts w1th,N20 or some other
species formed from.it (N202, 0~ ,'05, etc.). 'SUch reaction
might well surpress secondary ionic reactions of N20 to such an
extent so as to account-for the on]y marginal increase in |
nitrogen y1e1d from nitrous oxide so]ut1ons of HMPA 1in the presence
of bromide ions. Thus, while the solvated electron yield |
increased up to 35% through geminate positive ion scavenging by:Bk',
the inerease:was not necessarily refleeted in the nitrogen yield

from NZO,
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§i.2.ii1) MNa” Spectrum

For sd]utiohsfcohtaining NaBr,lthe’sbectrum was studied
carefully over the-wave]ength regien 700 to 1000 nm. In both
sodium metal soiﬁi{on studies and’othef'pulse redio1ysis ‘
jnvestigationsl" 'aastrong absorpfiqn attrfbuted to.Na"has

been reported. The end of pulse spectrum from 0.17M NaBr in

MPA was essentia]iy identical to that from pure HMPA. Howevef; j'7

some 30 psec aftef the radiation pulse when ~ 97% of the
so]vated_efeetrohé hed'decayed, there wes some evidence of an
~absorption band'Withre‘maximum in the region of 750 nm.. The
absorptfoh waéeveryQWeak,and probably amounted to ‘less than 5%
- of the'ihitia] e]eetron absorption in this region. - Certainly
the data does nef'ihd%eate the presence ef a significant
absorption‘due'to some anionic'sodium species. Rather; this'
smai] contribution‘iS.probably associated with the Bré'anion..:
Rabanizuev has reported a second absorption-at 700 nm from
aqueous LiBr sb]utiens and attributed it to Bré. Indeed; a

1

closer Took at tne Bré-spectrum from (2.0 + 0,2) X 10°'M LiBr

solution in HMPA where EQMPA had been removed by»NZO (Figure

II1-37) reveals the presence of such a peak in the present work.;

)
E. Summary

This 1nvestigétion has provided a wealth of information.- =
about the rather remarkéb]e phenomenon of the solvated electron

in HMPA. The experiments were designed in sdch.a way so‘a$
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to_thoroughly probe'that curious énd complex syStem‘through
the use of several 1nvestigétiye techniques.

As predicted,_so]vated electrons broved to be sufficiently
Tong-lived in HMPA SO as to.be positive]y.identified from their
speetra, behavidr end reactivity with a host of solutes. The
| ‘radiolysis yield, G(egyo,) = 2.2 + 0.2 established from

two quite d1fferent radlo]ys1s tecnn1ques, the nature and opt1c

properties of the absorpt1on spectrum, and the diversity of the B
kinetic behavior attributed to the solvated electron in HMPA |
dre comp]ete1y eompatib1e with the extraordinary properties of.
that sO]vent!l There is ample evidence to support the supposi-
tion that'so1veted electrons in HMPA do not undergo fest x |
geminate decay and therefore the observed yield does in'fact
represent the treeiion yie]d .

Taken in tOto, the results strong]y support the 1mportant-
conc1us1on that the high nitrogen yields observed from steady-
‘state studies 1nyo1v1ng»the use of nitrous oxide as electron
'scavenger arise fhom secondary ionic processes. Perhaps es
a consequence of some of the unusual properties of HMPA, a
number of such unique f1nd1ngs (particularly 1nv01v1ng added
solutes) were obtalned It may well be that some of the
annovat1ve approaches taken in this work may be app]icab]e to
other so]vent systems where amblgu1t1es exist.

In any event, while far from being comp]ete]y def1n1t1ve,
| th]S work does present a very consistent and reasonably
comprehensive picture of the nature, yield, stability and

reacttvity of solvated electrons in HMPA.
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