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ABSTRACT

The chemical reactioﬁsm%ﬁii;uingVnﬁci;;f reactions have been studied
for some liquid aromatic halogen compounds with and without I2 present
as radical scavenger as uéll as in highly diluted mixtures uith a
variety of organic solvents, such as simple aliphatic hydrocarbons

and aromatic hydrocarbons.

The results obtained in these systems suggest an interaction betuween

the molecules making up the solvent cage with the intermediates forming
the substituted product., This interaction consists most likely of an

H abstraction by the halogen radical in the solvent cage, which
competes'uith the'reactions of thermal hélogens leading to radio-halogen
substitution products, resulting in reduced yields of the lattar types
of compound, In the present study an attempt has been made to detefmine
the role of cage recombinations competing with the hot radio-halogen-
for-non-radio halogen compounds, The effect of Iz‘scauehger.present

in a small amount (0.5 Mole%) has been compared with the effect of
solvents paésessing different feactivities'toua;dé‘thermal halogen
atoms, the soiuents being ﬁfeséﬁtuin high cbnceﬁtrations of‘ébout

(90 Mole %).
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CHAPTER 1

INTRODUCTION

1.1 Literature Survey

The Szilard-Chalmers Chemistry of Alkyl halides has been
studied extensively in a wide variety of systems. Reviews by
wiilard(1'3), No1f(4), Siuda(S) andcymmpbénfﬁ) provide an exten-
sive survey of the work done in this field. Therefore only the
Titerature which is dire;tly pertinent to the preseﬁt work will
be mentioned here. The subject discussed will be the mechanism
by which labelled organic products are formed following the
neutron capture by halogens . in liquid aromatic systems, and the
role played by failure 6f bond rupture and by caging effects.
The work réported is an attempt to study these questions in liquid
halogen compounds, particularly the ortho and meta halo-toluene

systems.

The high binding eﬁergy of neutrons in halogens, as in most
nuclides with masses in the range from (20 ~ 150 atomic mass units)
makes it-highly probable that a ha1ogen atom recoiling from the |
‘ gémma rays emitted following neutron capture by halogens will have
a kiﬁeﬁic energy far in‘eitéss_of.tﬁe.énergy reqﬁired for. it to bkéak'-
its chemical bond and escape from its parent partnér. Although it
is possible for'partia1 cancelling of recoi] energies to occur in
é.mU]ti-gamma emission process, it is generally observed that the
probabiiity of'fai]ure.of bond rupture that follows the (n,y) pro-

cess is very low.




Gordus and co—workers(7) have determined the probability of
bond rupture following radiative neutron capture for gaseous

organic halides.

The highest va]ue(ZB) for the fraction of capture events
which do not lead to bond rupture was 1.1% in the case of CH3-I.
These results are consistent with earlier gas phase work by Gordus

(2)

and w111ard(8) anciNex]erénd Davies'”’.

In the liquid phase; it is possible that the fraction of
recoil atoms which fail to escape their parent fragment may be
increased by the caging effect of the surrounding molecules which
keeps the fragments in close proximity to one another, thus increa-
sing the probability of recombination. The energy distributjon of
the recoil atoms produced via n, y reactions is not known. However,
since the maximum possible recoil energies for atoms produced by
radiative neutron capture are typically of the order of 100 eV or
mbre, it is not probable that a sufficiently high fraction of the
atoms are produced with energies that are low enough for the caging

effect to be important.

Thus, it is unlikely that caging can result in a large increase

in retention in the liquid phase over that seen in'the gas_phaSe.

Retention resu]t{ng from caging effects cannot be distinguished

ffom that resulting from failure of bond rupture.

- A study of the failure of the bond rupture after neutron cap-

ture by the iodinerin'aqﬁeous CH,I has been interpreted -as indica-

ting that an appreciable fraction of the recoil atoms failed to



escape their parent partner.

(10)

Sturn and Davis irradiated solutions containing (0.09)

mole fraction(11) methyl iodide in water, and 15 which was added

as a scavenger. They observed that 12% of the 128

o 127I (n, v) 128

independent of the scavenger concentration in the range of
3

I produced by

th 1 process is found in .organic combination

1.8 x 1073 t0 1.8 x 1078 mole fraction. They state that, since

the only source of organic fragments in the system was methyl
jodide, and since the higher concentrations of 15 were sufficient
to scavenge all the organic radicals which escaped recombination

with their partners, these results must indicate that 12% of the

]281 atoms either fail to rupture the parent carbon-iodine bond

following the neutron capture or recombinewith the parent fragment.
Results of other work in the liquid phase indicate that it is
improbable that the failure of bond rupture and geminate retention

could account for the results observed by Sturn and Davis.

Iyer and.Martin(12) irfadiatéd mixtures of CH3I and C3H7I

127I

with the dilute component synthesized from . Combining the

yie1d of the parent combound of ]301 formed from neutron capture

by ]291 with_thé'yield when I, was the source of the ]301,

they
found that thé'percentage of neutron capture events -in which the
recoil atom either failed to ruptdfe the parent bond or recombined

again with the parent fragment was about 4%.

Chang and NilTard(]3) reported that when hexane containing

129 127I ar CoH ]271 is irradiated with neutrons,

128 . 130
I and 1-C3H7 ,I

I) and i-C4Hy
128

12.(

the fractions of "“"I and 1301 found as i-C,H,



128 130

or CoHe I and CZHS I are nearly equal, indicating that

there is little or no contributionto the organic yield due to

(14)

geminate retention. Similarly, Shaw reports that less than

3% of the 128

I atoms produced by radiative neutron capture in

alkyl halide-benzene solutions fail to escape their parent
partners. An explanation for the organic yield observed in the
aqueous methyl iodide so]ﬁtions which is more consistent with
evidence from other systems 1is suggested by results reparted by
Geissler and wi11ard(15) for the (n, v) activation of halogen atoms
in alkyl halide-pentane solutions. They irradiated solutions of
methyl iodide, ethyl iodide and propyl chloride in pentane with
neutrons and they determined the yield of Iabe1]ed organic products
by gaé chromatography. Théy observed that in each of the jodide

solutions, the largest fraction of the 128

127I (n, v) TZBI

I activity from the
reaction was in the fofm of the parent alkyl
jodide, even in the presence of I2 as scavenger. They also found
that thé relative yields of 128, produéts are similar to those for

131 6OCo radiolysis of solutions of alkyl iodides

I produced in the
in pentane containing 1311 scév9nger. To explain this, they pro-
-pose that radiolytic'decompositidn‘of‘the solution envelope around
~the I atom by électrohs emitted‘és the atom decays to the huélear
ground state leaves the atom'af the centre of a high Tocal concen-
tration of radicals. Thus the nature of the labelled'organic
products is determined by the reactionsiof the jodine atoms with
radicais produced by its own radiations. It has been observed that

at Teast 50% of the ]281 atoms produced by the (n, Y)‘process are



(9)

as a result of internal conversion
128

born with a positive charge

and Auger processes. The charge spectrum of I ions has not

been measured, but the spectrum of iodine ions from CHSI resulting

from internal conversion and Auger emission excited by the produc~

tion of inner shell vacancies in jodine by X-rays has been shown(16)

to range from +1 to +13 with the maximum yield at +5.

Earlier work(17) showed similar results for 131
ced by the 13ImXe -—EJ;%>]31Xe process. The electrons emitted by

Xe ions produ-

the atom in such a charging process, and the subsequent charge

Qﬁg?ralizatinn processes, could have a profound effect on the
<

127 128

I (n!Y) I,

I processes endow the daughter

solution around the atom. Evidencel2:13) that the
129; (n’Y)13OI and 130m, 1T>130
atdms-with similar chemical activities and is consistent with the

expectations of Geissler-Willard autoradiation hypothesis.

In a recent study of the pulse radiolysis of aqueous methyl
iodide solutions, Thomas(]s) has obtained evidence that iodine
atoms form a complex with ﬁethyl jodide molecules of the form
I(CH3I). If this is the case then it fs possible that 1281 atoms
which have been thermalized and neutralized following formation by
.the (n,f) process could undergo thermaT exchange Wfth;methyl _

'iodide in'aqueouﬁ‘soTutiQﬁs. In the decay of a cbmplex of the
form\I(CHéI), it is tonceivabTe that either of the two iodide
.127I(n,y)

process observed by Sturn and Davis in the aqueous methyl iodide

128

atoms could be lost. Thus thé 12% organic yield for the I

systems could be the-résu]t,of‘the iodine atoms complexing with

methyl-iodide. Gordus and Hsiung(y) found that if an isolated atom



absorbs a thermal neutron and the neutron binding energy is relea-
sed as 3 single gamma ray, then as a result of the law of conser-
vation of momentum, the atom will receive a recoil kinetic energy
which is in excess of thermal energies. For example, the neutron-

]27I (n,Y)]ZBI

I atom releasing this energy as a single

binding energy associated with the
d 128

process is
6.6 MeV; an isolate
gamma ray would acquire 182 (eV) of kinetic energy. If the atom
which undergoes an (n,y) reaction is bound chemically, it is not
immediately obvious how the gamma-ray recoil is transferred to the
atom or the molecule. The observations of Szilard-Chalmers, and

others had shown that the majority of the atoms activated by the

~(n,y) process rupture from their parent compound. This indicates

that at least a fraction of the gamma-recail momentum must be -
deposited in the bond joining the activated atom to the molecule.

For a given isotope, the gamma-ray momentum which is required for

the bond rupture should depend on the chemical radical to which the

activated atom would always rupture from its parent compound. The
only exception would be perhapS'the case where the activated atom

was bonded to an atom of small atomic weight as in the hydrogen

halides,-fqr-example. However indirect experimental evidence indi-

* cates that in the (n,y)-activati@n df'aquéous ethyl_iodidé ca. 1%

of the 128

to bond rupture can be exp]ained.In-thé(h,Y) activation, and parti-

~ cularly in the activation of halogehs,‘the neutron-binding energy

is released most frequently not as a single gamma-quantum, but as

a gamma-ray cascade. Because of the partial cancellation of the

gamma-ray momenta, some of the atoms can receive a recoil momentum

1 did not rupture from the parent molecule. Such failure



which is less than that needed for the bond vrupture. Most studies
of the Szilard-Chalmers effect in organic halides have been made

with pure halides either alaone or mixed with pure free halogen.

Willard and his co]]eagues(z) showed that the fraction of the

radio-halogen that is present in organic combination (termed the
retention) is extremely sensitive to small quantities of free
halogen added to the system before the neutron irradiation pro-
cess, and that the retention is approximately reduced to half by
the addition of 0.05 to 0.1 mole fraction of halogen {as scaven-
ger). Further increase in the concentration of the free halogen
which 1s added before the irradiation causes relatively 1ittle
reduction in the retention, which for many iodides and bromides(14)
shows - an approximately 1inear decrease‘to zero as the halogen

concentration‘is.increased from 0.1 to 1.0 mole fraction.

willard(z) accounted for the general features of these varia-
tions in the retentiaon by postulating two stages in the processes
that follows the neutron irradiation (i.e. the neutron capture)}.

In the first, an atom activated by the neutron capture process

will produce free radicals by disruption of the surrounding melecules.

Immediate combination with one of these forms organic species. whose
yield'wi11'not be sehsftive fo‘the scavenger; é1ternative1y the
atom may eécape reaction with a radical at this stage, but combine
later, after both have made many collisions with the surrounding
mdléculeg. . |

In this thermal, or diffusive stage, small cdncentrations df

free halogen may be sufficient to intercept and react with the



radicals, so causing a disproportionate reduction in the reten-

tion.

(39) (40)

In iodo-methane, Levey and Willard and Brustad and Baarli
found that the chief organic products containing radioactive
iodine atoms were mono- and di-iodomethanes and .that the chief
product from thermal reactions was iodomethane, the yield of
di-iodomethane being relatively insensitive to the presence of
small quantities of iodine. The parent compound has also been
shown to be the chief product from thermal reactions in iodo-

(14) (41)

ethans and bromo-ethane The mechanism of the reactions

occurring in the first (hot) stage are still obscure, but recent

work on bromides(42) has shown that‘d{rect replacement reactibns,

(43)

first postulated by Libby , may also occur.

There have been relatively few studies of the Szilard-Chalmers

reactions in solvent systems. One of the earliest and most
(44)

systematic of these was that of Miller and Dodson who studied
systems containing cérbon tetrachloride dissoived .in silicon tétra-
chloride, benzene and cyclohexane; they attempted to explain their
results'in terms of a modified form of Libby's theory of replacement

‘reactions.

Unfortunately this work preceeded that of Willard, and they
made no allowance for possible thermal reactions, the occurrence
of which might considerably modify the conclusions drawn.

(45) made a systematic study of the yie]ds

Aditya and Willard
of hot reactions which were greater in solvents of higher malecular

weight;'_they also demonstrated that the hot retentions were susceptible



to change in irradiation temperature.

Macrae and Shaw(14) have made a preliminary examination of
some of iodine-benzene systems. They found that the retentions
of elementary iodine dissolved in benzene showed no sharp decrease
with increasing iodine concentration; a similar effect has been

(46)

observed by Milman in bromine-benzene mixtures.

Retentions of benzene solutions of iodo-methane, iodo-ethane
or iodo-benzene containing a Tittle (10'5 molar fraction) jodine
increased sharply from 0 to 0.1 molar fractions of iodide concen-
tration. The sharp rise in retention was shown to be due to

increased yields of the parent iodide.

To account for these results, it was postulated that the
activated atom ;aused the dissociation of benzene into hydrogen
atoms and phenyl radicals which fhen reacted as foilows:

(Ph. is phenyl radical)
Ph. + PhH > Ph, + H., or Ph,H. (i)

ph. + RI » PhI +R.,
or + ph . '_ - - :
~I1. - ‘ (i)

o

where R is methyl or ethyl and Ph, is phenyl radical

. ph _
oh. + PRI 5 1L : | | (i11)

B
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Combination of the active atom with the products from (1)
would then form hydrogen iodide and so contribute to the inorga-
nic yield whereas reaction with the products from (ii) and
(1ii) could lead to the formation of parent iodide. Evidence for
the existence of bipheyl iodonium radicals is summarized in an

earlier paper(14).

The exact nature of the activation gained by

an atom after neutron capture is obscure. If the nucleus emits

a cascade of a few gamma rays in random directions, the atom will
be left with a distribution of recoil energies between zero and

a few hundred electron volts. Such activation is generally suffi-
cient to dissociate the atom from its parent molecule, and to cause

the dissociation of some of the surrounding molecules with which it

collides.

wexler(47) has shewn that the atom may also become highly
charged owing to internal conversion followed by the emissiaon of
Auger electrons. The active atom may then cause ionisation of
neighbouring molecules by abstraction of electrons, so that Tiquid
in the vicinity of neutron capture may contain pasitive ions,
electrons and free radicals, and may therefore.net be dissimilar

“to that in a "spur" produced by a fast eTectroﬁ.

‘Under these c1rcumstances exp]anat1ons of . rad1olyt1c effects
in a solvent may have some features in common with those requ1red
‘1o account for the d1str1but1on of ect1v1ty from the neutron cap-
ture.in the Sdme solvent. Iedine is known‘to exist normaily-as'a
charged combTex'(I 1) and on neutron 1rrad1at1on this complex may

be expected to exist as an excited mu1t1p1e charged species.



1

The neutron irrad1at10n of iadine in the presence of a
substance which will react either with the positively or nega-
tively charged species of iodine should Tead to a very important
and interesting result. In (n,y) reactions, one usually assumes
the formation of free radicals or charged particles. However, the
reactivities of the free radicals are expected to be. the same
for these substances. In studying the factors which affect the
reproducibility of extractions using an aqueous reagent of the
radio iodine from neutron-irradiated iodobenzene, P.F.D. Shaw(14)
reported that in the presence of iodine, the extractions are easily
reproducible, but without i{odine the amount of the extractable
radio-iodfne is variable because of the variable formation of ali-
phatic radio-iadine compound§ which ére prabably produced on the
rupture of the benzene rings by the energetic récoi]ing.radio-iodine
atoms. On the other hand, Bodo Diehn and V George Thomas(]g) in a
recent study reported that the produét-spectrum generated upon X-
irradiation of a degassed sample of liquid iodobenzene consisted

of the following compounds, listed in the order of emergence from

an SE-30 gas chromatographic column:

benzene, {odine, iodobenzene, o-, m-, and para diiodo-

. behzenes,.biphenyl;'o-, m-, and p-iodobiphenyls;_

The'authoks in_this study put the formation of aliphatic
“radio-iodine compounds that may be pkoduced by the rupture of the

benzene rings in doubt.
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The Tow values normally obtained for the efficiency of
extraction of the radio-iodine from iodobenzene compared with
those obtained for other organic monohalides may be due to the
formation of Iodonium, radical ph2 1. The evidence for this
is that the phenyl radicals which are produced by '.;photolysis,
in iodobenzene give compounds containing the iodo-biphenyl
(ph-I-ph) structure. In the case of iodobenzene there appears
to be an alternative fate for any free phenyl radicals produced,
namely addition to the iodobenzene molecule to form an iodonium
radical. It might be expected that this will be stabilized in the

following way:

ooy

This might be possible for the phenyl radicals iﬁ iodobénzene
but nthin bromoben;ene for examb]e,because jodine can exist
ina ter-valent state of medium stability. If this occufred,'
. then. two facﬁdrs would tend to reduce the extraction efficiency

in iodobenzene. These factors are:
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1. The number of hydragen and jodine atoms which might be

produced by the above mechanism will be reduced.

2. The probability of the formation of the diphenyliodonium

iodide molecules as shown in the following reaction:
- * + -
{ph21+I+ph21}I.

This compound (Diphenyliodonium iodide} would carry the
heat of recombination and may be decomposed into two molecules
of iodobenzene because it is known that the above substance has
a low thermal stability and decomposes rapidly at about 120°C(20).
To confirm the general validity of this argument, an attempt was
made by Shaw in which he irradiated with neutrons iodine-iodd—
benzene solutions which had previously been saturated with nitric
oxide. If the jodonium radicals were stabilized, then the above
decomposition may occur slowly because it will be Timited by the
frequency of collisions between the radicals and the radio-iodine
-atoms. Thus in this case, a combination of some of thé radicals
with nitric oxide molecuTeélmay occur before the collisions and hence
the abovefdecomposifion would be reduced, and the ektracfidﬁ effi-
ciency would corfesponding1y increase.

Under similar conditions, no increase in efficiency of extrac-
tion was obtained with brombbenzéne, indicating that in this case,
the radicals capable of playing an important role in the recoil pro-

cess were short-lived.

Evidence for thé'Formation of ph-1-ph structure under similar

conditions has been obtained from the photoiysis of iodobenzene
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using ultra-violet light. Furthermore, J E ¢ Macrae and P F D Shaw(ZI)
explained the shape of the scavenger curve in ijodobenzene by the
intermediate formation of diphenyl iodonium radicals which were

assumed to react very slowly with the elementary iodine.

Many scavenger experiments were carried out to decide whether
at least a fraction of the diiodobenzenes that result- from the
neutron irradiation of {odobenzene was formed by hot reaction.

It seems that the system i{s already scavenged by the jodine that

is formed during irradiation so, in this case and according to
previous studies, there will be no change in the products if a
solution of iodobenzene and jodine is irradiated instead of pure
iodobenzene. The scavenger effect is noticed mostly in comparisens
between hot and thermal reactions. The fraction of the radiohalogen
- present in organic combination (retention) cou]d‘be divided into

two parts according to the scavenger effects:

a. The hot reaction part which occurred'during the slowing down
of the recoil atoms and was not sensitive to low concentra-
tions of scavenger.

. b. The thermal reaction part that occurred during the diffusion

and was highly sensitive to scavenger.

The amount of retention that can be attributed to the hot reaction -

was found to be quantitatively dependent on the number/molecules.

wilkey D. Dennis (22) studied the iodine exchange with methyl
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jodide and confirmed the importance of exchange 'in the determina-
tion of the Szilard-Chalmers yield in alkyl iodides. They showed
that the apparent isotropic exchange as measured by the organic
retention of activity depends on jodine concentration. It is
believed by the authors that the best argument for a hot mechanism
of diiodobenzene formation is based on the fact that the {someric
diiodobenzenes are observed in the approximate statistically expec-
ted ratio of 2:2:1 for o-, m-, and para-isomers. This is indica-
tive of indiscriminative attack of energetic iodine atoms on iado-
benzene molecules. A general mechanistic.conciusion.on the reaction
of recoil iodine in alkyl halides is not possible, but it would seem
that large effects are due to trace impurities,in the materials

used as well as the exchange process befween alkyl iodides and the
inorgénic jodine compoun#s. In addition, the autoradiolysis effects
are very important in the_determination of the final yleld of the
Tabelled products. It also depends on some other factors such as
the translational excitation, the degree of ionization.and the

electronic state of the particle.

- Aromatic systems mirror to a certain extent the effects found
with‘aliphatic'compbunds'i:é. gréater yields frbm‘aromatié iodides
than from aromatic hydroéarﬁonsr " “Benzene would seem to be self-
scavenging for thermal jodine atoms and other radicals. Variations
in organic yields with_dffféreﬁt iodides‘a§ a'sourCe‘fdr the recoil
iodine'haVe been sfudied by Macrae and Shaw(14). The organic yiETd

“from benzene is'rémarkably'indifferent to the nuclear source of the
1251, ]27I(n Y)128 d-130mI(I.T)13091

radio-iodine: thus 1271 (n*, 2n) I an

H]

all give cbmparable organic yields ahd very similar Iabé11ed product
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yields(23’24). This was found to be true for benzene and also for

alkyl-substituted benzenes, e.g. toluene. The side-chain was found

to be much more susceptible to attack by recoil iodine than the
benzene ring(zs). |

Quite different and widely varying results have been found

for the iodine species that are produced by 8 decay. A very high

£ 131

organic yield (~ 50%)(68) was found for the reaction o I with

131 131

benzene; the I had been formed by g decay from Te, which in

turn was a fission product. The yield was reduced to about 20% by
the addition of scavenger. Similar results have been observed for
125 125 £ 131Te (8 )131

“Xg (E.C)
have been studied directly using a variety of tellurium mole¢u1es
(70)

I with beﬁzene(ﬁg). The reactions o

as sources, e.qg. dibeniylte11urium Bond rupture was shown.

. to occur in greeter-than 98% of the decay events but the yield of
Iabe11ed benzene was only about 1%. Addition of scavengers to the
benzene soiution of 1abe11eddiben;ﬂte11uriumrdid not alter this
yield. Iodine was not, but allyl iodide was, an effective scavenger

for thermal'iodine atoms. Allyl iodide reduces the yield of iodo-
benzene by half. Neutroh'irfadietion of iodobeniene gives an 80%.

: organ1c yield, most of whlch is 1abe11ed 1odobenzene( 1)'- Iod1ne _'

causes a dramat1c drop 1n organ1c y1e1d, indicating a large contr1-

bution from radical-thermal iodine atom reactions. A variety of
poss1b1e reaction mechanisms has been postu]ated(7]’72). The

(38)

(n*,.2n) reaction g1ves a much lower organ1c yield (32%).

With the other halogenobenzenes recoil 1od1ne also glves much

lower organic yields; when hydrogen is replaced in these motecules

131 131

para-substitution is preferred. Te g decay)

(73)

I from fission (via

‘reacts with bromobenzene and bromonaphthalenes to give the corres-
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ponding iodo-compounds and also some iodo-bromo-derivatives by

125 125x

I formed by electron capture in £

hydrogen replacement.
was fouﬁd(sg) to be very reactive towards CGHSX(X = F, C1, or Br;
organic yields 29%, 64%, 84%) but the addition of traces of
fodine scavenger (0.01%) caused these yields to drop to only
10-20%. These results are thus not dissimilar to those from

(n, y) reactions.

When organic bromides are bombarded with fast neutrons, a
proportion of the radio-bromine produced can be extracted with an
aqueous reagent, e.g. sulphite or bromide solutions. This is
because the recoil energies of the bromine atoms from the y-rays
emitted on neutron capture are greater-than the chemical bonding
energies of C-Br bonds, so that dissociation'occurs, Teaying some

radioactive bromine combined in new chemical species.

Three possible radioactive isotopes of bromine may be produ-

ced by this means:

Pgr (n, 20)'88r (half-1ife 6.5 mins),

%8r (n, v)®Mr (half-1ife 4.6 hr), and
8¢ (n, v)%%r (half-1ife 18 mins).
(31,32)

| Libby and his ¢o4authors_ working with iso- and n-propyl bro-

mide, have réported that'retentions,df these isotopes are the same.

| (33) . | -
Capron and Crevecoeur  using bromobenzene found a difference

in the retentions of 8QgBr and eomBr, that the longer-lived isotope

‘being the greater. They also found that the ratio of isotopic
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retentions depended on the energy distribution of the bambarding

BogBr and 80m

neutrons, and concluded that the Br atoms produced

had different recoil energies which arose from variations in the
y-ray cascades following neutron capture. Capron and oshima(34)
and Capron and Crevecoeur(Bs) found similar effects in bromoform,
and-in iso- and n-propyl bromide. However, they admitted that the
purity of the last two compounds was poor, and, as Libby and his
co-workers(31’32%ave pointed out, the presence of impurities which
could react with inorganic bromide to return it to organic combi-
nation would favour greater retentions for the longer-lived iso-
topes.

Chien and Willard(30) explained the organic retention of 80g, .

and 80m

Br in the propyl bromide, bromoform and bromobenzene and
found that the isotopic retentions were the same in the aiiphatic-
bromides;.but were unéble to confirm this for Bromobenzene owing -
to the poor reproducibility of results.. They concluded that the
retention differences ebserved by Capron et al were due to impuri-
ties. Evidence for the'radiolytic production of compounde causing
an increased retention in bromobenzene has been given by'Shaw.and

Co111e(37) who showed that the effect of such a compound could be

reduced by the addition of bromine before irradiation.

Hydrogen'and halogen eubsfitution by recoi1'ch1orihe bromiﬁe_
and 1od1ne produced via (n,y) and (n, 2n) reactions have been
studied in three 11qu1d monoha]oto]uenes Comparison between
(n »y) and (n, 2n) produced recoil halogen in unscavenged CGHSCT
andrcﬁHsl shows that the haTogen replacement yields are cons1derab1y |
higher in the case of (n,y)-react1on for both reco11 chlorine and

iodine. In the presence of 1 mole % I2 scavengek(38), however the
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difference between (n,y) and (n, 2n)-reaction completely disappears.
Scavenger competition has been carried out(38) to obtain further
information on the yield-determining factors in hot halogen
replacement. It could be shown that the halogen replacement

yield for recoil bromine and iodine {s proportional to the geome-
trical crass-section and energy loss for the halegen-halogen colli-
sion and is inversely proportional- to the C-halogen bond energy.
The results are explained on the basis of one-step replacement
reactions and immediate caged radical combinations following a

hot displacement.

As in the case of recoil chlorine, hydrogen substitution by
recqil bromine and iodine shows little or no selectivity and reac-
tivity effects. The i-, m~ and p-, isomer distribution remains
practically unchanged when comparing (n,y)- aﬁd (n, 2n)-reactions.
In each case almost statistical isomer distribution is observed
and the results are explained on the basis of a hot homolytic aro-

matic substitution proceeding via a first formed w-complex.

1.2, The Object of this Work

~ The object of the present work is to investigate.the reactions
.of halogen atoms activated by radiative neutron capture-in the
11quid.phase in order.to,determine‘the r@]e.played by gemihate
“retention -in the formation of the labelled oréanic products.
'Diffefént isomersrof the halo-to]uene-systém are Seiec£Ed.for

the work as a simple possible system in 1iquid aromatic halogen
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compounds, in which to distinguish between the organic products
which result from geminate retention, and the organic products
produced by the reactions of recoil atoms after escaping from

the parent partners.

An attempt has been made to determine the role of cage
recombinations competing with the hot halogen atoms for non-
radicactive ones as replacement in liquid aromatic halogen com-
pounds. We compared the effect of.I2 scavenger present in a small
amount (0.5 Mole %) with the effect of some solvents which possess
different reactivities towards thermal halogen atoms, present in

high concentrations (about 90 Mole %).
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CHAPTER 2
PRINCIPLES

2.1 Summary

Hot atom chemistry is the study of the reactions of atoms
of high translational energy. It is an aspect of a large field
of'physical chemistry dealing with those chemical reactions which

occur above the threshold or activation energy.

It is interesting to note in passing that the history of
nuclear reactions has been almost the converse of that of chemi-
cal kinetics. Interactibns of accelerated, i.e. hot nuclei, have
been 1ntens1ve1y studied for the last forty years. 0n‘the other
hand, thermonuclear processes have been exper1menta11y d1ff1cu1t
to realise, and as a result know]edge of the threshold processes
in nuclear chemistry has only evolved slowiy. The recent develop-
ment 6f the chemistry of translétional]y hof species has been
linked-to two techniques. In the case of hot ion chemistry, mass-
spectrometric‘methods of studying-ioh-molecu]e reactions have
yielded some information on the velocity dependence of these

processés (48).

Recent progress inlhot-atom chemistry has largely depended
on the use of dtoms-produced by recoil protesses in nuclear trans-
formations. - In”fact the terms “hot-atdm chemistry“ and “chehicai
effects of nuc1ear transformat1ons“ are. somet1mes considered synony-
mous. Th1s is not correct, nuc]ear recoil processes are consi~

dered simply as one possible techn1que which can be applied to the
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problem of the mechanism of hot atom reactions. Conversely, the
nuclear activation method can be used to investigate chemical

processes other than hot atom reactions.

2.2 Techniques for the Production of Hot Atoms

A. Beam methods

The ideal way to study kinetic processes is to study indi-
vidual collisions. This is equally true for hot and thermal pro-
cesses. The best way of studying single collisions is to produce

a beam of the species in question and let it interact with another

reagent,

Unfortunately results from the use of beam methods involving
single mono?energetic collisions are at this point a future hope
rather thah a present reality. Investigations have been made using

a thermal beam to study certain veactions having zero or very low

energy thresholds (49).

The methods by which hot processes have been studied a1l involve
the production of a highlenergy atom which is a]iowed to undergo
Fsucgessive,:énergy-degradﬁng-collisions in the medium in which it
is to react. 'Thére isifhﬁs a confinuohs ehérgy distribution df
hot collisions. The initfallhqt atom can be produced by some kind
of high ehérgy-beam method, photochemically, or by the recoil

associated with.nuclear transformation. -
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i

B. Photochemical Methods:

If a diatomic molecule is dissociated by a light quantum
having more energy than that of the bond, the atoms produced
will be hot. This technique holds considerable promise for the
production of higher-energy hot atoms, as produced by radiation

in the far ultra-violet.

The main advantage of photochemically.produced hot atoms is
that their initial kinetic energy is accurately known. If the
hot atom escapes combination on its initial collisions, it may
still combine in low-energy collisions. Photochemical hot atom
methods:however have a serious Timitafion. The system should.
absorb the 1ight only in that mode which leads to the production

of hot atoms. If this is not the case, results may be ambiguous.

C. Nuclear recoil techniques:

The great majority of hot atom studies have beeh made by
using nuclear recoil techniques. The basic mefhod is to mix §
substance which on nuclear transformation will yield the hot atom
._With‘the compounqs with which the hot atdm_wi1l‘réact;:'The mixture -
Should Be hdmogenéoué on the scale of the Eecoi1 fange of the hot
aﬁom. Othef subétan;es may also he present in the mixture, notably
scayehgers to absbrb those atoms reaching thermal énérgfes withqﬁt
‘undérgoing a hot reacfion, and modér&torﬁ ta vary the ehéfgy sbec-
‘ frum of reactive co]iiéions. The-Samp1e i$ exposed to the‘apprOQ )
o priéte nuclear particles and é very small fractioﬁ of nuclei is

transformed, the irradiation being_sufficiéﬁt1y short so that there
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is no appreciable macroscopic decomposition. The transformed
nuclei are generally produced as high energy ions (up to 108 eV),
They lose energy by collision and should become neutralized well
before reaching the "chemical" energy range. They then continue
to lose energy and may eventually undergo a collision in which
they become chemically combined._ If not, they will reach thermal
energies and will react as thermal atoms. The products incorpora-
ting the hot atoms are then separated and assayed. This analysis
makes use of the fact that the hot atoms, and hence the molecules
containing them, are_fadioactive and the method is actually Timited
to radioactive species. This is because the number of hot atoms
that can be produced without extensive radiation damage is s0
small that only the radicactivity can-be used to detect the pro-
duct molecules, ahd to distinguish them from the posSib]y‘much
higher yields of similar molecules broduted by the pfocesses not

involving hot reactions.

The recoil method is characterized by the continuous energy
distribution of hot atoms aVaiIaﬁle for réactions. This technique
s therefore limited by the lack of_direct_confrol over the reac-
tion energy. The kécof] syétEms, being wéI1 deffned, are susceﬁ-
tibIe.to'quantitatiQe kinétitrtreatment.' Furthermore the fact that
hot atoms of essentially a1l‘enérgiés are available makes the
method apprbpfiate for studies over the éntire'chemicai energy
rangé. o : ‘- | |

. Sohe types of nuclear trans formation, for instance isomeric

transition and 16w-energy beta emission, are aﬁtomatically exclu-

ded because they do not usually impart an appreciable recoil energy.
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However there are processes, notably radiative neutron capture
(n,y), which provide a moderate recoil energy, quite sufficient
for hot atom studies, but which involve a considerable risk that
the species actually being studied are ionic. As will be dis-
cussed below, such a risk that the species actually reaching the
hot reaction region is ionic is minimized if the actual recoil
energy is much higher than the 1-20 eV needed to study the hot
reaction. The hazard of such ambiguity also exists for hot atoms
of higher mass even when they are produced by particle emission
processes. ' An obvious-1imitation of the recoil method is that
not all elements have radioisotopes of suitable half-life, which
can be produced by partic]e emission.processes.

Radiations associated with the nuclear recoil reaction can

obscure the results of hot atom reactions in two ways:(so)

a) Samp1e decomposition and conseduent introduction of impuri-
ties. This should not be a gfeat problem since the proba-
b111ty of hot atom reaction on c0111510n will genera11y not be
different 1n magn1tude for the reagent and the 1mpur1ty mole-
cules. - Thus the effect‘of-small‘amounts of 1mpurjt1es w1l1

~ not be nearly as serious as it‘is-in-moét of fhe thermal |

systems.

b) . Decompos1t10n and transformat1on of product mo1ecu1es ff,
‘.the product moiecules are no more sensitive to the rad1at1on
energy and to the radiation produced species than are the

parents of the reagent molecules, there is generally no problem.
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Even if the total radiation that is absorbed by the sample
amounts to 0.1 electron volts per molecule, the fraction of
reagent and product molecules affected will rarely exceed

1 per cent.

This situation holds if the product molecules have a chemicai
reactivity which is very similar to that of the original

reagent.

D. Charge and Excitation State of Hot Species: -

when a hot species is produced at energies within or above
the 1-100 electron volts range‘where‘it'may be expecfed to react,
its charge state on reaction will bé determingd by its initial
charge and by the subsequent charge exbhange collisions. 1In order
that there may be.reasonable caertainty abbut what is actually being
studied, these matters must be examined carefu11y when cbnsidering

the production of hot atoms by recoil or high energy beam techniques.

There are three factors which determine the final state of a
hot species:
i) Its primary state as it is,prOduced by the initial nuclear
transformation and associated electronic processes. This

subject has been'reviewed by Wexler (51).

ii) Charge exchange processes. occurring while the species is
~ recoiling. For the high recoil energy procéSSes most useful

ih producing hot atoms this factor is dominang to the extent
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that factor one (the primary state) is irrelevant to the

final state.

ii1) The possibility of ionization occurring subsequent to recoil
because of delayed nuclear processes. Most nuclear transforma-
tions which provide enough recoil energy to be potentially
useful for hot atom stﬁdies are more or less likely to yield
the species as ions (51). For species with a recoil energy
in the KeV region or higher so many charge exchange collisions
can take place before the species reaches the hot chemical

reaction region, that the initial charge state is irre]evaht (52).

The recoil energj of species produced by (n,y) reactions is
hOWEVér only in the region of hundreds of electron volts (51)
and this energyidependé on the actual de-excitation cascade (53).
Thus the final state of ionization may depend on the nature of

the y-rays emitted.

If there are low energy y-rays, particularly due to forb{dden
transitions, ionization by internal conversion and-Auger pkdcesses
afellikely.- In the absence of‘information on the Y—Cascades;_there
_will_thué be a"cgnsiderablé uncértaﬁnty‘about‘the cﬁafge‘sfétequ
hot sbeéies. Vefy'hfgh éﬁergy specieé produced by nuclear;rECOil'
behave 1ike any othek partiqular.idnizing radiation. They will
r&pfdly-Become ionized, 1osing all thbse electrons with.ﬁgldcities

less than'abdut the tranélatfohdl velocity. During this stage
qurgyais 1ost by‘e]ectroﬁiﬁ c61lisions, 1éading tq ionizatibn and
e]ectrdnic;extitatidn'of the medium.  As the velocity 0f the pafticle

decreases to that of electrons in a given orbital - about 25 KeV
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for a proton and correspondingly higher for the outer orbitals
of heavier species - electron exchange collisions with the medium

become sufficiently frequent to be a major mode of energy loss.

The equilibrium or average charge of the recoil species
‘gradually decreases until it becomes neutral. Further, energy
loss of the neutral species occurs by its collision with atoms as
a whole. This leads to various types of excitation of the medium

but only rarely to ionizing events.

2.3 Identification of Hot Processes

A. Definitions and Criteria for Hot Reactions:

The usual definition of hot processes is thé rather negative
one that they are not thermal processeé. A thermal process is in
turn defined as a reaction taking place in a system at or near the
thermal equilibrium; this means that the kinetic energy of the
reacting system is usually near the lowest activation energy or
threshpid. | |
| The identification of an_observéd'rééction as_being.hot,must,
therefore, Eést on thedeterminatibnthat it does noi have the
.usuﬁl properties of thermal or threshold proceéses. An examination
of the difference in properties'between'tﬁe thekmai‘and hot reac-
tions ieads to several éxperimenfal‘criteria qu distinguishing
thém (50). Such distinction is unnecessary if one is using beam
particles reacting at a‘éiﬁgie energy only. The uéué] fype of

experimental system invo]ves‘high energy atoms which, if théy do
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not react while hot, cascade down to and then react at thermal
energies. The fact that atoms are produced hot does not mean that
they all react while they are still hot, and criteria for dis-

tinguishing between their hot and thermal reactions are necessary.

Thermal processes generally have a very low collision
efficiency. On the other hand, hot atom reactions must occur in
the few collisions suffered by the hot atom while it is in the
appropriate energy region. Addition to the reaction mixture of
a small amount of scavenger, capable of reacting with the therma-
lized hot atoms, may therefore control thermal reactions which
might be mistaken for hot processes. The scavenger will not affect
hot reactions since a hot atom wil]Agncounter it during the few

collisions of its chemically effective existence.

An effective scavenger has a rate constant for reaction with
the thermalized hot atoms which is sufficiently large that even
in very small concentrations it will remove all of them. To make
sure that a scavenger 'is efficient fhe_dependence of the yields on
'scavehger cdncentratidns §hoqu be'investigated; Scavenger tech-
‘niques.haVe‘the adyéntage thgt thgy may - scavenge the reactive,

products of'hbt reaction, and thus render them observable.

B. Condensed Systems: Cage Reactions

The distinction between hot and thermal or threshold processes
is very much more difficult to make in condensed than in gaseous
éystems}r'In‘part thiS'iS dué to the purely préctical diffitu]ty of

finding soluble ‘scavengérs and moderators. A more fundamental diffi-
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culty is presented by "cage" reactions which are absent in the
‘gas phase. By a cage process is meant a reaction consisting of

a collision in which the hot atom produces a radical, which is
trapped by the solvent in the same “cage" as the atom, becomes
thermalized by collision with the cage "walls" and then undergoes
thermal combination with the radical (54). Such a process will
be temperature independent and, since it invoTves only a few
molecules, will not be affected by normal concentrations of
scavengers. It is interesting to note that the cage-recombination
models, rather than direct hot replacement, were long considered
as the.basiS'for theories of recoil atom combination in the con-

-densed phase (54).

‘The borderline between “cage" and “true" hot combination
reactions is difficult to estab1ish not only experimenta11y but
also in principle. In a “"true" hot reaction the product is formed

directly on impact within the time span of one vibration.

It is, however, conceivable that the product will be formed
in an exc1ted state and must be stabilized by an immediate colli-
sional energy transfer to survive, Such a stab1]1zat1on of an
:'exc1ted 1ntermed1ate by the c011151ons w1th the cage wal]s, may not
be distinguishable in any qua11tat1ve sense, from comb1nat1on of.
a caged atom with a radical which it has‘Just created. It is
probably most convenient to regard cage reattibns as hot reactions,
wh11st recognizing that cag1ng effects may make poss1b1e certain
'modes of hot react1on in the condensed phase - that are not poss1b1e

in the gaseous phase.



31

These ambiguities are the usual difficulty cne may encounter
when one tries to resolve an. interaction with a continuous medium

into separate interactions with discrete units of that medium.

Detailed studies on recoil bromine from (n,y) reactions in
liquid systems have established that scavenger effects can provide
a clear distinction between hot reactions and thermal or "diffu-
sive" processes {41). It must be recognized that in hot atom
chemistry, the condéﬁsed phase is much more difficult to treat.
Cage effects make the phenomena occurring more complex in charac-

ter, and to study them one must do without moderator techniques.

2.4 Theories of Hot Atom Reactions

| In early work, fhere were gkave doubts as to Whether the reac-
tions of tritium, for example, were hot atom reactions or just
ionic or hot ion reactions. For many years Willard et al (27)
maintained that tritium was reacting as an ionic species in nuclear
recoil experiments. Hamill and Williams (28) studied hot atom
reactions of hydrogen in ethane and deuterium,‘but although they
'dbserved:the prodpctioh of methahe, they thought that this could
be aCcounted'for'by impuri ty in their‘materials. They also felt
~ that the chain tengthened products observed in recoil experiments
resulted from ion mblecule reactions. Estrup and'WOlfgang (29)
using.Iz_ahd Bré a$ scavehgers poinféd-out,that if ion ﬁbfecu]e
reacfions were respbhsible for the major products then they would

expect such species as CH' to react rapid1y”with 1owlionization
_ 4 -
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potential scavengers. Early theories of hot atom reactions were
developed primarily for solid and T1iquid phase reactions where
cage effects may play an important role. Libby's billiard

ball model and Willard's random fragmentation theory do not
appear to be well suited to the gas phase reactions. In general,
until about 1957 it was held that hot atoms produced.radicals on
collisions and, after deactivation, combined with one of the
fragments (2). The idea of a cage effect was invoked'td account
for the high efficiency of the hot reactions. In 1958, however,
these views were criticised by Estrup and Wolfgang (30) who pre-
sented evidence to show that only 1-2% radiation damage was
induced into a hydrocarbon sample. _Tﬁey also showed that HT pro-
duction from the walls of the reaction vessel was an idea which
héd about come to the end of its time when they demonstrated that
HT diffusion from the walls of the reaction vessel was nil at 20°C

and about 5% if the sample was heated to about 60°¢.

The lack of effect on the yield of chénges'in time of irra-
diation, flux density, and the effect of savéngers and the yields
of products in thé liquid phase etc,;‘]ed'Estrup and Wolfgang to
bropdsé that'a hot oné-stép reaction'wac.restnsibie far theqpro—' o
duction of:cevera1 substances which'ccujd undergotsécondary, therma]. |
reactions. The first mechanistic theory developed for the gas phase
reactioﬁs was the steric theory presénted by WOngéng Th1s theory
'very SImply suggested that there were two principal hot tr1t1um
reactions - subst1tut1on reactions and abstract10n react1ons
| No]fgang has ref1ned the steric theory 1n order to account for the

drop in substitution products of halo-methanes as the number and
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size of the halogen substituents increases. Briefly he suggested
that after collision with the side of a C-X bond, the displace-
ment of a halogen atom, the remaining methyl radical must rotate
to form a bond with the tritium atom. The suggestion is that

if the radical has a high moment of inertia due to heavy
substifuents, rotation is slowed down and the amount of

successful tritium capture decreases.

2.5 Hot Atom Reactions of Halogens

The systematic investigation uf the chemical consequences of
nuclear transformation largely dates back to the discovery of
the Szf]ard—Chalmers effect in liquid ethyl jodide. It is thus
not surprising thaf much of'the'early work on the reacfidns of
hot species produced by nuclear recoi] dealt with halogen inter-
actions in the quuid phase. Many of the currént,ideas on hot
atom reaction mechanisms in liquids derive from this work. In
particular-the importance.of cage'recombinatibn was emphasized,
both by Libby 1n his "b1111ard ball" and “ep1thermgl“ reactlon |
mode]s and by w111ard 1n his "random- fragmentat1on“ hypothes1s (54).
Fo]low1ng_the work of w1llard on gas-phase systems, doubts arose
as to whether recoil haidgeh resulting from the commonly used
(n,y) puocess were-actua11y reattiug~as atoms or as ions (8).
There is a place “for such doubt in the case of species produced
by low recoil energy react1ons such as (n,y) * The aim of much
of the present work on chemical processes involving ha]bggns pro-

duced by chemical transformation, therefore concerns elucidation
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of the nature and elsctronic history of the reacting entities. As

such it does not fall within the narrow definition of hot atom chemistry
used in this review., This field of chemical processes of halogens
produced by nuclsar trénsformations has been covered by a seriss of

reviews by Willard (54).

A, Fluorine

The chemistry of recoil fluorine is most conveniently studies using
the 1BF isotope, which has a half-life of 112 minutes. This isotope can

19¢ Lith fast neutrons, 1°F (n*, 2n)

be produced by irradiation.of
' 1 18, . :

18F or hy tha 19F(Y;, n) BP; Br decays by positron emmission and so

is sasily.detectéd by the characteristic annihilation 0.51 MeV ¥ -rays.

Counter design is therefore much easier than for tritium, 'windou®

flow-counters or scintillation counters cén be used,

The chemical reéctions of recoil fluorine have bean studied with
hydrocarbons and alkyl fluarides; both 'hot! and 'thermal! reactions:
can be distinguished., With the simplest paraffin, methane, mathyl
fluoride is formed but in low yield. Todd, Colebourns and_Uolfgang (57)
attempted.tu use the Estrup-Wolfgang method of data analysis to determine
rea;tivity integrais sa that a. comparison could be made between IBF +

18 18

| + H®* and 18F + CF F CFS' + F° reactibns._ Thay

4. 73 4 ?
16 y- : ‘ . 1B .oy R
found that I (*°F CH3) was three times as great as I("F crs) but this-

result is of little value since the 'kinetic theory' requires that all.

hot products be taken into account in the analysis, and the yield of

H8F uas not determined.

When recoil fluerine reacts with esthylene, {75) highly excited fluoro-
gthylene is fufmed;_uhich decomposes to methylene and labelled fluoromethy-

lens. Recoil fluorine can react with cyclic hydracarbons; (76) the
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excited fluoro-compounds that are formed readily isomerize.

Recoil fluorine reacts readily with aromatic molecules such as
flucrobenzene (77). 36% of thae IBF activity if found in the labelled
parent molecule and lﬂ%lin difluorobenzene, Reactions with toluene have
also been studied (78). In perfluorubenzene-hydrocarbon mixtures attempts
have been made (79) to reiate the percentage of 18F entering inorganic
combinations to thé ratio of hydrogen to fluogrine atoms in the substratae.
The reactions of recoil fluorine with perfluoro-compounds have also been
18F 18

CF, FCFZ, and

observed. With perluoromethans (80), the compounds x

186CF  were detected.

Recoil fluorine is so reactive when 'hot! that possible reactions of cqol
or even thermal atoms are all but obécured. Rowland and his co-uorkers
have overcome this difficglty by working with‘an pxcess of a moderator such
as sulphur hexafluoride or carbon tetrafluoride, It is found that 'cool!

fluorine atoms add readily to the double bond in ethylene (81), and in

other unsaturated compounds,

8. Chlorine

Recoil chlorine atoms aré most easily produced by irradiation of
stable chlorine uith thermal neutrons, 35Cl-(n, ¥ ) Ssclf‘ and

37":1 (_‘n,,xl-.)SBCL , but th.a' fprmﬁr has such a lang ha'l'f-lif‘a“ir:hat.: it
is of‘no.préétical use. ‘The‘half-life of-_3acl'is about 30 minufes,
which makas 1t a very convenient isotope. Since however, it is
produced.in an (n, K') raaction its recoil snergy is very lnu and
not well deflned an ‘average of about 500 eU. Furthermore, tha
‘_atOms will be producad in an ionized and llectronically axcitad

state. The number of collisions which the atom will undergo before

Y
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it reaches ‘chemical-energies' (i.e. a few eV¥) will be lTimited so
that it might well react as an ion or as an electronicallyexcited
species. Recoil chlorine atoms can also be produced in ather

35C2(Y, n)34m

nuclear reactions with much greater recoil enengies,-
40Ar(y, p)3gC2. Both of these isotopes have convenient half-
lives and, because of their origins, will stand a much greater chance
of eventually reacting as neutral, ground-state atoms. A comparison
(82) of yields of chlorine-labelled species induced by the (n, v)
and other reactions has shown no differences - suggesting that even
from the {n, y) reaction the chlorine does react as a ground-state
atom. Being heavier than fluorine it is to be expected that ‘hot’
reactions of ch]orine,wil] give rise to considerable vibrational
excitation. The yields of stable Iape1ied products are therefore
expected to be even less than for f]uor1ne The'C H bonds are
qu1te useful scavengers for thermal chlorine atoms, so that reac-

tions in hydrocarbon and alkyl systems should be exclusively due

to 'hot' atoms.

_ In the 1iquid phase the veaction of recoil cnlorine with hydro-
carbons gives rise-to much higher yield of labelled products (83,84).
The 1increase in yield is most simply ascribed to the'eaee”wfth

- nhtch excitation energy'cen beldissipated.in the 1iquid,.end also

to the ‘cage’ effect which promotes radical recombination reactions.

In the Tiquid phase the total yield of labelled organfc products
increases to about 20% of the total available chlorine activity.
The 1abe11ed parent mo]ecule is usua11y the largest s1ngle component B
but a very,w1de range of other compounds is also formed. It is

interesting to note that n- and iso-propyl chlorides do not isomerize
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(85) in their reactions with recoil chlorine, which affords support
for the idea that recoil chlorine reacts as an atom and not an

ion.

C.  Bromine
Recoil bromine species can easily be produced by thermal

neutron irradiation of bromine itself. As.in the case of recoil
fluorine and chlorine, greatly increased yields of labelled orga-
nic molecules are observed in the liquid phase, by comparison with
the gas phase. By contrast with the gas phase it is found that
yields from the (I.T) processes exceed those from.the (n, y) reac-
tions. In the presence of 5 mole%iyfbrbmine the various isomers
of hexane gave organic yields of (I.T) 20-25% bUthof (n, v) only
15% (86). The simple heutron irradiation.of alkyl bromides gives
rise to organic yields of about 35%, which can be reduced to about
20% by the addition of 1-2 mole % of bromine. A comparison of
(n, v} and (I.T) activation has been made using ethy]rbbomide by
comparing the produbts from the 81Br(n, 2n)80mBr‘and‘sszr(I.T)gngr
reactions. Little differgnée was fouhd, (87)'in'contrast_to the gas-
‘phase result and also results from hydrocarﬁdnzsystems.. A detailed
investigatidn'of the chemistry‘of'(I.T)Song in atkyl halide systems
has failed to reveal (88) any differénces that could be ascribed to
the original partnef of-the'reqoil'atqm;: The reactions of various
bromine spécies.in caﬁbon tétrachTokide_Have produced some unique
coriclusions. It would appéar (89) that 'hot’ bromine atoms do not

react with carbon tetrachloride and that the reactions which are
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observed are due to the formation of charged species in (I.T) pro-
cessess it is also necessary to assume, however, that charging

82m

does not result from Br (I.T)SogBr.

Whilst much uncertainty exists about the actual reactivities
of the various bromine species and the effects which molecular
environments may have, there are other types of mechanistic study
which can be carried out. These deal with the addition of various
amounts of scavengers to the systems being studied in an attempt
to determine which products mightrbe formed by true 'hot' reactions,
which might be formed very quickly after the recoil atoms have
come to rest {cage reactions), and which might involve thermalized
recoil atoms frgely diffusing through the bulk of the liquid.
small amounts of additives will clearly affect these later reac-
tions, The addition of small amounts of bromine to n-propyl bro-
mide and isopropyl bromide systems showed (90) that one reaction of
a diffusing bromine atom was to produce labelled parent compound.

It was found that about 40% of recoil bromine atoms did react
whilst thermally diffusiﬁg ihrough the liquid, and it was aTso found

that 1,2 dibromd-ethylene was effective at much lower concentrations

“than bromine, show1ng that the ]abe]led bromine atoms which are to
' -end up in 1norgan1c comb1nat1on have much 1onger d1ffus1on paths

" than‘those which are destined to form organic molecules. Shaw and
varioﬁs co-workers (90,91) have made a thorough and detai1ed‘inves-
tigation of.the reactions of activated bromine specieé with ethy}

“bromide. The role of diffusion-controlled reactions has been inves-

tigated and the possibility of different chemical reactions beihg'

80m

associated with (n, {)- Br and (I. T)Bngr studied. Aromatic
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systems react with recoil and with (I.T) activated bromine, the
Jatter giving the higher organic yield (26%) with benzene

[{n, ¥} 18%] (93). The reactions of (I.T)SZgBr with dibromo-

and chlorobromo-benzenes have also been studied (94). Competitive
experiments (95) also using (I.T)BZQBr with benzene and nitro-
benzene, toluene, etc. showed reduced reaqtjvities for the substi-
tuted benzenes. Stamouli and Katzanos (95) showed that the total
organic yields from the reaction of (I.T)Bngr with a series of
CGHSX compounds could be correlated with the C-X bond strength.

In chloro- and fluoro-benzenes somé preference for ortho- and para-
substitution is observed (97) whilst naphthalene has been shown to
be more reactive than benzene. These results do not give a clear
- picture but do suggest that positivé bréminé idns might well be
playing an important role in the chemistry of‘(i.T) activated

species with aromatic molecules.

D. lodine

Recoil iodine is most easily made by the reaction of thermal

]271(n, 7)128I, but this reaction suffers

neutrons with iodine,
from the problems of ihterpretatfon‘that are bound to atcompany a .
‘ Specfes of low recoil énergy. it'is also thﬁ@ght prdbéble that
'Izgl'is not formed in its nuclear ground state but mfght well enter
chemical combination at the end'bf_its recoil track before under-

]2891.' As in the case of bromine;

going its final relaxation to
the existence of such excited states with nano- or micro-second
half-lives severely complicates an'understanding of the fundamental

reaction processes. There is, however, a variety of nuclear reac-
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tions which can produce other recoil isotopes, some with high recoil

129 128

energy, e.g. I{n*, 2n) " I, and other reactions which enable

(I.T) processes to be examined in isolation, e.qg. 130'“I(I.T)mogl.

A comparison of results from a variety of different recoil isotopes
should therefore give insight into the fundamental reaction processes.
As in the case of chlorine and bromine, a change of phase brings

about a considerable change in the fraction of recoil activity

entering organic combination; gas- and liquid-phase results will

1271( 128

therefore be considered. In the gas phase, recoil iodine I

n,y)
reacts with methane to give (98) an organic yield of 54%. This
remarkable result was shown (99) by the addition of moderators and
additives with'particu1ar ionization potentials, to be due to a

‘variety of iodine species.

In liquid phase organic yields of 40-50% are found_when dilute
jodine solutions of pentane or decane are subjected to neutron
irradiation (100). If the iodine concentration reaches 0.5% the
yield falls By about 10%. The contrast with the corresponding
vapours is dramatic. It is interesting to note, however, that
at very high gas densities the qrganic yield from ethane fncfeases,:
-;uggeSting_a smooth trend of increasing organic yield in_gojng from
fvépoﬁf.to quuid} The différence:ih total yield is also ref1ected
in the péttern'of 1abe11ed products that is found; 1in 1iqﬁid”
butane (101) a 26% of yield of labelled n-buty] jodide is observed,
a product which is Cdmpﬁetely absent in the gas bhase.'_ThiS'{n turn
suggests that perhaps excited butyl iodide is a primary prqduci,
wﬁich‘decomposes infthe gasnphase but'which is rapidly stabiiized

by'co11ision in the liquid. The y-radiolysis of pentane solutions
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13]I.I) gives a very

of alkyl iodides containing labelled jodine (
similar distribution of labelled pﬁoducts (labelled with ]311).
This result presents a very strong case for the chemistry of
'recoil jodine' being in fact the chemistry of iodine species,
probably charged, that are proﬁuced by internal conversion of

an isomeric transition taking place in the iodine nucleus at the

end of its recoil track.

The nature of the chemical reactions that follow neutrdn
jrradiation of alkyl iodides has been studied since the first
experiment of Szilard and Chalmers with ethyl iodide. Tracer
amounts bf.iodine have specific effects upon certain Tabelled
productsrand y-rays does also affect the observed organic yield..

A general mechanistic conclusion on the reactions of recoil iodine

ih alkyl halides is not possible but it would seem,.oncé spurious
effects due to trace impurities have been eliminated, that, exchange
processes between é]ky] jodides and inorganic iodine compounds, as
well as aﬁtoradiolysis effects are important in‘détermining the final

yields of Iabel1ed_produ¢ts.
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CHAPTER 3

EXPERIMENTAL

The procedure outlined belou was adapted for the experimental

work throughout this prdject:

Materials ———p Purification of materials ———%
Sample preparation =~ -——P Sample irradiation —9P

—5 Extraction —— Separation -——% Counting

of activity. —p

Each section of the above outline_is discussed in detail

pélou.
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3.1 Materials

Most of the reagents (listed below) were analytical grade., Some of
the organic compounds were tested on GLC and found to be of adequate
purity. Other organic compounds were purified in the laboratory,
and the remainder (of high stated purity) were used without further
purification. All the @aterials used in this work are listed below

under the name of the supplier.

i) Koch-Light Laboratory Limited.
0 - iodotoluene
m = indotoluené
p - iodotoluene
Ethyl iodide
Methyl todide
Iodobenzene
0 - iodobiﬁhenyl
m - iodobiphenyl
p - iodobiphenyl
Fiuo;obenzane
Hexafluorobenzene
o - b:omotolqene

n - bromotoluene

"ii) Eastman Organic Chemicals,
Q= diiodabenzene
m - diiodobenzene

p - diiodobenzene
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iii) Fisons Scientific Apparatus Limited.
Bromine
Methanal
Ethanol
n - Butanol
Eyclohexane
Sodium sulphate
Carbon tetrachloride
Diethyl ether

Pyridine

3.2 Purification of Materials

Kach-Light iodotoluenes were used without further purification,
GLC analysis showed the purity to be greater than 98% for the
ortho- and meta-iodotoluenes and greater or equal to 99% for para-

iodotoluene.

Fisons reagent grade Iodine with a stated purity of 99.5% was used

as a scavenger without further purification,

Kach-Light artho, and para-iodobiphenyl with a stated purity of
98% (GLC) were used;ﬁg§§outﬁfuxfher Pﬁrification._ Koch-Liéht
iodobenzene with a sfatéﬁ purity‘nf 99% (GLC)§ and Fisans ethyl
iodide and methyl iodide were uséd és standards. Thg exposhre aof

these compdunds_to.light leads to a rapid'decompusition, with the

libsratieon of free iodine. To pufify-these compounds, the following

procedure was used;

1. The compounds was washed four times with dilute équeaus

Na2 82 03 sglution,
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3.

4,
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Washed four times with distilled water,
Dried with molecular sieve type 5A.

Distilled under reduced prassure.'

The pure samples were stored in dark bottles tt prevent their photo-

lytic decompasition, All other compounds and materials were used

without further purifications.

3.3

Production of Radioactive Isotopes by Neutron Irradiation

Throughout this project, radioactive isotopes of iodine and bromine

were prepared by irradiation of icdo and bromo aromatic compounds

with neutrons generated from a Kaman. Nuclear Generator (type A -

1003). As the production of a suitable neutron flux is fundamental

to the success of this project, suvitable neutron sources are described

below:

1.

3.4

.The use of a.small laboratory neutron source., The most common
laboratory sources are antimony/beryllium or radium/beryllium
neutron sources which rely on ¥, n reaction on beryllium to
prndqce neutrons.l Other sources such as Americium-Zal/
beryllium or the spontaneous fission neutron source Californium

252 (the average neutron energy - 2feV) may also be used.

In this Ubrk,:thﬁ only neutron sOUTce ayajable was the neutron generator
which produces fast neutrons at energies of 14,7 % 0.3 mev

by the nuclear reactioni EH (d,n) ;He.‘

Neutron Generator

The neutron generator is basically a pbsitive ion accelerator. It

accelerates a deuteron _(iH) bsam {typically up to 2 milli-amps),
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through a potential difference of up to 200 kY. The deuteron beam
strikes a target containing tritium (?H). The following thermo-

nuclear reaction takes place in the tafget:

3 o4 ZH——spHe 4 n * 17,586 Mev
The reaction can be.uritteh as T(d;n) 4Ha iﬁ the usual shorthand

notation. The cross-section fofrthe reéction is high - about 5

barns at a deuteron energy of 110 KeV,

The neutrons produced are almost monoenergetic 14.7 ¥ 0.3 meV, and

ére emitted isotropically from the target. The neutron snergy is

insensitive to the angle of emission, because of tha high @ of

the réaction. The neutron generator, Kaman Nuclear Model 1003,
11

used in this work is capable of producihg 10 neutrons per second,

giving a neutran flux of 2 x 10° o, cmﬁz, sec™! at a sample position

. directly behind the'target.‘ Under the operating conditions used in

this work a flux of 5%10% n,em 2. sec”™! was generally available.
The genérator consisted of three basic components: the positive-ion
accelerator and a vacuum pump, 2 200 kV power supply, and a control

consolse,

' 3.4.1 The Positive lon Accelerator -

A sthematic diagram‘of the'genaratur is Shoun in Figure 1.
Deuterium gas is admitted into the ion source through a heatad
palladium leak. The ion source is of the Penning Ion Gauge (PIG)

typa, with a cylindrical anode and cathodes at each end, enclosed in

‘a glass envelope called the. ian bottle, (Figure 2), Elactrons,

‘created uithin the gas or at-one of the cathodss, are attracted

towards the anode by the electric field but are prevented from rea-

ching it by the magnetic field. The magnetic field corfines the



-ION SOURCE ACCELERATOR
‘ SECTION

ION PUMP

DRIFT TUBE

TARGET
DEFLECTOR

ELECTRODES
GAS LEAK

FREON G_AS MAGNETS

.FIG 1 SCHEMATIC DIAGRAM OF GENERATOR

Ly



m w ; )
: © i by i
|
m { = m g m .w |
EF ‘S S h
F m_,_ ¥ i w < ! |
[ f
u ﬁ
i i
Z L
-4 U
\ 14
74
LAY, 3
S Ry SN ///M/.///V«(/AVM?/VV e . S
Z
IR= — /T L 0]
‘ A et
U
el
_ oo,
1 L ‘ ‘ 1 S
| m ) ~
VA//..////MAVA/A//.////J-A// SO R R R R . .
; . | "
W —
M MaAac ZF.M.IMI .
v

It__ . _u.nr.c “:_ _

EXTRACTOR, -
ELECTRODE:

o
W u
e z
z g
ﬂ {
,._ I
p




49

electrons to a spiral path, in the central region of the ion bottle
wvhere they cause intense ionization., An extraction aperturs is
provided in the centre of the front cathode, through which ions are
extracted by the application of a negative voltage (up to 50 kV)

to the extractor electrode, placed close to the aperture. The

hole in the cathode is small (about 0,07 in diameter) so that a
good vacuum {about 0,01 micron) can be maintained in the accelerator
whilst the %on source gas is at a higher pressure (1l micron).

The ions pass through a hole in its centre, the size of the hole

is approximately the same as that of the exit aperture of the ion
source, The extractor electrode is at a potential of 150 kV with
respect to the ground., The cathode of the ion source is up to

. 50 kV above this potential, The extractor electrode, an intermediate
electrode (at +75 kV)} and a ground electrode from the accelerator
column, The electrodes are mounted on a thick glass tube which
acts és an insulator as well as a beam containment vessel. The
voltage across the gaps betueen these electrodes accelerates the
ions and focusses the beam to an appropriate size on the target.
The palladium leak, ion source, and thse acceleratof column are
enclosed in a stainless steel dome at ear;h potentiai. The AOme is
pressuriZed‘to 30 psig by 'fFreon! gas}‘to prevent flash over from
the high‘udltage terminals to the dome. This dome is essentially_
- a safety.dsuica as it pravents accidenfél,ﬁouchinngf the high :
Qolfage pﬁints; A préssufa interlqck preﬁents'the apﬁlication of

power to -the generator should the dome pressure fall below 30 psi.

A high vacuum. pump, of thé sputter ion type (usually called ion
pump), is located between the accelerator column and the drift tube.
It has a pumping speed of 140 litres per second and maintains the

ion sourcs, accelerating calumn, drift tube and the target_at a
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pressure of about 1078 torr, to minimise scattering of the ion beam.
The principles of operation of the ion pump are described in the
literature (62)., The current drawn by the pump is proportional to
the pressure of thé gas it pumps and this current is monitored on
the control conscie. The accelerated ions pass through a field
free region in the drift tube before they strike the target. Tuwo
deflector plates are mounted in the drift tube. .A voltage of

2.5 kV is applied to the deflector plates to deflect the ion beam
and hence reduce the production of the neutrons when not required.

A stainless steel, high vacuum valve (called target isolation valve)
is also mounted in the upper end of the drift tube. It isolates

the drift tube from the rest of the system, 1In target changing
only the vacuum of the drift tube is destroyed. The drift tube can
be evacuated by a roughing pump through a valve provided and then

the ion pump can take over by opening the target isolation valve.

Target

A rotating target type RTH2C (Figure 3 ) is made of a 1.5 inch

énnulus and of 6 inch o.d; and 0.10 inch thick copper feil, on

. wuhich a 2,0 mgm-::m—2 layer of titanium is deposited. The titanium
layer.is impregnated with tritium by heating the foil, ih tritium
atmosphere, ta temperatures of over 400 £, and gradually ccolzng

_1n the same atmosphere. The target contains about 80 Curies of

ltritium. The ion beam dissipated about 150 watts of power in the
ﬁafget and‘fprced circulation of water through a ja:ka# at the back

of fhe'taréet kaeﬁs its temperatﬁrs belou 250°C, thgs'preuenting

: tﬁéiidss of tritiUm from the target. fo prevanf'accidental damage

to the target by the failure of the water flow , a coolant flow
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DEMOUNTABLE TARGET DISC

SERIES RTHZ - Max,Dia. 6 inch (152 1mvm)
MODEL RTH.2C
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Min.I.D. = 80 mn
Max O,D.=142 my

Fig. 7 An illustralion of the teorget disc.
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interlock is incorporated, which will shut doun the generator. The
tritium content of the target is halved after 100 hours of use.

This is due to its utilization in the neutron producing nuclear
feactions, its substitution by deuterium from the ion beam and its
loss by evaporation from the target. The decrease of tritium concent-

ration in turn decreases the neutron yield of the generator.

Y ) Power Supply

The accelerating voltage is supplied by a Cockcroft-Walton power supply.
The mains voltage is boosted in 75 kV by transformer action and

further doubled by a rectifier-condenser doubler circuit. The high
voltage transformers, condensgrs and resistors are all immersed in

two oil filled tanks, 24" x 24" x 28" high, A furthe: safety measure
is provided on the control console, uhiﬁh controls the high.voltage
generéted, by varying the voltage applied to the transformer primary
winding. Nicrosuifchas are provided in the variacs and do not allow
pouer to be applied to the transformers unless the wipers are in the
zero positiun.' Both high voltage tanks are supplied with a gravity
drop solencid shorting bar uhich.grounds the.high wltage ocutput when

the'pouer supply is switched off,

3;@.3 ‘Control Console

The.neutron genérétor, because of the radiation hazards, must be
'operated'by remots control. The source, accﬁla;ator, extractor anﬁ
1;ak voltages are also monitored at fhe console and protective
cut-outs for fhe various bouar supplies are locatpd'hera; Beam

and target currents are indicated on the éonso;e. An irradiation
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timer is also mounted on the console. This timer may be switched
on by the sample delivery system as socon as the sample resaches the
irradiation position., At that instant the voltage is removed from
the deflector plates, allouwing the deuterium beam to strike the
target and generate neutrons. At theiend of the irradiation time,
preset on the timer, the deuterium beam is deflected, neutron pro-
duction ceases, and the transfer system is actuated to suck back the
sample to the counting position., Finally, the console has indicator
lights carresponding to each interlock. Uhen the interlock is funct-
ioning correctly, its light glows. In case of a faulty operating
condition, the respective light goes off indicating the .source of

the fault.

3e4,4 Shielding

The generator is capable of producing lﬂlln.s “1, A neutron flux

of 10 n.cm-2.5-1 is the permissible dosage for the 14.3 MéU neutrons,
therefore the neutron flux must be reduced: to permissible levels by
shielding the generator, The rocom hﬁusing the generator measured

11' x 11', It was fitted with high density concrete slabs aiong
three walls of the rbom. The thickness of tﬁe shielding was 4.5 feet,
in‘addition to the uédal-uall thickness. This leaves a hole of'anly
tmn'féet.équafe and thérefore the gene;étof was mounted vertically.
As a result, the target is 1.5 feet above the floor of the room,

The concrete block fillingl reached a height of 7 feet., Tuo mobile.
tanks, 3' x 3'3" x 7' high, filled with water, and mounted on
rails, provided a part of the shielding .o_h ‘the fourth side of the
rocm, A wall of concrete blocks bf 1' 3" thick, on the outside of~--~~ ——

the tanks completed the shielding. Removal of this mobile shield

provided an access. to the neutron generator for sarvicing processes.
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K.G, Darral and G, Oldham (63), kept the neutron leakage to a minimum
Ey keéping the bottom of the tanks only 0.25 inch above floor level
.and having the same clearance along the tuo side walls, between

vhich the tanks move. The shielding was found to be adequate. Solid
boric acid was poured into the small gap between the concrete and the
walls to prevent leakage of thermal neutrons, One micro-switch is
mounted over each of the two tanks., These do not allow the pouwer

to be applied to the generator if one‘or bhoth tanks are removed.

Sebie5 Setting up Procedure of the Neutron Generator

The generator is started by turning the 'mains power' key switch,
The cooling water and the ‘Freon' pump are then switched on. The
,deuterium-cyliﬁder valve is opened to édmit deuterium into the
deuterium leak., All the inteflock.lights should be on at this stage.
.Ths deuterium leak is switched on and-its temperaturé is gradually
raised, by depressing the 'leak vernier' suwitch, in steps till the
'ion pump current meter reads 7,5-8 milliamperes, instead of the
usuall 10 ﬁicroamperes in static coﬁdition. The ieak ue;nier meter
narmally fsads 40 volts at this stage. The ion pump current is a
measure of the'quantity .af deuterium in the ion source, The start
button is pressed. It will be held in the’ pressed cond;t;cn 1f all
.the 1nterlocks are uorklng properly, and the start light u111 come
on, Thelgenerator is now ready for appllcat1on of pouer. . The
textractor uoltage adJUSt' variac .is then turned fully clockulse,
to ensure that a broad beam hits the target. ‘The‘target can bé purnt
if tno narfﬁﬁ a beam hits it and causes lodal heating, Next. the
'accslerator uoltage adgust' variac is turned clockwise till the

"accelerator uoltage' mater reads 100 kV. Finally, the ‘'source
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voltage' variac is adjusted to give the peak beam current as indicated
by the 'beam current' meter. The ion pump current is now checked and
if any adjustment is'necessary‘to bring it to 7.5 milliamperes, it

is done by the 'leak vernier' switch, The accelerator voltage is
raised to the desired acceleration voltage (usually 150 kV¥). The
source voltage is adjusted for maximum beam current. Further 6ptim-
isation of the beam current (it should be 1.5 - 2,0 milliamperes) is
dane by the 'extractor voltage! variac, The variac is then turned
through 10 divisions on its scale to defocus the beam. The generator
is now ready to deliver nsutrons as soon as the voltage from tha
deflector plates is removed, by depressing the '‘ngutron manual' buttaon

or through the tirradiation timer'.

3.5. Sample Transfer System

The sample ié transferred through the shield to the generator and
back to the counting position by a pneuﬁatic.transfer system., The
transfer each way is accomplished in l_to 1.5 seconds. The short
transfer ﬁime is desirable for the study of activation products with
short half-1life. The transfér tube is of reinforced nylon, 1.25 in
internal diameter, usually used in wacuum cleaners, it has a smoutﬁ
unlform bnre andcan be bent 1nto a curve of radius 1.5 feet without
apprec1able.p1nch1ng qn distortion. . The transfer tube is fed through
the concrefe shield into fhe.ggnerator cauity through a 2,25 in
diameter pipe. The tubé‘emerges from the cancrete at floor level
and-is bentlintb a i.5‘feet radius quadrant ahd.insarted into a mach-
ined nylon end'pieca, rigidly clamped under the target. The bore of
the nyloh end piQCQ is 0,031 in mdré than the outer diameter of the

sample bottle, this ensures good reprnducibiiity in the irradiation

~-position., A thin steel annulus, screwed to the nylon end piece,
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stops .the sample. The sample is blown and held vertjcally under

the target by air pfassure. The source of air is a Secomack Statair
blower model 37 (0.25 HP). The blower provides sufficient air to
build up air pressure that uill hold samples of over S0 grams weight
in the irradiation position. At the end of the irradiation the
direction of air flow is reversed by a solenoid operated valve, this
sucks the sample from the irradiation position and brings it to the
counting position. To achieve maximum counting efficiency, the

sample bottle is inverted so that it falls on the crystal, with the
sample container face downwards. This is accomplished as shown in
Figure 4 . The sample is bloun past the hole in the horizontal
‘brass tube by its inertia, strikes the brass bars, bounces back and
falls into the inclined tube and lands in the counting position with
the right face dan. The floor of the counting receptacle is sloping.
The slope is such that the sample will slide upon it until it comes

in contact uithlthe vertical walls, Thig érrangement ensures reprod-
ucible.positiﬁning at the counting end., The floor of the counting
receptacle is 0.028 in brass,‘uﬁich absaorbs beta-particles uithﬁut
signifieant attenuation of Qamma photons, The scintillation crystal
is located directly below it. The transfer, the irradiation and the
counting system is cumpletelf automatic. The sample bbttle is placed
iﬁ ﬁhé_hﬁrizontal brass tube, . Figure:d , fand‘thg haléiis covered

by a leak-proof rubber lined sleeve. 'fhe start'butfdﬁ is pressed,
this starts the blouer; resets the neufrun counter and starts an audible
alarm. When the sample arrives at the jrradiation position it breaks
a light‘beam falling'on . phototransistor unit. This aciuatés a reléyr
c1rcuit, which starts the neutrnn gensration and starts the neutron
monitoring counter system. At the end of the presat 1rrad1ation t1me,
the timer termlnates neutron generation and su1tches off the neutrcn

flux monitor and the alarm. At the same time it actuates the solenoid
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SAMPLE STOP PHOTO-TRANSISTOR. SAMPLE SLEEVE
BARS \ . INSERTION

BRASS SHIM IN
CONTALT WITH
SCINTILLATION HEAD

FIG 4 SAMPLE INSERTION AND REVERSAL SYSTEM

-
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valve which reverses the direction of air flow, to suck back the
sample and activates a delay relay. The delay felay starts the
spectrometer counting 4 seconds after the end of the irradiation,
Though the sample transfer time is only 1.5 seconds, tha 4 seconds
dslay is introduced to correct the sample position in case it lands
with the wrong face down, The returning sample intercepts a second
photo~transistor light baamr(near the counting end unit 1), This
activates a relay circuit which switches off the blower, and éuitnhes
over the recorder from the neutron measuring ratemeter to the log-

arithmic ratemeter monitoring the activity of the sample,

Fault lights and relay sequence lights are provided on a panel.
These enable a rapid diagnosis to be made of any fault condition.

As an example, if the sample bottle does not reach the irradiation

position within 7 seconds a red fault light comes on.

3.6 Neutron Irradiation of Sample Compounds

Polyethylene vials of 1 ml volume containing the required volumes

of iodotoluenes or the bromotoluenes, with or without degassing

'(degaésing did not have any significant effect on the observed results),

Qere placed at the irradiation position of the'generator'and irradiated

for one minute’unléés dtherwise stated. in the experimental chapter.

Iodine-127 reacts with thermal neutron; therefore a piece of wax.
(12 dm) thick was placed batueen_the‘targét'and_the halotoluene to
thermalize the fast neutrons, The:e afe tuenty—four radicactive iso-

£opes of iodine., These isotopes and their decay modes are listed in

'Yable 1.. The knoun isotopes of bromine and their decay modes are

given in Table 2.



59

TABLE 1
Isotopes of Iodine

Mode of Major radiations of
Isotopes tg Decay Energies (MeV)
17 m 8" [EC]
118 13.9m g*, EC X-rays, y.511, .55, .6,
1.15
119 19.5m st EC X-rays, v.511, .78
120 1.35h Ec, gt gt, X-rays, y, .511, .56,
.62, 1.52
121 2.12h EC, gt ¥, X-rays, v.212, .27,
.32, .511
122 3.5m 8t [EC] 87, X-rays, vy, .511, .564,
.69, .78
123 13.3h EC (No 8%) | X-rays, y0.159 (83%),
| e o027
124 4.15d EC, 8' 8t, X-rays, v,.511, .605,
.644, .73, etc.
125 60.2d EC (No. 8%) | X-rays, v, 0.035 (7%),
e~ 0.004, 0.03
126 12.8d EC,8”,8" 8”.s%, X-rays, vy, .386,
| 667 -
127 Stable - | -
128 | 24.9m | &, EC |8, X-rays, v, .441, .528,
. o .743, .969
129 1.7x10%v | 8~ 87, X-rays, v, 0.04(9%),
e~ 0.005, 0.03
130 12.3h B B ,v0.419, 0.538, 0.669,
. - '0.743, 1.15 -
131 8.05d 8" 8", X-rays, vy, .08, .364(82%)
1 0.284, .637, .723
132 2.26h 8 8, v, 24, .52, .67 (144%),
.77 (89%)

/Continued




TABLE 1 (continued)

&0

tsotopes | v, | Modeof | Major radiations of
133 20.3h B B, v, 0.53 (90%)
134 52.0m B B, v, (many; .135-1.79)
135 6.68h B 8", v, (many; 0.20-3.2)
137 22s B n
138 5.9s B -
139 2.7s B -
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TABLE 2

Isotopes of Bromine

Mode of Major radiations of
Isotopes t§ Decay Energies (MeV)
+ +
74 36m 8", EC 8% (4.7), y0.511, 0.64
75 1.7h e*, EC 8" (1.7), v0.285, 0.511
76 16.1h gt, EC 8" (3.6),v0.511, 0.559, 0.65
0.75, 0.85 etc.
77 57h £c, g* et (0.34), y0.24, 0.30, 0.52,
0.58, 0.75
77m 4.2m IT y 0.108, e70.094, 0.106
78 6.5m gt EC ¥ (2.55), y 0.511, 0.614
79 Stable - -
79m 4.8s IT y. 021
80 17.6m g”, 8%, Edl 8" (2.0), 8" (0.87), y0.511,
0.618, 0.666 -
80m 4,38h IT v 0.037, e~ 0.024, 0.036,
0.047
81 Stable - -
82 35.34h 8" 8™ (0.444), y0.554, 0.619,
| ; ; - 0.698, 0.777, etc.
gom | 6.05m | IT y 0.046, 0.777, 1.475, &,
83 2.41h B B~ (0.93), v0.530
84 31.8m 8~ 8~ (4.68), y 0.81, 0.88,
1.01, 1.21, 1.90 etc
85 3.0m 8 8™ (2.5)
86 545 's‘ 8" (7.1) v 1.29, 1.36 etc
87 55.65 B, n g~ (8.0}, (2.6), n 0.3,
vy 1.44, 1.85 etc.

/Continued




TABLE 2 (Continued)
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Mode of Major radiations of
Isotopes Y Decay Energies (MeV)
88 15.5s By n v (0.76)
89 4,55 B, n n {0.5)
90 1.6s n -
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3.7 Analysis

The analysis procedure included the following:

i) Extraction procedure
ii) Separation and identification of the radiocactive products

iii) Determination of activity.

J.7.1 Extraction Procedure

Ligquids are usually irradiated in enclosed capsulés of quaftz or
glass. In this work a polyethylene bottle of 1,0 ml volume was

used, After irradiation the bottles were opened and the contents
discharged into a separating funnel contéining 5 ml of agueous sodium
sulphite solution (D.1N). The distribution of radicactivity between
the two layers was then detérﬁinad and the result expreésed as the

percentage "organic yield" (Y},

activity in organic solution
Y& = TP - : . x 100
activity in organic and inarganic

The amount of radicactivity present in each solution is usually

measured with a scintillator counter which is described in Section 3.

‘Decay corrections were applied to the data and the equation used for

the corrections of the decay time is:

1

Remaini ctivity = —— 100
% emaining a . y . ZB/A X
‘where: A = half-life
8 = decay time
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3.7.2 GCas-Liguid Chromatoqraphy.

To separate and to identify the various labelled compounds after
irradiation, gas-liquid chreomatography (GLC@ was-used because it is
applicabieAndt only to a wider range of solutass, but also to
both packed and capillary columns, Uhen a sample containing a
mixture of components is injected into the moving ... stream, the
components move through the column at rates dependent on their
respective volatilities and interactien with the non-volatile
stationary phase, With a stationary phase possessing suitable
properties and a column of sufficient length, the partiticn pro-
cess between the gas and liquid phases results in a situation in
which each component of the sample emerges at different times from
the end of the column as a binary mixture with the carrier gas.,
In gas-liquid chromatography the redention Qalues are a meané for
gualitative identification of the unﬁnoun components, either by.
calibration with known materials or cohparison with relative
values from the literature., In addition to indicating the minimum
number of components present and prcuiding qualitative information
from retantlon times, quantitative data giving: the amount of each
: camponent are obtalned from peak area maasuremants and calibration
of the detectnr. All gas- -liquid chromatography analyses have been
carrxed out ulth Aerograph -Autoprep Model A- .700° using a thermal
canductivity detector. This unit (Figure 5, Figure 6 ) is a

modified Aerograph A-90P featuring:

a) A low mass - low inertia heater for rapid heating and cooling

of- the coluhn,.
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b) A check valve (Fig. 7) just before the injector carrier
gas input, preventing sample flashback.

c) Flow controller in the carrier gas (nitrogen gas) line
permifting constant mass flouw through column despite pressurs
changes due to heating and cooling of the column,

d) Needle valve permitting precise carrier gas flow control,

e) Three-way switch permitting turn-off of circulating fan when
changing column without shutdown of power to the remainder of
the instrument.

) Automatic injector featuring Teflon and stainless steel parts,
Injection volumes variable from ZS{fJ to 1.5 ml,

g) Automatic collection table allowing uss of different collec-
tion vessels depending on sample volumes, vapour pressure
and aerosol formation,

h) Adjustable recorder signal sﬁitch bermitting collection of
peaks for pptimum purity. Collector table actuated only by
emergence of each peak, and is, therefore, not affacted by
minor changes in retention times,

i) By a simple change, it is possible to convert the instrument

to either analytical or preparative operations.

3.7.2.1  Column

The actual separatiun of saﬁple compuqents-is affecfed in the
column where the solid subport, typé aﬁd amount of liquid phase,
method of packing, length and tsmperatbré are important factors
in obtaining the desired resolutions. Anélytical cplumné

ordinarily were prepéred using 2 to 6 mm i.d,. glass tubing or
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1/8 to 3/8 in. o.d. metal tubing of varying length., The dimen-
sions of the column determine the total of gas and 1iduid it will
.contain and therefore the retention time and volume for any solute.
Long columns were coiled for compactness after filling and care

was taken to avoid crushing the packing in the process.,

Three different types of columns were used in this work depending
on the chemical and physical properties of the compounds. These

columns are:

l. A stainless steel column of 4mm .  internal diameter with

length of 1,5m filled with 10% SE30 on Chromoserb W, 60-80

mesh

2. A glass column ef 4m length and 2 mm ..: internal diameter,

‘filled with 15% Carbowax on Chromosorb P.

3, An aluminium column of 20' x S/Bﬁ and 4m in length filled

with S% SE30 on Chromosorb U, 60-80 mesh,

To optimise the conditions required to affect the best resolution
of likeiy products of neutron irradiation of iodotoluene and

iodbbenzene, the following experiments were performed:

1, " The change of peak height with range (sensitivity)}

20 rﬂ.of petrolsum ether was injected using different ranges

and the results are shoun below:
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Table 3
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The Effect of Range {Sensitivity) on Peak Height

‘Range Ether Temp. N2 Peak Height
Pl oc fluuréte cm
ml/min,

T A ] cemse——me——
z 9 0 ] emcmm—cacaa
s +r ¥ V] acecammanmaa
4 ———————————
5 20 75° v R [T
6 ———————————
7 3;8
8 10.0
9 17.4
10 18.1

)

The efficiency of separation of different compounds that are

expected to be produced from the neutron irradiation of o

iodotoluene was investigated at different column temperatures

and the results. are shoun in (Fig. 8 ,

and the table (4) below.

Fig.9

Fig. 10




Table 4

The Effect of Column Temperature on Retention Time

71

Fraction Temp. c® Flourate Retention Time
.ml/min, min.

iocdomethane 1,3
icdgethane 1.7
iodopropane 50 15 2.4
iodobutane 3.6
icdabenzens 16
iodomethane 3.2
iodoethans 5.0
iodopropans 70 15 9.6
iodobutane 17.8
iodamethane 2.6
iodoethane - 3.8
jiodopropane 110 15 7.0

. | | 12.6

iodobutahe
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3. The efficiency of separation of different injected volumes of
a 15% solution of o-iodotoluene and iodobenzene in hexane was
investigated by injecting 200, 300, 400 and 500 Pl of the above
solution into the GLC. The results are as shown in Fig. 11 ,

Fig. 12, Figeld and Fig.ld

4, The procedure described in (4) relies on the efficient collec-
tion of the compounds eluted from the chromatographic calumn,
To determine the efficiency of collection of such compounds

the fellowing procedure was adopted.

Solutions of 1, 2, 3, 4 and 5 PJ of iodotoluene in 10 ml of hexane

were prepared and the UV absorptian spectra recorded on a Cecil 5095
Scanning Spectrophotometer. The solutions were scanned through the
wavelength region 200 to 360 nm and hexane was used as the referencs.

The spectra are shown in Figure 15, and Figurellf shows a graph'df obsorb-
ance VS volume of iodotoluene added to each solution., The procedure

was repeated with solutions of iodobenzene in he#ane and the results

are presented in Figures (17 » 18 J .

200 rl of a salufion Eontaining 15% of iodotoluene and 15% of iodo-
benzene in hexane was injected into the GLC and the column effluent was
passed throﬁgh 10 ml of héxaheréoﬁtéined in a glass pdt. After twﬁ_
minutes coliection'time, the pdf was rehlaced by another po£ contain-
ing fresh hexane and thé co;umn effluentalloued to pass through the
ffesh hexane for a furthe: two minutes. The replagement procedure

was repeated fof fifteen different pots (éollection'time two minutes

epach), making a tetal collectioh time of thirty minutes. Each portion

of hexanes was made up to 10 ml with hexane and the UV absorption
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spectra determined. Figure 19 shows a graph of absorption against

time for the collection of the two peaks.

From the standard graphs {(figures 16 andl1? ) and Figure 19 it may
be calculated that approxiamtely 60¢ of iodobenzene

and 40% of iodatoluens was collected by employing the above procedure.

BeTe24s2. High Pressure L;qgid Chromatography

Separation of possible products may also be achieved by H.P.L.C.
The system employed during this work consisted of an Altéx modsl
300 high pressure liquid chromatograph (Figure20 and Figure 21),

the main campanents of which ara:

a) Pumping System:

i)  Air Supply:

The pumﬁ used in this model is a constant pressure pneumatic ampLifier
which uses nitregen to drive a large hydraulic piston which, in turn,
drives a smaller‘piston to deliver the mobile phase. The amplification
is 23:1, for example,_an applied gas pressure of 160 psi would give

2,300 psi of liquid pressure.

ii) Air Drive Section:
The air driué.sectlon consists of one or more air driver piston assem-
blies, a. cycllng control valve, pilot valves mounted 1n the upper and
lousr end caps, a flow tube to direct flouw to tha tDp side of the alr
piston and a pxlnt tube to connect the uppar and louer pllot control
valves, The ValVe operates without sprxngs or. detents and is cycled -

by alternately pressurising and venting an unbalanced pressure oper-

ated spool.



DETECTOR PEINE BALANCE CuntRiL

DETECTOR PONER nUTTDN\ /

| PUKP INLET ) . UCTECTOR RANGE STITCH
PRESSURE CAUGE % ::}; £ _—

O/ .-

O s DETECTOR EVENT MARKER

.”

TEFLON TURING

2
@//
(:ln

I

| ——LIQUID FRESSURE GAUGE

LIQUID FRUSSURE
0AUOE VALYE

"~ ADJUSTADLE
INJECTION VALYE

T~ AIANUAL RESET BUTTON

s

S~ COLUNN SHNUTOFF

1L\h“\“‘nnazn YALYE
‘\\\\\‘PUHOEIRECYCLR :

[T~ puup INLET

RESERYVOLIR

\

DETECTUOR OI’TI_.C
ENIT TOUSING

/

| —IN-LINE FILTER

U QUTLET |

ENUNLED KNOD,
FLO¥ CELL WOLDER [t

Figure 29.. Typleal bcnch'placcnlént-of the Model 300 and accessories,

98




P

B T .

a7

I COLUMN

’-M——d—n—d—l—-—-\
sa;r&r.z
' ’ ) YALVE

J L

COLLMN
SHUTOFP
WALVE

x

AY
,__/

PESERYOIR

iz

PLRGE YALY

n

L

DRAIN
YALYE

C 3 oOFTIC 1T
L1 (LETECTOR}

PP .
SR
L DRAIN
© 7 Flow Diagram,
FIGURE 21




88

iii) Hydraulic Liquid Chamber:

The hydraulic liquid chamber is 70 mls and is connected to the res-
ervoir via a check valve., When 70 mls of the liquid has been pumped
out, the air pressure is automatically reversed and the pump refills,
This refill stroks takes approximately one second. The manual reset
button allows the pump to be refilled at any time, e.g. before sample
injection., During the refill stroke, a positive liquid flow is main-

tained by a check valve betwsen the pump and column,

iv)}) Purge/Recycle Valve:

The three-uay recycle valve, or purge valve is located between the
pump and reservoir and provides for rapid solvent mixing when a mod-
ification of the mobile phase is required. This valve is also used

to rid the liquid chamber of éir to ensure a full 65 « 70 mls stroke.

b) UV Detectar:

The mobile phase eluting from the column was monitored by an Altex

Model 150 UV (254 nm) detector employing a 10 mm path length 8,41

flow cell,

¢) High Pressure Sampie Injection Valve-

Tha high pressure valve (Altex Model 905) is a rotary switching loop
ualve with a pressure rating of 3, DOU psi, (Fig.22 ) shows the flow
pattern of the liquid through the ualue. This valve has an external

‘removable sample loop with a total 1nJection volume of 500 r}
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d) The chromatography column employed throughout this investigation

was an RP@, 30 cm x 7 mm (ID) partisil 10 rm 0Ds.

The mobile phass employed to sepfrate iodoethane from iodotoluene was

70% methancl + 30% distilled water,

In order to determine the maximum column loading for the separation .
of iodotoluene from iodoethane, before the column detector becomes

overleaded, the following experiment was performed.

20 rd.of‘a mixture containing 5, 10, 15, 20 and 25 per cent of iodoto-
luene and iodoethane in methanal were injected into the mobile phase

and separated in the column,

The results are shown in Figures 23, 24; 25, 26 , 27 , where it can
be seen that column shape and resolution detericrates at a column

loading of 20%.

3.8 Determination of Activity

The amount of radioactivity present in each component after irradia-

tion and extraction is determined by Cerenkov counting in the tritium

channel df a liquid scintillatidn counter,

3.8,1 Liquid Seintillation Counter

A model SLZD liquid scintillation spectrometer was used (Figure 28)
- ' o . labelled
Pecause it is mainly designed for counting single or doub{j)‘F-emitteej

radioactive samples with a good detection efficiency.
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The specifications of this instrument are:

1.

2,

3

4,

5.

Performances

a) Sample labelled hy a single radioactive isotope, the
efficiency for 3H 50% and the background 25 cpm.
b) For samples labelled by two radicactive isotopes, the

efficiency for °H is 45%

Detection

é) Two matched photomultipliers,

b) Coincidence resolving time: 20 nanoseconds.

Amplifier
a) Lagarithmic,
b)  Stability better than 0.02% per °C from 15 to 35°C.

1’k

v

Pulse Height Analvyzers

a) Two independent measuring channels.
b) Counting windows adjustable to 1l0-turn potentiameter.
c) Levels preset for measurement of usual isctopes

(3 14 32 ) 137

H, C, or for calibration with Cs

external standard.

Preset Count

a) Common to both channels.

b) Ten positions:
10% - 2.10% - 40 - 10 - 2.0% - a0t -

5

5 0 2.10° - 4.10° - 10° counts.

10

Preset Time

a) Common to both channels



T

8.

9.

10,

98

b) Ten positions:
Bul - 0.2 - 0.4 = 1 = 2 = 4 = 10 =
20 - 40 -~ 100 minutes,

Display

a) By six decimal display tubes

b) Provision for continuous display of contents aof either
channel or count time.

c) Provision for cyclic display of contents of both chanﬁels
and of counttme, the display time being then of 4 to S

second for each value

Sample Placing

a) The samples are manually placed into and removed from
the counting chamber by operating a drawer on the
WA
instrument front panel.

b) Maximum size of vial is 70 mm high and 20 mm diameter.

External Standard

a) 137Cs.‘

b) Placed and removed manually.

Outputs Available

a) Linear gate output pulse for operation with a multi-
channel analyzer, Characteristics on 10-Kohn Load:
Polarity ' . positive

Amplitude . 0,2V to 0.5V

Rise time . 0.5 psec
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b) Output pulse from each channel

Polarity . positive
Amplitude . 4v I 204
Width . 0.4 psec t 209
Rise time . 0.2 ).asec

Fall time . 0.2 Jisec

11, High Voltage Power Supply

a) Ffactory-set, from 1500 to 3000 volts.
b) Stability: in time 0.01% per 24H; in tempsrature

0.002% per °C.

12. Dimensians
a) 0,67m wide
b) 0.42m deep

c) 0.35m high.

3.8.1.1 Sample Container

The container plays an important part in the liquid scintillation
system, It should have characteristics such as resistance of attack

by solvents and a form which must be convenient etc.

Polyethylene counting vials were used as these had several interes-
ting advantages. They contain no radioactivity and thus significantly

reduce background énd they are cheaper than glass vials that contain

some 40y

, an energetic beta-gamma emitter. It has been reported

that polyethylene vials also increase counting efficiency. This effect
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is guite noticeable with asymmetrical electronic logicCounters due

to better light dispersion properties of polyethylene relative to glass,

One shortcoming is that polyethylene is attacked by toluene, Toluene

has a tendency to distend the vials causing mechanical difficulties

with automatic sample changers.

Toluene splutions can be counted

immediately after preparation and then discarded.

The specifications of the polyethylene vials used are:

l. Features

a)
b)
c)
d)

e)

Low toluene diffusion rate.

Uniform wall thickness,
Dimensionally stahbhle.
Lou background,

Self sealing caps.

2. Technical

a)
b)
c)
d)

e)

Background . .
Wall thickness .
Height with cap .
Weight .
Material .

less than 12 cpm

1am i 0,15 om °

61 mm £ 1 mm

5,29 £ 5%

Linear, high density
high molecular weight,

rigid polyethylene.
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J.B.1e2 Cerenkov Radiation

The radioactivity present in each compound after irradiation was
measured by Cerenkov counting in the tritium channel of the liquid
scintillation counter. This method is used because it does not
require the use of scintillators or special solvents and the
various emitters may be counted girectly in agueous solutions,
suspensions or by other common methads of liqqid sample preparation

with reasonable afficiencies,

The advantage of this type of counting over normal scintillation
counting techniques is that many problems of solubilization are
avoided., Moreover it makes possible the counting of samples in

strongly acid or alkaline solutions without the necessity for any

preparative technique. )
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CHAPTER .4

RESULTS -

4,1 SCAVENGER STUDY

Scavengers are reactive molecules uhich are added to systems in which
hot-atom reactions are being studied in order to eliminate thermal,
radical aﬁd jon reactions. Bromine, Iodine, Oxygen and nitric oxide
have been widely used. It is always to be hoped that these scavenger
molecules will not react to any appreciable(fxtent with the hot species
while the latter still retains excess translational energy., It is
therefore important to know houw much scavenger needs to be added in

arder that no reactions of thermal atoms shall be observed.

In view of the abave findings it was felt necessary to re-investigate
some aof the scavengers reported in the literature in order to determine
the most suitable scavenger for thermal radicals and ion reactions in

the light of the scavenger competition effects.

The efficiency of various scavengers (0,, 8r,, I, and pyridine) has been

investigated for recoil iodine., The purpose of this study was:

a) To compare our results with those reported in the literature
whenever possible and to decide on a scavenger for scavenging

thermal radicals and ions.
b) To determine the optimum amount of the scavenger needed for
¥
the study and the degree of scavenger competition (if any)

at that concentration and finally
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t) Ta compare the scavenger curves ghtained for o-icdotoluene

with different scavengers.

Thermal processes generally have very low collision efficiency. On

the other hand, hgt atom reaction must occur. in the few collisions

suffered by the hot atom while it is in the appropriate energy region.

The addition of small proportion of scavenger, capablé of reacting

gfficiently with the thermalized hot ataom, may therefore control

thermal reactions which might be mistaken as hot atom processes.

The scavenger will not significantly affect hot reactions since a

hot atom is unlikely to encounter it during the few collisions of its

chemically effective existence, An effective scavenger has a rate

canstant far reaction with thermalized hot atoms which is sufficiently
tese Hzuckiond

large - that even in small cnncentrations}could be investigated.

-Iodine, bromine, oxygen and EX££§£Q? scayenger curves uere obtained

for o-iodotoluene as shown in Figures 29 - 3;, and Tables 5, 6, 7,

and 8.



Sample
No.

EFFECT OF PYRIDINE AS A SCAVENGER ON O-IODGTOLUENE
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TABLE 5

pyridine
Me fe

0.00

0,001
0,010
0,100
0.200
0,300

0.400

Time of
Irradiation
sec,

60.2
60.1
60,2
60.4
6.0 %
60.3

60.6

BF
Cougts

125420
125113
126557
124046
125003
124194

124229

% Organic
Yield
56.26 L 0.533
53.53 ¥ 0,546
52.61 % 0.543
50,72 ¥ 0,531
50,91 ¥ 0.532
51,08 % 0.593
50.59 % 0,578




Sample
No.

U5

TABLE 6

EFFECT OF OXYGEN AS A SCAVENGER ON O-IODOTOLUENE

02 Time of

Mole? Irradiation
sec,
0.00 60.4
0.05 6l.2
0,10 60.0
0.15 59.9
0.20 60,3
0.25 51.0
0.30 59,7

0.35 60.6

BF
Coun%s

127638
128615
125979
126110
132331
133024
127284

127099

%0rganic
Yield

56.26 ¥ 0,423
54,81 ¥ 0,505
50,98 X 0.442
52.37 ¥ 0,529
52.20 ¥ 0.511
51,88 ¥ p,498
51,89 ¥ p,4565
52,11 % 0,487
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TABLE 7

EFFECT OF BROMINE AS A SCAVENGER ON O-IODOTOLUENE

Sample Br Time of BF % Organic
No%e% Irradiation Cougts Yield
5aeC
1 0.0 60,1 71000 56,26 £ 0.572
2 0.5 60,3 711540 51.37 ¥ 0.566
3 1.0 60.3 68410 53.92 % 0,541
4 1.5 60.8 65114 52.18 * 0.553
5 2.0 60,4 64222 50.48 £ 0.545
6 2.5 59,8 66015 49,06 ¥ 0,545
7 3.0 61.1 69482 48.98 * 0.540

1+

8 3.5 60,0 68825 49,00 - 0,544




EFFECT OF IODINE AS A SCAVENGER ON O-TODOTOLUENE

TABLE 8

Sample
No.

I
Moie%

0.00

0.001
0.010
0.100
0.200
0.300
0.400

0.500

Time of
Irradiation
sec.
65.6
64,1
68,3
63,0
66,0
65,3
65.9

65.4

szgts
381419
179975
192624
198637
203052
260112
220342

236240

% Organic
Yield

56,26
50.64
38.18
27.31
25.93
25.38
26,30

24,98

1+

1+

1+ i+ 14

i+

0.528
0.524
0,500
0,517
0.512
0.387
0.383

0,382
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4,2 CAGING EFFECT

The distincticn between hot and thermal processes is much more difficult
to make in liquids than in gaseous systems. In part this is due to the
practical difficulty of finding soluble scavengers, A more fundamental
difficulty is present¢¥lby "Cage" reactions which are abseat in gases.
bt .
A cage process is a reaction segquence consisting of a collision in which
the hot atom produces a radical {or other active species), which is
trapped by the solvent in the same "Cage" as the atom. It becomes

combination with the radical, (43)

Such a process will be temperature independent and, since it involves
only a few molecules, will not be affected by normal concentrations of
scavengers, It is interesting to note that Cage-recombination models,
rather than direct hat replacement, were lang cansidered as the bases for

theories of recoil atom combination in the liquid phase. (43)

The borderline between "Cage" and "true" hot combination reéctions is
difficult to establish not only experiméntelly but also in principle.

in a "true" Hot reaction the product is formed directly on impact, within
the. time span of one vibration, . It is however, not noﬁ;gggg}e that the b~
product'will be fofmed in a highly excitéd‘state and must-be étabilized
by immediate collisianal energy transfer to survive. Such stabilization
of an excited intermediate by collision uith the cage walls, may not

be distinguishable in any qualitatiue sense, from combination of a

caged atom with a radical.- It is prabably most convenient to regard

Wcage" reactions as hot reactions,. but recognizing that caging effects
méy make possible certain modes of hot reaction in liquid phase that are

not possible in gases.




In the presant study an attempt was made to further evaluate the effect

of solvents, especially of "inert" salvents on tha organic yield with

123I and 808:

rospect to their effectiveness to scavenge tharmal

atoms in solvent cages.

For this purpose, liquid mixtures of o-iodotoluens, m-iolotoluena,

0= bromotoluene and m-Bromotoluene with a varisty of aliphatic and aromatic
. t»e.zaa~u4\:ﬁ,ked. '

salvents with and without 12 presant as a scavenga:} These experiments

should also'provida us with additional insight into the details of the

"hat" pro cesses and allow. us to assess the contribution made by radical-

radical recombinations.

The raesults of these experiments are summarized in Tables (9 to 16).

These results show that the addition of 90 Mole X of aliphatic alcohols

such as methanol, esthanol and n-Butanol, drastically reduce the yield.

The addition of 0.5 Mole % af I2 scavenger to ortho and meta Brohotoluenes
causes a further decrease in thae organic yield (~halved), uhile the
addition of this éuantity bf scavenger to the iodotoluene shous

little reduction in the organic yield. A somewhat different situation exists
if the diluent is benzene or cyclohexane expecially with bé&amotoluehe
(without I,)., in this case, 2 less dramatic reduction of the organic

yield is observed.
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TABLE 9

EFFECT OF DILUENT ON THE ORGANIC YIELD OF o-BROMOTOLUENE

{Without I, Scavenger)

System Diluents Diluent % Organic
Mole % Yield
64,521
-C6 HB S0 62,833
-C6 H12 | 90 61,946
o-Bromotoluene -CH3 OH 90 33,233
-C2 H5 OH 90 32,086

n-C4 H9 OH 90 29,026




116

TAGLE 10

EFFECT OF DILUENT ON _THE ORGANIC YIELD OF o-BROMOTOLUENE

(With 0.5 Mole % of I, Scavenger)

System Diluent Diluent % Organic

Mole% Yield
62.436
-C6 H6 ap 47,213
-C6 H12 90. 46,861

o~Bromotoluene
~CH3 OH . ap 19.613

+
0.5 Male% of

12 -C2 HS OH 90 18.346

n-C4 H9 OH g0 16,600
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TABLE 11

EFFECT OF DILUENT ON THE DRGANIC YIELD OF m~-BROMOTOLUENE

{Without I, Scavenger)

System Diluents Diluent % Organic

Mole¥ Yield

62,490

~-C6 H6 90 60,883

~-C6 H12z 90 57.014

m-Bromotoluene ~CH3 OH S0 30,041
-C2H5 OH a0 29,890

n-C4 H9 OH 90 27,952
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TABLE 12

EFFECT OF DILUENT ON THE ORGANIC YIELD OF m-BROMOTOLUENE

System

m-Bromoteluene

+
0.5 Mole% of I,

(Uith 0.5 Mole % of I, Scavenger)

Diluents

—C6 H6
-C6 H12
—CH3 OH
-C2 HS OH

-C4 H9 OH

Diluent
Mole%

90
aa
30
a0

9g

% Organic
Yield
60,49
45,40
46,38
18.47
17,20

l16.01
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TABLE 13

EFFECT OF DILUENT ON THE ORGANIC YIELD OF o-1GDOTOLUENE

(Without I, Scavenger)
System Diluents Diluent % Organic
Mole? Yield
58.47
~CH3 OH 90 41,77
-C2 HS DH 90 38.89
o-Todotoluene n-C4 H9 OH 90 31,60
—CG‘HIZ 90 . 50.08
-C6 H6 90 52,42
~C6 F6 20 48,18

-C6 HS F S0 47,50
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TABLE 14

EFFECT OF DILUENT ON THE ORGANIC YIELD OF o-IOQDOTOLUENE

(With 0.5 Mole % of I

System Diluents
-CH3 OH
~C2 HS OH

n-C4 H9 OH
o-Iodotnluene

o+ -C6 H12

0.5 NQIB% of 12 ~C6 HE
~C& FB6

-C6 H5 F

2

Scavenger)

Diluent
Mole®

30
20
90
90
50
90

90

% Organic
Yield
47,96
40,07
3?.83
29.81
44,16
40,62
47,07

44,01
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TABLE 15

FFFECT OF DILUENT ON THE ORGAINIC YIELD OF m-IODOTOLUENE

(Without I, Scevenger)

System Diluents Diluent ¢ Organic
: Moled Yield
75.643
-C6 H6 - 90 56,530
~C6 H12 90 52,892
m-Iodotoluene ' o
-CH3 OH 90 63,130
~C2 HS OH 0 59.050

n-C4 H9 DH 90 45,493
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JABLE 16

EFFECT OF DILUENT ON THE ORGANIC YIELD OF m-IODOTOLUENE

(With 0.5 Mole % of I, Scavenger)

System Diluents Diluent % 0Organic
Mole% Yield
66.836
-C6 HE 90 ' 48,340
m-Iodotoluene -C6 H12 o 46,503
+
- 320 .
0.5 Molef of 1, CH3 OH 90 58,773
-C2 H5 OH 90 53,790

—C4 H9 OH 90 39,873
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4,3 THE SZILARD-CHALMERS EFFECT ON o-IODOTOLUENE

Hot atom themistry had its béginning with the discovery of bond

rupture of iodine-128 from neutron irradiated ethyl iodide by Szilard
and Chalmers in 1934, Henceforth, because of favourable radioactivation
properties, halogen reactions activated by radiative neutron capture in

-liquid aromatic systems became popular systems for study.

The purpose of this project is to investigate the organic products of

the 127I(n, ¥ ) 128I procass in o-jiodotoluena.

To do this the following expsriments were performed;

A. A mixture of o-iodotoluena,_iodobénzena and petroleum :@ther
(50 pl each) was prepared and 15 ul of this solution was
injected into the GLC in order to check the separation.

Two ml of o-iodotoluene was irradiatad for 12 minutes. The
irradiated sample was transfered into a 25 ml separating
funnel containing 5 ml of 0.5 M sodium thiosulphate solution.
The sample container (polyestheylene vials of 1 ml volume)
rinsed with petroleum ether, and tha mixtura was shaken for
“two minutes, and alluued to stand for two minutes., Ths
organic layer (louer layer) was separated and then washed
uith 4 ml of tetrachloramathana and the washings separated.
To 10 m) of petroleum sther in scintillation vials Sojpl
from the ofganic 1ayur and from the uaahings vere added and
50 /Jl from the axtract (aqueuus laysr) was added to 10 ml
of distillad water and the three samples wers counted.

From the organic layer 5 ul was injected directly into the
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FIGURE 44

léﬁl from the organic layer injected directly in the GLC

190°c

100 ' T

R = 7
F.R. = 10 ml/min

iodotoluene

50 |- iodobenzene

RESPO NOE (Mv)

4 13 12 11 10 9 8 7 6 5 4 3 2
| TIME (MIN) |



RESPANSE {My)

125

FIGURE 35

5 #1 from a mixtyrg of orqanic(iodotoluene)iayer

and jodoheanzene i1 ether
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GLC and the peak was collected and counted.

To S0 pl of the irradiatsd o-icdotoluens 50 ul of : ‘
iodobenzene and 50 pl of petroleum ether was added

and from this mixture 15 ul was injectsd into the GLC. .

The peaks wers collected and the activity of each was '
countad, The results are shoun in tables (17 and 18

and figures 34 and 33),

Table 17

The percent ORGANIC YIELD from Irradiation of 2 ml of o-IODOTOLUENE

Components Time of BF3 cpm % organic
irradiation counts Corrected yigld

Organic 6584

Vashings \ 731 |

: 632.5 1481535 75.64

Extract \ | 2355 |
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Table 18

THE ACTIVITY UNDER PEAKS COLLECTED FROM INJECTED SAMPLES OF:

“a) 5 pl of ORGANIC LAYER
b) 15 pl of a MIXTURE of 50 ul

EACH {Iodobenzens 4 lIodotoluens in éther)

Time of BF cpm
System 3
irradiation counts corrected
5 pl of o-iodoto- +
luena injected 120 - 10.9
directly
15 pl of the mixture
632.5 48153
(a) (b) 1 5
of iodobenzene +
iodotoluene
A - peak 1 - | 177 £ 13,30
B - peak 2 153 & 12,36

8., To investigate the recovery of the activity of an irradiated

sémple, without the additon of iodine as a scaveng&r 2 ml

of o-iodotulueﬁe was irra&i#ted‘in“the nsutron Qunerator

for 12 minutes and éfter‘éxtraction a 25 purédnt solution of

the organic layer (ioﬂotqluana), méthanol.an& iodoethane was

prepared from which 20 pi ware injacted into the HPLC and the

peaks collected and counted using a LKE Liquid Scintillation : !

Counter,

Finally 20 pl of the 25 parcent solution were added to Sml of
the mobile phase (70% methanol + 30% distilled water), and

counted results are shown in Table (19).



128

TABLE 19

RECOVERY OF THE ACTIVITY OF AN IRRADIATED SAMPLE

Time of BF Activity
System 3
irradiatian counts cpm
20 pl of 25%
solution of I.T. + 597.1 348761 496 I 22
I1.E, and Methanol
in 5 ml of mobile phase
20 pl of 25% sol,
iodoethane ~ peak 1 133 ¥ 11,53
iodotoluene ~ peak 2 368 ¥ 19.18

C. To investigate the effect of solvent on the counting efficiency

and the number of counts (activity) 2 ml of o-iodotoluene was

irradiatad‘for 12 minutes and 20 pl from the irradiated

sample was added to:

i) 8 ml of the mobile phase (70 parcent msthanol + 30

percent distilled water)
ii) 8 ml of petrolsum ether

and the above tuo samples wsre counted,

Then the prdceduru‘ih (B) was rcpuafed to chsck the recoVefy

af the activity. The results are shoun in Table (28).
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TABLE 20

EFFECT OF SOLVENTS ON COUNTING EFFICIENCY

X : Activit
Systen Time of BF g Y
irradiation . counts corrected
20 pl in 8 mi of the . 1757 T 41.9
mobile phase 20 pl in .
8 ml of petrolium ether 1919 ¥ 43,8
570 sec 569982
iedosthana
(peak 2) 120 ¥ 10.95
iedotoluene . 342 ¥ 18,49
20 pl in 5 ml of the
mobile phase 496 ¥ 21,65

The above results (Tabie 20) show that_uheﬁ the éolveﬁt is petroleum
ether the counting efficiency is ;lightiy higher than that when thé
solvent is the mobile phase. The activity of iodoethane was 25,58
ﬁpercént and that of iodotoerne 72.92 percent. From these results and
those from procedure {B) ue_can'concludg that there is almost complete

recovery of activity,

D. From ﬁﬁ irradiated sample af‘o-ibdotoluene~20”ri wgreladdgd.to
7 ‘ml of (methanol-water) sdlufiuﬁ and counted. Then a 25 percent
A soiutiun of iodosthane and irradiated'd-iodotoluene in methanol
was prepared from uhich ZD‘FI ‘were ingectsd lnto the HPLC and
the flrst peak was collacted fur 7 min. The second peak was
collactsd for 13 min. and then cnunted. Finally in nrder to
check the varlatlon of number of counts with the volume of

solvent 20 fl-of the 25 percant solution were added to:



i) 7 ml of (70% methanal - 30% water)

ii) 13 ml of (70% methanol - 30% water)
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and counted. The results are shown in Table 21,

TABLE 21

Variation of Number of Counts with Volume using 25 percent solution

Time of BF3 cpm
System irradiation counts
sec

20 pl o-iodotoluene in 3080 ¥ 55.49
in 7m)l of (methanol-
water) solution
20 pl of 25% solution in 1360 % 36.88
7.ml of (methanol-water)
salution

588 840920
20 pl of 25% solution in + o
13 ml of (methanol-water) 1498 = 38,7
solution
iodosthane (peak 1) 642 X 25,33
iodotoluene {(peak 2) 739 % 27.18

E. The same procedurs (D)} was used for a 15 percent solution

instead of the 25 percent solution and the results are shoun

below in Table (22) and Figure (38).
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TABLE 22

Variation of Number of Counts lith Volume

Using 15 Percent Selution

Time of

BF cpm

System irradiation coun%s '
Background 29,00
20 #1 o-iodotoluene 4418 % 66.4
in 7 ml of (methanol-
water) solution,
20 pl of 15% solution in 1087 * 32,97
7 ml of (methanol-water)
solution, .

721.7 1272653

20 pl of 15% solution in .
13 ml of (methanol-uwater)} 929 - 30.39
solution,
Activity of iodoethane 158 % 12,56

{peak 1) '
Activity of iodotoluene ¥ 25.0

(peak 2)

670
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RESPornE
)

it (mons) |
FIGURE 88 20 ﬁA of 15 percent solution of [odoethane +

lodobenzene iﬁ Metharol
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Variation of Number of Counts With Volume Using 15 Percent Solution

Bf

luens, C
(peak 2)

System Time of 3 cpm
irradiation counts
sSec
20 rl of o-iodotoluene
in

5 ml (70% methanol-

30%uvater) solution 2396 % 48,94
? w n " 2377 1 48,75
g noon u 2492 ¥ 49.91
11 noon " 2656 ¥ 51,53

724,7 1242793

13 woon | I 2297 ¥ 47.92
15 now " 2272 ¥ 47.66
17 now " 2407 * 49.06
19w " 2142 ¥ 46,28
20 pl of 15% solution 2984 I 57,62
in 7 ml (methanol -
water) .
20 p of 15% solution 2500 I 50.00
in 13 ml1 {methanol-
wvater) : _
Activity of iadoethane 259 I 16,09

(peak 1) ‘
Activity of o-iodoto- 781 £ 27.94
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TABLE 24
Systen irzigiazzon cgﬁgts o
5ec
20 ul of o-~iodotoluene
in 10 ml of (70% meth~
anol-30% water)solut-
ion, Counted repsatedly
every 2 min,
1 2793 % 52.84
2 2848 % 53,36
3 2729 ¥ 52,23
4 ' 724.7 1242793 2683 % 53.69
5 2613 % 51,11
6 2468 % 49,67
7 2372 ¥ 48.70
8 2574 ¥ 50,73
9 2462 ¥ 49,51
10 2289 ¥ 47,84
11 2250 ¥ 47.43
12 2182 % 46.71
13 2350 ¥ 48.47
14 2145 % 46.31
15 2168 % 46,56
2152 * 46,38

VARIATION OF NUMBER OF COUNTS WITH TIME
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F. To check whether the activity from peak 1 (icdoethans) was due

to elementary iodine , 2 ml of o-iocdotoluene were irradiated

for 12 min. and then washed with 6ml of 0.1 M of sodium thiosul-

fate solution and the previous procedure employed. To check

the variation of number of counts with volume 20 Fl of the

irradiated and washed sample of o-indotolusne were added to

5, 7, 9, 11, 13, 15, 17 and 19 ml (70% methanol - 30% water)

solution and counted. Finally 20 rl of the irradiated sample

were added to 10 ml of (70% mathénol ~ 30% water) solution and

counted repeatedly, The results are shoun in Tables (23 and

24).

G 2 ml of o-iodotoluene was irradiated for 12 minutes and then

extracted and washed., 200 Pl of each cumponeht (organic, washings

and extract)fﬁas added to 10 ml of hexane and couhted_and'the

results are shown in Table 25,

TABLE 25

Organic Yield from Irradiated o-Iodotoluene

COmponent'”' BF3 Time of Cpm. % arganic
o counts irradiation Yigld
= - sec_ .
Organic 11377%106.6
Uashings. 802%28
1204941 724,2 h . B3%
Extract ' 2360-4B8.5 '
200 pl of 15%
solution in

10 ml of hexane

1876%43.3




H.

200 Fl of a solution containing 15% of organic layer and

15% of iodobenzens in hexane was injected into the GLC and

the column effluent was passed through 10 ml of hexane contained
in a glass pot. After two minutes collection time, the pot

was replaced by another pot containing fresh hexane and the
column effluent allaued to pass through the fresh haxane for

a further tuwo minutes, The_replacement procedurs was repeated
for twenty different poté making a total collaction time of
forty minutes. Each portion of hexanes was made up to 10 ml

with hexane and the tuenty samples were counted, The results

‘are shown in Table 26.

From an irradiated sample of o~isdotolusne 50 p1 vas added
before extraction to 10 ml of hexane and the soclution wvas

counted.

After extraction 1 mi of the orgénic layer was added to 1 ml
of iodobenzene and 50 Pl frqh this mixture added to 10 ml of
hexane and counted, From the above mixture (1 ml iodobenzene
+ .1 ml of organic'layer) so Pl were injected in;n tha GLC
and thé‘collaction of the'efflusﬁt from the column started
qhen'fha‘iodoetqluene peakzaﬁpea;ed.qh the racdrdgr; fha
collection time was 10 minutes and tﬁe'solbtiqn then made up
tollﬂ ml with hexane and counfed. The results are as shown

in Tahle 27,
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Activity From 2 Minutes G.L.C. Sample of 15 Percent Solution

sample Time after cpm % Total of
No inJa?tlon Activity % activity
’ {min) '
1 2 33 L 5,74 | 1,75
2 4 64 I 8,0 | 3.41
3 6 50 ¥ 7.70 2.66
4 8 56 % 7,48 2,89
5 10 70 £ 8,36 3.73
6 12 66 L B.12 3.51
7 14 43 ¥ 6.55 2,29
: B3%
B 16 37 ¥ 6,08 1,97
9 18 34 % 5,83 1.81
10 20
11 22
12 24
13 26
14 28
15 30
16 32
17 34
18 36
19 . 38
20 40
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TABLE 27

System cpm

80 pl of irradiated
sample in 10 ml 4171 ¥ 64,58
hexane

S0 pl of mixfure
in 10 ml hexane 1097

I+

33.12 ‘

Activity under 222 ¥ 14,89
iodotolene peak

"ACTIVITY OF IRRADIATED SAMPLE OF a-10DOTOLUENE BEFORE
AND AFTER EXTRACTION |
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CHARPTER 5

DISCUSSION

The scavenger effects, caging effects and the Szilard-Chalmers
effects play an important role in liquid hot atom chemistry,

In this work, an attempt was made to investigate the above effects.
Since radioisotopes of shoft half-life (iodine-128 and bromine;aﬂ)
were studied, special care was taken to ensure that the separation

and analysis were rapid.

S.1 Scavenger Effects

The effect of the addition af radical scavenger, prior to neutren
irradiation of a halogen containing organic compound, on the

activity of the organic yield is shoun in tables (5, 6, 7 and 8)

@y exa o

and figures é9; 30, 3i, 32 andléé); For the purpose of discussion,
. these results méy be divided into two sections, Fir#stif, a
comparison of the efficiency of different scavengers and secondly,
the effeﬁt af‘incfeasing.the-cgnCentration of added scavenger.

The results in the abovertables shouw that tHE'addition of 107
mole per cent of I, reduced the total organic yield from 56 to 27

1 mole % of pyridine or

percent, whereas the addition of 10~

bromine only reduced the yield from 56 to 50%. A similar small
‘ , - -1 .

reduction is found with the addition of 107 mole % oxygen

(56 to 51%). These results indicate that I, is a better scavenger

than the others.




140

The results shown in the graphs of organic yield against increasing
concentration of added scavenger (Figurescéé'- 35) may be divided
into two parts, the division depending upaon the slope of the graph
i.e. the rate of decrease of organic yield with increase in concent-
ration of added scavenger. The organic yield is extremely sensitive
to small quantities of halogen added to the system before neutraon
irragiation and, in this study, it is found that the organic yield
is approximately halved by the addition of 0.001 to 0.5 molar
fraction of iodine., J.E.C., Macrae and P.F.D. Shaw {14) in 1962
showed that the organic yield fell extremely rapidly when the

scavenger (iodine) concentration was increased from 0 to 0.05

molar fraction.

It has been found in this study that further increase in concentration
of the iodine scavenger causes relatively little reduction in organic
yield, which for several iodides shows an apprbximately lineér
decrease to. Zeroc as the halogen cancentration is increased, This

was found to be in agreement with J.E.C. Macrae and P.F.D. Shau

(14) who Found.that further increase in the concentration of iodine
still caused a reduction in organic yield, but tha'rate‘of decrease
of the yield was reduceﬂ. The observation has been explained by
Uillard et al (2) Qho postulated that one of the-procéSse% leadihg

to the formation of organically bound radio-iodine was the

thermal combination of radicals produced by the capture eveﬁt with

. the radioc-iadine atomé. If sﬁch a combination involves fhe di ffusion

of the reacting species, small concentrations of indine can intercept

and react vith the radicals, so décreasing the chance of their
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reaction with the active atoms, In most cases investigated, the
diffusion-controlled reactions have been shown to lead ta the
formation of the parent compound (14). For example Levey and

Willard (101) have shown that the fall in the organic yield when
small quantities of iodine are added to methyl iodide is balanced

by the reduction in activity of the active methyl iodide present,
over the same range of iodine concentration, The activity df

other species produced, for example methylene iodide, was

unaffected within experimental error. As the concentration of
scavengers used in this study is increased, the organic yield becomes
less sensitive to the scavenger concentratiaon variation, and this
less sensitive part of the organic yield is regarded as arising from
recombination or replacement reactions which do not involve diffusive
processes (14), and may be termed "hot" since presumabley a considerable
ahount of energy from the capturé event may still be availbale in the
radio-iodine afom or the'surrnunding molecules, :In summary, the
irradiation of a liquid organic halide allows about half of the
radinhalide to be extracted into an agueous solution (102) and the
organic yield is dependent on the presence of free iodine,in the
irradiated iodide, and falls extreme;y rapidly when the iodine
concentration is increased., Further increase in iodihe concentration
still causes a reduction in the eorganic yield,,bﬁt the rate of decrease

in organic yield is reduced.
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5,2 Caging Effect

lodine - 128 and bromine - 80 produced from 1'%/ (T r ¥) 1 128

and Br'® (M a0 miclear reactions were used to study Br

or H substitution in purified liquid ortheo and meta iodotoluene and,
ortho and meta bromotoluene., The compounds were studied with and
without 12 present as radical scavenger. In addition, highly diluted
mixtures of these compounds with a variety of organic soclvents, such
a simple aliphatic hydrocarbons, aromatic and perflucrinated

aliphatics and aromatics were studied,

The results obtained in these systems suggest an interaction betueen

the molecules making up the solvent cage with the intermediates forming

tHa substituted product, _This interaction consists most likely of an

H abstraction by the I radical in the solvent cage, uhich competes

with the reactions of therﬁal iodine leading to the I - 128 -

éubstitution products, resulting in reduced organic yields of the

‘latter compound. In the cases of the unreactive wall molecules,

e.g. perfluorinated hydrocarbons, sudh a reaction cannot take place énd ‘

the yields of the I128 substitution products remain large.

Stocklin et al (38) more recently suggested that chlorination of
monosubstituted benzene in the liguid phase following 613?_(‘71 5) ' o

C138

reaction occurs via f@b procésses:‘a ona-step reactioﬁ being first
order with respect to the concentration of the'aromatic substrate énd
multistep process inuolvihg at least two substrate molecules, They
further postulate that both‘mechaﬁ;sms involve complex forﬁation.

The one-step reaction proceeds via direct addition of the I128

to the aromati¢ substrate faorming a 6) - complex. The multistep
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process, on the other hand, may involve, according to these authors,
aTli -tog - complex reactian sequence., The initial'?f ~ complex
formed by the interaction of the kineticaly excited 1128 atom with
the aromatic substrate may rearrange to a Gf - complex and eventually

128

lead to I substitution or in a competing process a scavenger,

alecohol, or alkane, may extract 1128

fraom the complex. Thus the
addition of alecohol or alkane effectively supresses the & - complex
formation. These compounds should also scavenge, via hydrogen abstraction,
thermal I - 128 atoms, which in the case of exotherndc.reactions can
replace.substituents in the aromatic substrates. It has been assumed
that in addition to the “self-scavenging" of the T - 128 by the

" hydrogen containing salvents, the solvent molecules also participate
indirectly in the substitution process by providing a different

“cage environment" in each case, lsading to a more or less effective
‘caged radical-radical recombination, In the present study an attempt
has been made to furthef.evaluate'the effect of solvents, especially of
_"inert" solvents, such as perfluorinated hydrocarbons with respect to
their effectiveness to scavenge thermal I - 128 atoms in sclvent

cages and to extract 1128 atoms from the ﬁostulated intermediate -

complex. For this purpose the 1128 substitution following 1127 (M%)

1125 reaction was investigated using liquid mextures of 0 -, m - iodo-
toluene and 0 -, m - bromotoluene with a variety of aliphatic and
aromatic solvents Qith and uifhoutAIziscéﬁengéi. The results of

these expsrimehts are summarized in fablés (9 - 186) which show tbat
the addition of 90 mole % of cyclohexane or_aliphatic alcohols such

as methanol, ethanol éhd n-butanol, “ . ~... reduce the organic
yield, Téb195'(9, 10, 11 and 12) shou that when gﬁ.mole% of the
diluents are added to ortho and meta bromotoluene without adding I,

" as scauenéer will cause a rediction in the organic yield

In the case of alcohols as diluents the reducticn of the organic
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yield was found to be lower when the number of Carbons in the alcohol -

molecules increase {i.e. the yield was higher with CHOH than with C2H50H..etc).

The addition of 0.5 mole % of I2 as a scavenger to the system before neutron
irrédiation causes a reduction in the organic yield of about }5%. \uhaen
.aliphatic alcohols, benzene,‘Cycluhexane and perfluorinated hydrocarbons
are added to ortho or meta fodotocluene (with or without the addition of
‘'scavenger before irradiation) they will cause a less dramatic reductisn in
the organic yieid'than that noticed in bromotoluene. Stoklin (38)

38 dichloro-

indicated, as evidenced by the identical yield of 1.3% Cl-
benzene in the case of o-dichlorobenzene -cyclohexane with or without
0.5 mole % 12 scavenger present, that this decrease in the radiochemical
yield of the substitution produc# is not affected by the presence of

small amounts of I. scavenger.

2

A somewhat different situation exists if the‘diluent is henzene, 1In this
case, a less dramatic reduction of the I - 128 ~.for - I substitution
yield is observed. The effect of aliphatic hydrocarbons and alcohols
can be understood by considering the relatively high reactivity uf_these
compounds towards thermal iodine and bromine atoms. Consequently by
-surrounding the indatoluene.and iodobromine molecules with these
compounds the probability of recombination between the (thermalized)

f and Br atom with the iodophenyl or the bromophenyl radical is greatly.
decréaééd.sincé the phenyl radicals have nby tc‘compgte.uifh ihe solvent
malecuies for 1 or Br atoms. Tﬁe results in tables (9 - 16) suggest that

thon WL ol dij{utnbs

benzene is a less reactive partneqkfor thermal I and Br atoms,
Thio & hacamat Yot H-abskmbiom reackivn whliT and iz H”
pwleskdloukion rackion wilh B dre bota 2ndothamnsic reackions,

CETTL LR
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Radigal recombination or =<{ - complex formation leading to the substitution
product is therefore possible in the unscavenged system. The effect of

the iodfne concentration in the pure solvents as well as with iodobrominea
and icdotoluene 12 varjous diluents were studied. It appears that the
reaction of iodine with pure iodo and bromotoluenes is different to

the reaction of iodine with diluted compounds, This suggests that during
the neutron irradiation a range of iodo-compounds are formed, of which,

the concentration of one species decreases with increase in idodine con-
centrétion.. In (M, ¥ ) reactions, one usually assumes the formation of
free radicals or charged fragmgnts. However, the reactivities of free

radicals are expected to be the same for these substances and should more

or less be independent of the dilusnt used.

In summary, the irradiation of a dilute sclution of an organic halide in
an organic solvent reduces the fraction of the radiohalide found in the
parent molecule to Zero as fhe_concenﬁration is decreased (103) but in
this study, it has been noticed that the decrease of that fraction was
about 33%. The results obtained in these systems suggests an interaction
betuween the molecules making up the solvent cage with the intermediates
Forﬁing the products, This interaction consists most likely of a hydrogen
abstraction by the halogen radical in the solvent cage, which competes
with the reactions of thermal halogen leading to the-fofmation of T - 128
and Br -~ 80 substitution products, rgsulting in reducing_the.organic yield
of tﬁe_latfer combnuhﬁs. In‘ﬁhe Ease of pérfluorinated.hydfocarbons such
a reaction cannot take placé:bec;use thé pérfluﬁrinated hydrucarbons_are
known as unreactive wall mélecules; thus the yield of I - 128 products
remain large. The uée of banéene as a diluent is less efficient in
réducing the oréanic yield than are'aliphatip compounds which may be due
to the fact that benzene farms a 7f‘- complex which in térms of the caged
radical-radical it cannot removs I - 128 and Br - 80 radicals énﬁ may

be only by 31 - complex formation.
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5.3 Szilard-Chalmers Effects

Most studies of the Szilard-Chalmers effects in organic halides have

been made with pure halides either alone or mixed with free halogen.

Uheh organic iodides are irradiated with neutrons they undergo the
Szilard-Chalmers reaction in wvhich part of the radio-iodine produced by
neutren capiure is found in organic, and part in inorganic combination,
The nature of the primary event respansible for the disruption of the
parent molecule is still aohscure, but the diversity af new organic species
produced indicates that a considerable energy from the neutron capture
gvent is available for the chemical disruption of the neighbouring

molecules.

Bodo Diehn and V., George Thomas (19) in a recent study reported that the
produdt-spectrum generated upon X-irradiation of iodobenzene consisted
of the foliouing compounds:benzene, ibdine, iodobénzéne, O =, m =, and
iodobiphenyls, 1In this study the expecfed compounds generated upon
neutron irradiation of a purified sample of o - iodotoluene mayrinclude
the above compounds. In addition any af the follouing cahpounds could
be formed: iodotoluenes, benzyl iodide (uhich might be formed frbﬁ
'lahﬂliﬁg‘of the methyl groﬁp attached to the bénzene ring uith'iodine),
1, 2 and 3 iodo benzyl iodiﬂes énd a variety of aliphatic iﬁdocompounds
uhich might be Fﬁrme? due to the disruption of the bsnéehe'ring upon.
neutran irradiafion. Unfﬁrtunataly it was diffiﬁult to detect.the
-expected compqunds {except the pareht compound i.e,.o - iddutoluene)
because the GLC was hdt sensitive enouéh'to detecf tﬁe above compounds

esaecially those which were formed in trace amounts,
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Some insight into the processes occuring after neutron capture can be
obtained from the "scavenger" effect, or the fall in the organic yield
observed when a radical scavenger, such as elementary iodine, is present

during the irradiation.

The general procedure, as described previously, was to irradiate a
2 ml sample of the purified o-icdotoluene for 12 minutes and extract
with a_dilute aquegus solution of sodium thiosulphate and then separate

the aqueous layer from the organic layer.

To investigate the activity recovered after separating the components
within a sample, a mixture was injected into the HPLC or the GLC. For
this purpose 20 pul of 25% solution of o-iodotoluene, iodoethane and
methanol in 5 ml of the mabile phase were injected anto the HPLC
column. The results shown in table (19) demonstrate that the activity
recovered after separation was very high (99.2%). The activity was
determined by Cerenkov counting and the counting efficiency was found to
be influenced by many factors such as the kind of soivént, the yolume of
solvent, the concentration of the solution (15% and 25% uére_used) and
the tutal volume of the solution to be counted. The optimum total volume
ués found to be between 9 and 11 ml, The results shown in table (26) sﬁou
that when 200 )ﬂ af a mixture of 15% gach of o-indotoluene and iodobenzene
in hexane injected'intu thé_GLE;'QS% of the injected haterial was collected
in 2D‘x 1U'¢m3'fractions.of hexéhé {total collection_time‘o% 40 minutes).
The organic yield of the parent qompound_is 58.63%, the remainder might
be the other species'produced,?rﬁm the neutruﬁ capture.. The above
experiment uas.repéated many timéé_(twehty‘runé) undef the same ekperimental
conditions because some of “the qbtainéd résu}tS‘uére not consistent.
This ués=probably ﬁua to the follouing.factors:

1. Leak probleﬂs in the GLC

2. Some difficulties in controlling the heat



3.

4,

5.

6.

7e
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The purity of the materials used, this is of great importance
since the irradiation is very sensitive to the presence of
impurities even if they are in trace amounts,

Iodine ﬁompounds undergo photolytic decomposition when exposed
to light. For this reason care was taken to prevent, or at
least to minimise. this by wrapping the container with dark
paper and storing the compound in the dark. Houwever, there

is still some doubt about the complete prevention of this
decomposition because sach run takes about 50 minutes in day
light or Neon light.

Variation in injection volume

During the collection of the column effluent, in pots containing
10 ml of hexane it was observed that the solution evaporated
and the evaporated quantities were found to be different from
one pot to another as well as from ons run to aﬁother.‘ To
gliminate thié'variation, the samples were remade up to 10 ml
with fresh hexane before counting the activity collected.

The exposure of the sample to the light causes fluorescence
which results in an increase in the number of counts recorded
by the liquid scintillation counter. To overcome this effect
the samples were counted repeatedly and the results were

corrected. for decay time,
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CONCLUSIONS:

The objectives of this work were to investigate,
(i) scavenger effects on o-iodotoluene,
(ii) the caging effects on scavenged and unscavenged systems
of iodotoluenes and bromotoluenes with a variety of inert
diluents, and

(iii) some Szilard-Chalmers effects aon o-iodotoluene

It has been found that erganic yield is significantly influenced by
‘the presence of iodine scauehger, the total organic yield being
reduced from 56 to 27% by 10"1 mole percent of I,. pyridine, brom ne

and oxygen were found to have smaller effects.

. The effect of dilution with aliphatic and aromatic solvents on the
radiochemical yield of labelled ortho and meta iadotoluene.and

bromotoluene shows that the addition of aliphatic hydrocarbon or aléohnl

drastically decreases the yield.

The experiments to investigate theszilard-CHalmers effect were
inconelusive as the sepa2ration and detection methods employed proved
to be inadequate in jdentifying trace amounts of possible activation

products.
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