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SUMMARY

=S

The thesis describes an experimental and theoretical investigation
of the beheviour of free radicels in irradiated orgenic single cexrystals.
Attention is confined to problems concerned in the production and post-
irradiation behaviour of free radicals as distinet from previous work
which has been concerned mainly with problems of thelr identification and
interpretation of their ESR spectra. The work centres around the problem
a8 to whether mobile hydrogen atom vacancies play a role of any importance
in free radical behaviour and especially in their thermal annealing. In
this regard the literature has been veviewed and a search made for evidence
implicitly related to this question. The necessary and reasonable con-
sequences of the hydrogen atom vacancy being readily mobile have been
analysed in some detail to provide o guide to experiments aimed at the
verification of this hypothesis. A by-product of this part of the work
is the proposal of a new and convenient nomenclature for complex organic
radlcals.

The thesis describes apparatus designed end constructed in the course
of this work, the most important of which is a variable temperature cavity
enabling the thermal behaviour of free radicals to be observed at elevated
temperatures.

Experimental studies showed the productlion rates of free radicals and
their rates of thermal annealing to be quite reproducible from specimen to
specimen to an extent indeed, beyond what one expects for reactions in the
s0lid state. The kinetics of free radical thermal desiruction was in-
vestigated in selected systems; reaction kinetios were found to be usually
second-order; activation energies were neasured where possible, Selected

cases were examined for the deuterium isotope effect on reaction rates



which was found in two instances. Several gystems were exanined by means
of differential infraved spectroscopy for evidence of the phenomenon known
as "igotopic nmixing". This was found to occur in one case (viz 00' -
didenterosuccinic acid single crystal) o such an extent that it is eanily
observed in the infrared spectrs. Other techniques (namely diffevential
thermal analysis, free radical production by hydrogen atom bombardment and
macroscopic diffusion messurements) were employed on ascount of their
relevence to these problems.

The general conclusion of the thesis is that the hydrogan atom vacancy
probably does play a uajor role in posteirradiation behaviour of orgyzic
free radical phenomena. The best new evidence brought forward, far?ieaat
the occasional relevance of this mechanism, is the abovementioned occurence
of large secale isotople mixing in partially deuterated suscinic acid single
crystal. However, it seems likely from the evidence that it is not the
sole mechanism which provides the rediecal state mobllity necessary to
explain the thermal annealing of free radicals at moderate temperatures.
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1.1 BHistorical Review

The first electron spin resonsnce (ESR) spectrum from free wadicsls in
an organic compound previcusly exposed to high energy radiation was reported
as early as 1951, (Schnieder, Day and Stein, 1951), Later Gordy, Ard and
Shields (1955a, 1955b) examined the ESR spectra of a large mumber of
irradiated organic orystals in powder form. These included snino, carboxylie
and hydroxy acids which were chosen because of their biologidal interest.
The results in general appeared to indicate that high energy radiation removed
& hydrogen atom from a carbon atom in the molecule and the unpaired electyon
remgining was priuarily localised on this carbon atom. This unpaired electron
| aasocisted with the larger fragment of the damaged moleocule (which is generally
called a free radical) was found to interact magneticmlly with those nuclei in
cloge proximity to 1%t. The hyperfine structure of the ESR spectra that Cordy
et al observed resulted from this interaction allowing them to identify the
radicals produced in the simpler compounds. Uebersfeld and Exb (1956) made
extensive studies on free rsdizals in ¥ ~irradiated sugars and celluloge, and
in partioular they studied the anisotopic spectrum from single erystals of
glycine. Van Roggen, Van Roggen and Gordy (1956) also observed spectra from
X-irradiated single crystals of slanine. MoCormick and Gordy (1958) exa,mine&
several gimple compounds with peptide bonds to zain some idea of the breakdown
Processes in natursl products. However, they concluded that only limited
information regarding the redical species produced can be obained from the
spectra of irradinted crystalline powders.

Since about 1958 a lavge number of studies of the ESR from single orystals
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of orpanic ccupouwnds irrediated ail rooas temperuture Lave been made., Some of
the compounds iavestigated include glycine (Ghosn and ¥udffen, 195%, 19803
Winule, 1959; Weiner anu Kouxi, 1963; Morton 156453 Collins sud Wwhiffen, 15:6),
alanine (Miyagava asd Gorey, 1560; Horsfield, Korton wnd Fniffen, 1961c;
Miyagawa and Itoh, 1962), valine (Shielas, Hamrich and Delaisle, 1967
N-acetylglyoine (diyesawa, Kurita and Gordy, 1960), elyeylglyeine (Katayama
ana Gorcy, 1:61; Lin and McDowell, 1:61), malonic acid (McConnell, Heller,

Cole anc Fessenden, 1970; Horsfiel., Morton sud ¥niffen, 1961:) E~succinic

acid (MoComnell and Heller, 19:0; Pooley and vhiffen, 1561 J» gutaric acia
(Horafisld, Horton and Whiffen, 1961s), adipic scid (Morton wad Horsfield, 1961)
ant dleazpatic scic (Jesejs and Anderson, 1962). A review of the ISR
spectroscopy of orieniated radicals in sin le organic cyystals up to 1964 bhas
been wade by Morten (1964aj. This review also ciscusses in sone detall {he
now well=esiablished tvheory of tie liyperfine interaction asscciated with
orientated radicals. Tie B84 of trepped orgmiic radicals in sin;le crystals
of known Suwructure has yielded infurmation on the orientation of Lue radicals
in the crystal lautice ol their conlciuation and electronic structure.

A re.ding ¢f the literature on free racical ideatificasion in irratieted
organic solivs shois that theo redicals Formed ia Lhe erystdl laitice usually
result from the wreakin of & C-H oxr -0 boad. Other vonds chat nay be
broken are Nefi {Horton, 15640) or U~F (Iwasaki and Toriyama, 1967). A4 recent
report in tue literature incs claiwed that radicals of the forwm &~00Ce do oveour
(Moulien, Cernansky auc Straw, 1967)+ Somvtimes irridistion resulis in the
production of more thas one aiffereus radical species iu a particulsr cryatal
gtructure. For exauple wien smalonic acid is irradisted (Horstielu et al,

1961} tie two radicals HOGU-GH-COUH and Ciz-00UH are formed together. In
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most of the above siudies tue crystals were irradiated and cugarved at room
temperaiure but sowe crystals including glycine {Collins ami “hiffen, 1966)

and L~a-alanine (Sinclair and Hanns, 1567) have been irr.diated at room
temperature ane their ESR specira cubserved at liquid nitrcgen temperature (Lwt ;.
These workers found tiat when such orystals were cooled to LY tie HSK spectra
reoorded dilfered from the originel specira. Toney were able to explain ¢his
vemcerature depencencs of the spectra as arising from %ue cessaition of retation
of the amiuo (m{f{} or methyl {CHs) group in ths trapped raddcal as it was
oooled. This change in uhe spectrus was veversivle, thet is, uic original

Hid spectrus was regaincd when tae weuperature of tioe orystdl ves returned

to room tempecature,

Recently, it has veen reporied thai ionic specles are forsed in f@w=succinie
acid (Box, Freunc and Lilgs, 1965}, a~azinobutyric acid (Box aud Freund, 19 N
ghyeine (Collins and Whif'ten, 19°6) and Leg~alanine (8inclair asc Hanna, 1967)
when crystals of lhese coupounds are ieradiated and ougerved at LilT, These
workers velieve that free rvadical ions are the priwary species formed in the
irradiation prucess aud Luat the neutval (ree radicals ohsarved at room
temperatuce after the crystal was allowed to warm up are ine secondary species
of this prcoess,

Kinetlc stuaies on free radical disappearance in icrasdiated semicryatalline
polyethylens were published in the litersture cs zarly as 1953, The carly
work has veen vriefly swmarised in tie introduction of & receut paper by
Cracco, Avia and Dole (1962) who made an cxteasive study of toe radicals in this
paterial. Toese workers oxaminea frec radical aancaling ai diffecent

vemperaturea and found that tue radical concentration av & pariicular venperature
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Gpproac.ed & limiting velue, wailst on sedsing e beupsrature aore free

velues This isotherwal {'res radivel reaction was interpreted in terus of the
free padicals vedny; for.ed in regions of high, local coacentration, cadlled
*apurs®, during the prisavy act of the rudiation., The annsaling resotion was
@ vi~moleoular process between radicals within oach spure. Those free radicals
closest to each other wore avle tu react at the lower temperature leaving the
radicals Iurther spart unaifected, un raising tne teuperatwre sowe of the
radiicals further apart can move oluser togeliher and react, The mechanism by
which tue free radicals could wove was postul:.ted to be migration vy a wiigque
lype of vucancy and this wes the first time suech & mechanisis had been
proposecs The suiuors suggested that the "free rodical cenire”, that is, a
free bond acting as e chesically active centie, could aove gloag or avross tae
solecular chain., This centie moved by the transference of a aydrogen atom,
the atom uoving from a nedghvouring molecule and torming a vond with the
unpaired electron while an unpaired eleciron is left en its pareat moleecule,
In other words, a type of "hole¥ is lai't by the uwigration of the hydrogen atom;
this "nole” represunting the radicel centrs, The foraation oi spurs is to be
expecied to ocuur in saterdsls wiere the arystallinicy varies sreatly throughout
e maverial, In sowe rezions eone phcton way producs many free radicals
wherees in other regions thia may ot ocour, Furthernore, some free radicals
can be axpected tv 8se a diiferent environment «rom others in the essentially
inhomogencous material, Thecefore tie reaction rate will vary fror region to
roglon aiu a kinetic law of siumple Furm canunet be expected to be ouserved,

In fact Craceo ot ol claimed that the reaction ocbeys ficateorder kioetics



whereas Smith anud Jacobs (7962} nave claimed chalt It is seconi-order.

Charlessy, Libby and Ormerod (1:61) hove also ovaerved that the rsaclion

rate varies with the preparation of t. .2 samples, tne rate being 50 {imes

faster for stretched polyeiiylens. Af'ter reviewing this work «ith poljymers

it was felt thay fwrther investigaticns of these materials with a view to

the elucidation of the fundamental process of free radical phenowena in organic

solids would be inadvisavle, A study of microscopie pheuom.na of free radical

reactions would obvicusly ve very aifticult, 1t aypears that & siudy of

fres radical reactions in irreadiated single crysials would we better as it can

ve expected that the roedicals would be uniformly distributed throug:.out the

erystal; each radical cccup;iug an enviromaent essentially tiw same as the

otinerg., In briefl, tne sinsle crystal of an organic coupounc is a uniform

and essentially well cusrscterised material., This cannol be said for pulymers,
The only other autiiors who have veen concerned with tae recction

mechaniam of free radicals in organic solids have been Truby, iclallum and

Hesse (1962). Oectadeqyl disulphide (Cqgilyy=5~S~ygHsy) was irrsdiated at LuT

and two parsmagnstic species were oussrved to forme. These two radicals were

respectively of the form uo* and an aliyl type redical whose exact nature was

not determined, (i reprosents the paraffin-like chein siructure of the

molecule). On Bioring the irradiatcd powder at a twmperature ceiween 0YC and

m"c the RS+ cunwentration was observed to increase vwhile the concentration

of radicals ol the alkyletype uecreascd., The rate of build=up and cecrease

of sach radicsl wes about the same. The reciprocal of the conceuntration fur

eaci radical specics as a function of time was founa 4o £it a straignt line

snowing tuat the reaction kinetics were second-order, The mechanis. suggested



for this recciion was that meluecular diif'fusion controlled tue buildeup of

the Ro* radical, As this organic molecule is a chain wolecule (two par o f'f'ine
like structures R Joined by two linked sulpaur atoms) it was postulat:d that
dirfusion tocvk place zlong the direction of the length of the molecule until
it vas adjacent o an alkyl radical. This redical was then able to resct with
the disulpaide jroup in this molecule so formin: a RS+ radical. These authors
postulated therefvre that tune diffusion necassary fur free radlcal reasction
is achieved by the diffusive transfer of whole molecules or radicals, as
disvinct rom the weohan.am progused by Dole et al. Ia the author's opinion
the investigation of tae relative importance of these Lwo mechanisms i8 one
of the wost interesting open questions in the Pield of free radical resciicns
in organic cumpounds.

4 search of tie literaiwre bes revealed thai kineiic studies so ‘ar
reported have veen restricted to fres radicals in those compowxi g discussed
ebove., No kinetic stuuies un Pree sadical (ilsuppeararce in siungle crysials
have uppeared iu wie literasure. Those peoples wno studied tne L8z speciroscopy
of' free radicals in single or,stals nave apparently not veen attracted by the
question of xinetic situdies on these radicals. iowever, some of these wopkers
did repurt vhat coanges ocourred in the speetrs of some of these irradiated
orystals on warming 8bove room tempereture, Some of these phenomona will be
briefly descrived. Irradiated gl)cine erystals have been extensively
investigated uy various workers for tue purpose of identifying the free radicals
produced. @hosh and kuiffes (1959, 1.60) attrivuted tue spectrus vo
i3 -6H~C06™ and Ry while Weiner and Koski (1963) disputed tais because their

results led thea to believe tuat tiue radicals were 13}2., and 51'12—36(}". However,
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Horton (1564b) resclved this conjecture on the radical identity by analysing
the spectrus fros sn irraticled crystal enriched with 55 I\in"‘a-C" **Hrﬂﬁﬁ*a
Ghosh and Whiffen (1960) also reporved an interesting phenomenon occuring in
Irradiscec glycine. The specira: from fresily irv.diated glycine was ooserved
to alter aiter sgeing for several weeks at room teuperature. Thuy concluued
that one radical, A, disappearcc wiile at tine same tiue a second radical, €,
began to appear. The other redicel present originally, B, remalned esscutielly
the same in concentravion. Bhrenvery, Bahreaberg and Zimmer (1957) also
reported on this phencmencn. They vbserved that toe ares under the absorption
curve rowslned essentially constant whden indicated inet the total number of
wagneiic centres recalaed the same, Neither .rouy of workers smade an, attempt
to provide an explanction for this phcaomencn oxcept (o sy that radicel ¢ was
not forwed Ly lhe irradiation process, It is elsarly of inverzst to elucidaie
the mechaniss of this procsss,

Another intersating phenomenon was raporied by Horsiield, Morton and
Whifi'en (1961b) in fresidy irradiated malonic aecid orystals, They otserved
that ise lutensity of & number of the hyperfice lines in the specirum could
oz reduced if the ovys.al was warmed o 5(3“60% for 2% houwrs. It was found
that twe radicals were preuuced originally and one could be remvved by
gnncaling, leaving the otuer radical wssenvially vnaffected, This type of
paenomencn was &lso cossrved in irradiated single covjystals of edipic acid
(dorton and Horsfield, 1561). Agaia no explan.tion was presented as to way one
radiocal cisappears vhil: the secvud radical ramains unaliered and as to how
the "dangling ond" ou tue reacting radical is savisfied,

Ducing the study of L3k sp.ctruscopy of radicals formed in irradiaved

organic crystals scane workers als¢ irradiated the corresponding peartially
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deutersied crysvalsg, These crystals can be propaved uy repusdut recrystallize
ation i'rom soluiions of the ord ingl coupounds in bheavy waster, ¥ita s
PUCCBCUrE Tae poliy protons are repiaced b ceuleruns waereas tie protons
bouna 1o carvon stous are noeb. On drrediaidn ceuteriws sulstituitea crysials
tae radical provuced sey or mgy nov heve the same speciruc as the undeuterated
erysial, This will Gepeod on whether or aol tas wnpeired sloctron interacts
with a pelar protoan. I Qv des inverasct strougly then on replacing ihia
polar provon witi & deuveren tas hyperfine siruciurs of the spacirus will
alter since the spdns and magnetic moments ol tiese twe nuclel are diiffers t.
Thus, aduicional inforsaticn can be gnined Yo estsblish the identity of a
radical in tie non-deutersied crystal, This procedure nas soen used with
success but it was resliscd as early as 1962 thai there ace Irsguently
couwplications in this simple picture. Hooley and Whiffen (196Z) were the
first to observe muuxpectod puonomens in deuterated crysiala. The uspectrusn of
radiated single crystals of GU'- dideuterosuccinic acid was fuund te coutain
additiongl lines wiick originated frou a free radicsl, electronically the
same as the originel radical. in this radical ou- of the protuns on the
cur.on anom nas bean replaced by & denwercen, These sutuors® first thoughts
were that tL¢ proien woes excaanged curing tue growing of the crystal frow
heavy water, but {this was rulcd ocult wahen infracved spectra of a cr stel were
recorved ovefore irvsdiatisn., The sutiors were then convinced uat the proton~
deuteron ' Hel; exciange on tae carbun atom onl) occured auring the irrsdiation.
Thsy were also pugzled by the cact thol only the syurc.en in one p:sition was
replaced, that is, the prucess was sterecspecif’ic. No coavineing explanation
of tiese ouservations was made alticugh tie coument was offered that deuteration

tudies cun be misluading when used to help identif free radicals, Scveral
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problems immediaiely arise out of thess obsecrvations which are a werning
against accepting a simple picture of "bond-breuking® as being adequate to
deal with the formation of free radicals by the irradiation process, ¥For
example, why does the proton-deuteron exchange in the radicals take place
during the irradiation process?

Several other cases of H~D exchange have been reported recently which
will be briefly desoribed, Morton (1964b} discussed the result of Veiner and
Kogkl regarding the identity of tuhe spectrum from irradiated crystals of
I‘mstCHg-ﬁGU- and lﬁiatCDQGOO"‘ This can possibly be explained by an exchange
taking place between deuterons of the radical mﬁén—-coo" and the hydrogen
atons of the NH; group in the molecules of the hoast crystal, It appears that
complete exchange nas occured on the radical. Itoh and Miyagawa (1964}
published a paper on H-D exchange occuring in free radicals produced in
irradiated crystels of deuterium - subatituted L-~g~alanine. It was observed
that if an irradiated erystal was warmed at 100%¢ for two hours, vhe ESR
spectrum siiowed additional lines. A couplete change in the spectrum occurred
if the orystal was heated at higher tewsperatures and was then in good
agreement with & spectrum for tae radical CH;-CH-R with all hydrogen atoms
on the carbon atoas replaced by deuterons, Tue intermediate spectra corresponded
to a radical with only a fraction of tue hydrogen atoms replaced., The
authors concluded from infrared studies that the exchange tuok place only on
the radicals and not on the molecules in the host crystal. First~order kinetics
were observed for the very early period of the exchange reaction. The
authors did not put forward a gensral mechanism for H~L exchange in the
radicals. However, to account for the complete exchange on the radical they

proposed tnat the deuterons of the amino groups of the molecules must migrate
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Shroush twe orysial, te allow the deutercas onte the carbun ctems. The
review on profon-deutercn exchange nas poinied out that the exchange Lppears
to progecd auv a slowerate in Leg-alanine a8 cospered to the excasnge in
glycine ov suscimic Acit. In the last two coupounds this axchange must ce
very rupid as it appears to ve ocouplele after irrsdiation.

4 paper roceutly puclishcd by Smipes ana Horaa (196‘7, is of considarasls
intergst for this review. The authwrs looted at the phenocwencn of dcsage
saturation wihen coganic orysials were exposed te iomising radiations. It
has veen known (Hotblat sud Simmons, 1963) thet the nusber of free radledls
produced does not conlimus t riss lineerl; with doss but e sawuraiion laovel
is ovenwually reached. In this poper it was argued thet either no radicals
were produced wien satusation is resched or radisals were belng continually
pruuucen and dusiroyed ai the sawe rate, To test tie sschanisa of saturation
the previously mentioned phenomenmon of proton-deuteron cxchange in ie~g-alanine
was uped. Crystals oif deutersited L-g=alanine were irradiated with large
doses of X-rays and tien heated at 60° for 1.0 hours, This resulied in
selucted Lydrogen aloma vound to Lhe carvon atosas of the free radicals veding
excaanged for deuterons, Thus seleotively deuteratcd radicdls were preseat,
This erysval was toen reirradisted well past tie saiuvation level and the L8R
spectrun revealed Lhst no evideace of the seleotively deutverated radicels
remained & vhe end of tie irradiation. Therefore it wus concluded that the
labelled radicals were destiroyed uuring the icradiaiion PTocess,

An interesting phenvsencn on which seversl papers have recently appeared
is hat of free radical pairs. Bxperiucntal observations have shown thas
raaicals can ve produced in "pairs®, thas is to 8ay tuat two radicals are

wrapped on adjacont sites. The wa netic dipole inversciion of Lie two unpaired
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electrons which are delocalised and exchanged, results in a very large

anisotropic spiitting in the ISR spectrum with the effeet that radical pairs
can be readily distinguished. Radical pairs have been observed only at LNT
in several oompounds including dimethylglyoxime (Kurits, 1964a) exalie acid
(#oulten, Cernansky and Straw, 1967) snd monofluorocacctamide (Iwaski and
Torlyama, 1967). No detailed mechanisms were suggested as to how radical
pairs come to be produced ss a sizeable fraction of the radical population
of the erystal.
1.2 Rationsle of these Invesiizations

The work published mo far on damaged organic solids indicates that the
major aim has been the investigation of ESR spectrescopy of the free radicals
produced in these compounds, that is, the identification of the radicals,
determinationcof their ortentation in the crystal lattiee and their eleotronic
structure. The queations surrounding free radiosl destruciion by annealing
has been given little consideration, with only twe compounds, namely polythene
and negotadesyl disulphide having been studied in any deteil. Some workers
in thelr spestroscopic studies of free radicals in irradiated crystals reported
in passing that the radicals disappeared when these crystals were annealed.
The joint ennealing of two different radical species in a orystal was not
oconsidered. An experimental survey is mest likely to reveal that free
radicals reported in other irradisted orystals can also be destroyed by
annesling. %he review has shown that no accepted mechanism so far exists to
explain free radical phenomena and in particular free radical recombination.
In other words the guestion "How are the freec bonds satisfied?" has not been
satisfactorily expleined. It may indeed be possible to postulate a mechanism

that explains H-D exchange as well as free radical destruction. The existence
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of free radical pairs at LT aceds to be considered in detail.

One's first thousbt in respect of free radical dizappearance is that
two radicais rucowbine to forwm chesmically saturated speeies. This is sxuceted
to be a siuple case of reaclion kinwilics b ocause if two species react to form
& nev species & resaction of definite hinetic oraer exisis. The secondsorder
recction kinetics of radicals in ne-octadecyl disulphide appear to sup-ort this
poswlatas Unc also needs Lo consider that the radicals are raandonly
districuted tiwrough the crystal lattice, initislly. Now if they are to react
a mlgration mechanism must ve invelved if tue radicals are to arrive on
adjacent sites tv destroy each other. One can begin sxunining che sigration
paenomencn Ly postulating wechanisins. Two principle mechanisws have Leen
propoasd by otasr workers. in the if'irst case it is said that the radical
as 8 whole migrates through the lattice until it axrvrives at a site adjacent Lo
another radical to react, Tuois really implies sgelf dii usion within tie orystal
because a radical usually is only the nost uclecule aines & nydro en abom.
Truiy el al have used this wechanisi tw explain free radicsl build up and
disappecrance in nwoctadecyl disulpuids, Migration or the  ross free radical
appears to ve Isasiule as suversl popers have receantly been published on
self difiusion of C¥4-anthracene in single crystals oi anthracene (Sherwood
and Thowson, 1560,, This self diffusion was studied vy evaporatiny o' labelled
anthracene va to one face ol a crysial of anticacene grow frow the meli.
This crysial was neated vetwsen 1?00(} anid 15;006 for sous nours and tuen
sectionud to determise tue activity through the erystal. Lee et al (1565)
studied self diffusion in enturacesne in two particular direevious perpenvicular
w0 eaoch other and an anisoiropic effect in tue difiusion was observed. A

vacancy mechanisa combined with a loosening of the structurs near the meltingpt,
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#as proposcd as veing wost likely responsidls (sr scls diff'uaion, Self
diffusion has alsc been studied in cyclohexane by observing the line

widiis of the nuclesr maguetic rescnance lines (Anurew and Fades, 1953;
Andres, 1561), The alterastive mechanism that can allow free radical
migration is the migration no. of the waole iree radicsl but of tue free
radical s.ate which is effectively itransfered Lo an adjacent site wien g
iiydrogen atom is abstracted from the @olecule on this site, somvert.ug it

to the same free radical wnile we uycrogen atom attaches itself te the
radicel, viz, Kii + RH + B* & B + R* + §H., & similer w.chanis: has been
favoured by sowe workers looking at free radical Gisappearance in irrvadiated
pelymers. Initially, this appearsd o the azuthor to be tie nost promising
hypotuesis; it certvainly would sce. to exist in polythene where gross
migration of mulecules and very large radicels svems to be oui of the gquustion,
If one accepts this mechaniss sevaral predicticns can be ssde, If free
radical destruction is ogbserved in deuteratod or;stals where a deuveriun

atom has replaced tue Lydaro en atow in tae suszing mechanism then the roaction
rate can be expacted to ve iedusced 0, & facior of H Yo 8, This is know: as
the kinetic isotope effect., Inirarod spectroscupy can be used W examins

the exteut of isetopic miring in lrvediated snd annacled crystels which
results irom the movezent of the hycro en atom vacanecy. Free radical resctions
are vest studied wiiu single erystals of high melting poinis (viz. aydrogen
bonded wolecules) in vhich self d@ifiusion is very unlikely. Crystals froam

the amine and carboxylic acidc sroups were therefore regardea as uost suitable
for tuis work, It was planned to invistigate prineipally reacticn kinetics,
the deuterium isotope eff'ect, and proton~deuieron excnange. These invegi-
igzations had %o pe preceved by a large asow:t of preliminaery worik on the

reproducdbilivy of free radiecsl anncaling whien in itself &8¥e results of
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soxe interest. As vell as the experiamcntel studies sn iupertant part of the
thesis is devoted to an examinetion of tucoretical aspecis of the behaviour

of free radicels in solids,
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CHAPTER 2
THE RaDICAL STATE MIGRATION UYPCTHESIS

2«1 Introductiion

The last Chapter has reviewed the work on free radical phenomena which
take place either during or after formation of the radicals by high energy
radiation, pointing out that some of these phenomena are completely unexplained,
The usual, rather naive model of free radical formation is thet of aimple
bond=bresking. However, on rurther examinatiocn this simple picture is found
inadequate to explain some of the observed piuenomena in partiocular free
radical thermal destruction and isotopic wixing.

In an atteupt to understand wore about free radical phenomena and to
act as a guide to an experimentdl study of these phenomena, a model based on a
hypothesis as proposed by Ericson and Cutten (1965) will be introduced. This
leads to a number of predictions about free radical reactions including
several new phenomena not yet observed, These predictions formed the basis on
which the experimental work to be desoribed in this thesis was undertaken.

2,2 The Hypothesis and its Predigtions

The hypothesis can be given precise stateament as follows:=-
an organic cryatal that is exposed to high energy radiation remains essentially
the same in structure except for the formation of radiation produced
impurities and defeots and the occasional removal here and there of hyarcgen
atoms from the host moleeules and tne impurities. The "holes" or vacancies
lef't by the removal of the hydrogen atoms are im principle and often in fact,
mobile and may be tranafered to other hydrogen stom positions on their own
or other molecules by the transfer to them of hydrogen atoms from those sites,
The transfer of the vacancy between aormal moloecules of the crystal, the

so~called host .clecules, is what leacs to diff'usion of' the radical state
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while the uransfer of the vacancy within the mclecule can ue recognised

as an isomeric transiormation, Indeed, the sssence of the hypothesis is tue
treating of the irrs;di:zt_l,a crysial as a wiole as a system in which free
radical iscmerie transforamations occur. A orystal containing a single
vacancy on a site A which is transfered Yo a site B can ve reparded as
undergoing an isomeric ccnversion. When two :uch radicals reach adjacent
sites Lney are able to react anu sv the model has the essential property of
explaining the free radical wigration thet sust ve involved in the annealing
process, The precictions which may ressonasly ve mode are discussed in
soic detalil.

1. Free radicals in organic crystals are classifiable into two cate; orius

to_be called I~ and H- radicals respectively.

All of the free radiculs so far reported in toe literature can e
cecaverted into saturated molecules by tne insertion of a uycrogen atom in the
"dangling vond®, If ihe molecules so produced are the same &8 the noracl
moleculus of the crystal the radicels are called host-type radicela (H-type
radiczls or li-radicalsj. They amay pe regarded as veing formed vy the removal
of & wydare en ato. frow one of ihe moleculss of the host crystal. Theis
structure is similar to the host molecules with only slizht differences in
bond lengtus and angles. If however, tiae aduition of the H atom produces &
molecule diff'ering trom tliose of tue host crystal it is designated as an
iapurity~-type redical (I-type radicel or I-radicalj. Although a partieular
I~radical is to ve regarded essentielly as an impurity vwhich is lacking a hydrogen
atom it may well be produced under irrzdiation by ibe removal of a . roup other
than LyJdrogen from the host wolecules., As an example of the application of

tiis olassiiicatvion consider the %wo aiiTerect recicals that have vesn
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identified in malonic acid (Horsfield, Morton and Whiffen, 1961b). With the
H&OC-&H-—QOOH radical the addition of a hydrozen atom produces the malonic
acid molecule and so it is recognised as an H~radical, The 61!2-0003
redical is called an I~radical because the addition of & hydrogzen atom

produces the acetic acid molecule.

its gorresponding free radical isomers which are in principle detectalile
* and identifisble as such in favourable cases.

The phenomenon of isomerism among free radicals is of course well
known in the gas phase, To oconsider an example the radicals 5112-(:3;-08;
and GH;-&H-»CH; are isomers essentially derivable from propane by the
introduction of a vacancy among the sttached hydrogen atoms, Because the
hydrogen atoms exhibit a greater bond strength (Cottrell, 1958) in their
binding on the centre carbon atom the vacancy can be regarded as being
preforentidlly bound to the outer carvon atoms to the extent of the energy
difference of these bond strengths which in this case amounts to an enthalpy
of 6 keal, per mole, Now, in general, a larger proportion of igomeric species
will be present where the bond emergy differences are small that is, the “hole"
only requires small energy for it to be excited, thermally, into one of the
available sites on the molecule, The equilibrium partition of the "hole"
between sites 1s expressed by the following relation

By B . AE

/ na 5 / ‘1 exp ( / n)
vhere the Z's refer to the partition functions of the radicals concernmed and
are essentially a sum over their vibrational stastes and AR is the difference

in the ground vibrational state enargies of the radical isomers. At a
sufficiently low temperature (which mgy be the temperatwre at which the
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compound is irrsdiated) ouly one radical iscmer is expected tv e detectpd.
As the temperature is raised voth radicel is.mers can exist bocause the
thermal equilibrium is eltered allowing more of the "holes" to move to

the other site, Provided the equilivrium is not prevented by steric and rate
considerations the ESR speetra will ve reversibly temperature dependant in
tae sense that tae spectrunm J;s simple at low temperatures and develops new
resonance gsbsorpticn lines f,@ the temperature is raised with a reduction in
atrengtin ol the original lines which however cannoct procecd as far as taeir
complete disappewrance., This pihenomenon has not so far been reported.,

3« ZIhe nuuper of distinct species of free radicals resulting from tie

irradiation of an organic orystal will be suall and rarely greater than wwo.

The essential pasis of this statewent is evident frow tihe above discussion

in that tv a first approxiwation each damuged molecule appears only as its
isomeric form of lowest energy whatever was the initial act of the irradiation
which reqoved a fragment of it to give it free radical status. For exsuple

if the radicals éﬁg—cﬁg-—(ma and Clig ~(53?~CH3 are produceu by removing different
hydrogen atoms only the latter should ve deteoted, A suronger argument far
the above siatement cen howuver be given. The irradiated crystal consists of
host wolecules and impurities, the hydrogen stoms of all of which offer
potential sites for tne "holes®, These sites differ im respect of the energy
associgted with their occupation by a vacancy. Assuming that the "ioles” are
mobile they will prefler o occupy those hydrogen atom sites to which hydrozen
is vound least surongly and if the "holes" are mobile, ihey will be found
exclusively on these sites, leading to a single radical species Ledng present
unless the prefered sites are couplelely occupied by vacancies when the excess will

ve forced to reside elsewhers. In the absence of metasteble binding of "holes®
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one ilanerefore can expect only onc or possibly twe radical spucies to ve present.
The prefersd sites for tue "holes" may bs situated on a particular molecular
impurity or on the host molecul: of the crystal, 4n inpurity which cannot
oifer sites which the ".iole" prefers energetically to those on the host
molecules will not Lind "ioles®, In & particular crystal system therefore
certain wolecular f{raguents will not be present unless they are preserved in
wetaslavle equilibrium, Tnus one can now see tuat although there is a large
nusber of ways in which bonds can ve urok:n even without invoking moleculaxr
rearrancemcnis, only one or at the wost two radiocal spacies will, in fact, be

detected,

io Fhenomens of metastavle equilivrium play am imporiant role in the poste

irradiation behaviour and anaealing.of free radicals.

The simplesi metestable equilivriwa which can be imagined is that
involved in {the unimolecular conversion of one radicsal inte another, An
adlternative farm of metastable bindin, which should be observable is that of
a "hole"™ metastably bound to a site on an impurity molecule which is surrounded
by host .olecules aule to olfer energetically preferable sites.

It is inveresting to classify free radical couversion reactions in terus
of the categories of radicals involved, vis., the distinction ithat must be
made between the I~ and H-type radicals. If the conversion from one H~type
radical to a second of the same type is coserved to ocour then one expects
that what one is observing is {he oxcitation of the "hole" from & place on
09 host molecule where it is metastably bound to another site of tighter
binding. It is expected that the reaction will ve irreversivls. Such a
conversion reuction was recently reported by Bernhard and Snipes (1967) inm

dihydrothymine where, they suggested, a hydrogen atom wes either abstracted
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from within the radical or from a neighbouring host molecule., Similar

remarks apply to the interconversion of two I-type radicals of identiocal
molecular architecture. For obvious reasons one does .not expect thermal
conversion between I-type radicals of different moleoular architecture or,

at least not by a process merely involving the movement of "holes". A type

of radical conversion that might be reasonably expected to be fairly common

is the conversion of an I-type radical into an H-type radical, In terms of

the hypotheais this will be recognised as the process whereby & “"hole"™ bound

on an impurity is transfered to a neighbouring H molecule by the process of
hydrogen atom abstraction, It seems very unlikely that a radical conversion
involving the chan.e of an H-radical into an I-radical will be observed far

the reason that a typical H-radical is very unlikely to have an impurity
molecule situated nearby because of the usually relatively low concentration

of impurities present in the crystal. It is interesting to speculate that in
some cases the conversion of an I-radical to an Heradical may exhibit the
following behaviour, Consider the case where the impurity offers a site to

the ®hole™ of such tight binding that it is preferred by the *hole" to axw other
hydrogen atom sites in the erystal. Even in this case one expects in principle
that raising the temperature sufficiently will drive the "hole" off the impurity
onto the sites of less tight binding on the much larger number of host
molecules in the crystal, The situation mey be compared with the process familiar
in ionic solids whereby vacancies bound adjacent to immobile impurities may

yet be "boiled off* them and dispersed in the crystal. In this latter case the
vacancies may be recondensed onto the impurities if the crystal ia held for a
sufficiently long time at a temperature adequate to ensure tieir mobility but
not enough to disrupt their binding in the sites ad jacent to the impurities
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which they prefer energetically. If the "holes" exhibit a similar reversible
binding to impucrities one may expect that the relative numbers of free and

bound *holes™ will be given by a law of essentially the following form 3

Re %, %
fy = o Yy

where n41: /nH is the molar concentration of the impurity, zﬁ and ZI are the

axp('-%)

partition functions of the H« and I-type radicals involved and AE is the

relative binding energy of the "hole"., If the reasonsable assumption is made
3y g3 o . 4 n
that 2,72, and taking HH/’“I » 10* and B¢

/2
Behaviour such as this should be evident in the ESR spectrum when the specimen

as unity at 300°K then AE » 0.2eV.

is temperature oycled, Raising the temperature causes complete conversion of
the I-type radical to the H~type and the conversion is reversed when the
temperature is lowered. It should be emphasised that the conversion of an
H-type radical tc an I-type radical here proceeds on the lowering of the
temperature. One does not expect heating ever to cause the gonversion of
an H-type radical to an I-type., Essentially it is entropy considerations
which preclude this from taking place, It may ve mentioned that this process
of "boiling® a radical state off an lmpurity by heating and subsequent
recondensation by recooling onto the original or other impurity has so far
not been reperted,

Finally, one can say thet all types of conversion reactions mentioned
above are expected to proceed with first-order kinetiocs and with the total
munber of spins remsining constant.

5+ Zhermal destruction of free radicals in organic crystals usually proceeds
¥here the "holes" reach adjacent molecules or come to the same molecule. This
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reaction will usually proceed by second~order kinetics.

This statement results from the application of the hypothesis to the
problem of the mobility which must be involved with free radical destruction,
The actual destruction of the free radicals esaentiallﬁl involves the pairing
of two unpaired spins which can hardly take place othei tt\,han by a bimolecular
reaction. The saturated chemical species is presumed to ﬁam in one of %wo
ways. In the first case the two radicals (R°*) may form a cdﬁlant bond R-R
invelving the unpaired electrons from the two ad jacent radiealﬁ Alternatively
if both "holes" have arrived on the same moleocule then the tm unpaired electrons
on this molecule are able to pair up forming a saturated chemica\l speca.es
containing & double bond. LY

Zhe sctivation gnercy experimentally measured for free radical m&m

activation snergy associated with the reaction of the free radicals in
proximity with each other.

When the "holes" arrive on adjacent molecules the resulting closely ap&ped

free radicals can conceivably react rapidly with small or even zero activatip‘n

energy. In this case processes connected with the mobility will be rate limitg-
ing and determine the reaction rate. If the activation energy of the resction \
represents an eneryy barrier for recombination it can bs expected that tl;ie |

radical state is mobile at a temperature below that at which the free raé;.cala

recombine, Thus if a crystal was heated at this lower temperature it wguétd

be expected that the radical state visits a large number of laitice site‘a.

In other words the total migration path of the radical state is long at this

temperature and mzoroscopic diffusion mgy be observable.

7« ZThe activation energy essociated with the miyration of the "hole* from

molecule to molecule can aometimeks be identical with the energy difference

-~
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betueen two isumers of the Heradical of iie erystal.

The Heradical will have present with it its isvwers in equilibrium,
These are to be regarded us having the "hole® promoted to & aite on the moleoule
walch ia of higher emergy, If the “rensfer of a "iole” to a neighbouring
molecule proceeds auch more rapidly from this site then the rate limiting step
for migretion can Le the farmation of the iscmers of aigher enmergy. The
transfer of the “acle" from moleoule to molecule will progeed with a rate
dependant on the population of the excited state for which an expression has

already ween given,

destruction will often exhivit the kinetic isotope eifect vhen studied

or vhelly deutera cryatals.

Any rezetion involving the transfer of & hydrogen atom will be decreased
in velucity if the relevant hydrogen is repleced with deuterium. At the temp~
eratures at wiich free radical reactions are studied {300 - 400°K) the reaction
rate will be reduced by a factor of 5 o 7 (Wiberg, 1965}« Chapter 5.2 will
suumsrige the theory involved with tue isotope effect in reactions. This
phenouenon is also expected to be seen in conversion resctions, Oxuly one
brief report to dste (Xurita and Kushiwagi, 1966) has been mads on the isotope
effect in free radical reactions in 8in;le crystals.

9« I-radicals caunot be mobile as su the me ism of hydrogzen atom
JLumping,

If the "hole" leaves the impurity the radical state is convertsd at once
to an Hetype. On this basis it might seem that the ovservation of thermal
annealing of an I~type radical below the melting or destruction temperature

of the sclid should offer sirong evidence that the mobility in the reaction is



achievzd by the gross migration of the radicals. However, it is only
nscessary to have a steady release of the I-xadical "holes" into the (mobile)
Hersdical state to alliow the annealing to proceed, The activation energy for
the reactlon 1s then recognisable as that for the liberation of the "hole®
frow the impurity and the H-radicsl invelved in the mobility can remain un-
obaerveble as the mobile "holes" meet and coubine with others, bound or free,

One ocould aloo argue that the I-radicals could migrate by the movement
of a moleoular group (suoch as NH,, COOH or OH) from neighbouring molecules.
In other worde, the I-type radical state has been transferred to a new site.
If this group wns the same as that removed by the primary aet of the irradi.
ation to form the I-radical initially, the saturated moleoule formed on the
site where the I-radical state was; would be converted to an H-type molecule.
Thus the movement of such molecular groups from molecule to molecule would
allow the I-radicals to migraie. Detailed considerution of this mechenism
has not been persued in this work since the aim, as one will recall from the
beginning of this chapter, was to obtaln experimental evidence to test the
hypothesle of migration of the radical state by hydrogen atom jumping.

If beth I« ond Heradicals are present and the I-radical does not con-
vert $o an He-radical then one does not expesct the I-radical to be annezled
out before the Hersdicals. If the I.radicale can be removed first, by thermal
annealing, the situntion can be discussed in much the same way as outlined
above where only I-radicals are present in the irradiated crystal.

10. The presence of s "hole" on a molecule can promote isotopic mixing of

gdmﬁen stome between _,mrioua aites on the molecule through chains of isomeric
£ N e

This can be best discussed using a reasoncble though hypothetiosl example.
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Consider the molecule Ciiz=CD;, a partially deutercted etione. The species
éﬂz~i31>3 and GH;,-&Dz are the radicals wiich can be formed from the molscule,
Now a sequence of isomeric transitions lead to the species

CHD-CHD,

CDz~CHaD

CHZD-&;fm

CDgﬁnéHz
The "nole® acts as a vacancy and prouwotes isotopic mixing only among the H atom
sites wuich it visits, Thus the phenomenon of isotopic mixing elready observed
in the radicals produced in suceinic acid and L-g-alanine finds a ready inter-
pretation in terus of the hypothesis,
11, The presence of mobile "holes® can promote isotopic wi.xing involving
essentially all molecules in the crystal that is, the isotopic mixing need not

be confined to the free radicals.

In principle the "hole® can promote isotopic mixing on each molecule it
visits and if' the “hole" is transfered from uwolecule to molecule, as for example
in the course of thermal annealing to destruction, the "holes™ will visit
essentially every moclecule in the or;stal, causing isotopic mixing on each,

12, MHoles" in an organic crystal interuct mutuslly with a force tranasmitted

via the moleoular and lattice distortion they cause. If the nett interaction

force is attractive then the “holes" may be bound on neighbouring molecules

to form free radical pairs.
The removal of a hydrogen atom to form a free radical alters the shape of

the molecule mainly by the change of some of the bond angles. For a molecule
in a molecular crystal this results in a strain being transmitted to the lattice
in the neighbourhood of the free radical. On the nearby molecules the sites

available to "holes” are now no longer equivalent to those at greater distances
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and they offer positions where another "aole® may be bound either more or less
strongly than usual. In this way a sort of pairing energy of the "hole" arisea.
If the binding energy is positive and sufficiently large with respect to kT
then stably bound free radical pairs can in principle exist. Thus one can
picture a free radical pair as consisting of two ad jacent molecules each of
which has lost a hydrogen atom and which have matually aocomodated to the
molecular distortion entailed. Whether free radicals on ad jacent molecular
sites will survive as a free radical peir or destroy sach other quickly will
depend on the dstails of the crystal and molecular structure and ihe distortion
involved.

13, the terms of the redica) state migration hypothesis free radicsl pairs
are formed by the migration to adjscent sites of “holea" individually produced
at separated sites.

As one can recall from Chapier 1 all free radical pairs have been seen

only in crystals irradiated at LNT, It would seem to be out of the question tnat
they are formed by the gross migration and pairing of the free radicels, It

has been suggested (Kurita, 1964b) that the pairs are produced in _situ as such
by the action of the irradiation. In tie problem of the genesis of free radical
pairs this interpretation must be regarded as in competition with that offered
by the radical state migration hypothesis.

2.5 Free Radice! Nomenclature.

The essential idea of this chapter has been that free radicals in an
organic crystal introduce & "hole" or "vacanoy" which allows the operation of
various migration mechanisms, It is natural to coin a name to describe this
"hole®, It is proposed that it be called the kenon (Gk. x:vos, empty), as
suggested by Ericson and Cutten (1967). The diffusion through the crystal
lattice of the radical state by hydrogen atom Juwping can be regarded as
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"kenon diffusion®, The hypothesis in section 2.2 can be called the "kenon
hypothesis®,

Indeed one can proceed further along these lines and construct a systematic
nomenclature for free radicals, whether made by irradiation of organic orystals
or otherwise, A survey of the types of radicals produced so far reveals that
a familiar organic compound cen be made from any of these radicals when a
hydrogen atom is linked wvia the "dangling bond®, These considerations lead one
to propose the following rules for naming complex free radicals., The unsatisfied
valence can be regarded as containing a hypothetical monovalent "substituent.
This substituent is to be called the kenon and the radical species be considered
as 2 keno-derivative of a parent compound, Thus for example KH;,ﬁH—-GOO'
formed by irradiating amino acetic acid (Morton, 1964b) will be called kencamino~
acetic acid and HOUC-&H-GH;«COOH will be called kenosuccinic acid by anology
with chlerosuccinic acid (Feiser and Feiser, 1962), y-irradiation of crystals
of amincsuccinic acid (Jaseja and Andersom, 1962) produce kenosuccinic acid
by replacing the amnino group of the acid with a “hole" or kenocn, Furthermore,
the ordinary rules for specifying the position of the substituent kenon still
nold, Thus H0~<_ > becomes p-kenophenol; CHz=CHz~COOH becomes f-kenopropionic
acid as distinct from the g~kenc~compound C;i;‘«éﬁ-COOH ‘(Hors?ield et al, 1961c);
écng(cxmﬂz)coon (Akaseka, 1965) will be called g~-kenothiol~g-amino-propionic
acid., Radicals of the form CHy can be regarded as either kenomethane or methyl
kenide, BSince & free radical can be givon a kenide name only if the ocorresponding
bound radiocal has already been named, such a term is of little use unless ons
wishes to emphasise the free radioal character by attaching the redundant term,
kenide,

For the remainder of this theais the above nomenclature for free radicals
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and associated phenomena will be used when appiropriate in the discussion ou the
experimental resulis. Thia saves using the cumberscme c.emical f'ormula to

designate the free radical as has been done in the past.
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3.1 Intreduction

4 description of the apparatus msde for the purpocus of this project is
given in this chapier. The ESR spectrometer (dcscribed in Appendix A) was
already in 8 usectle form when this project began in 1964 and the following
apparatus that will be described wac made to suit 1t. An improvemeni in the
sensltivity of the spectroreter was made so 1t was able to detect s ninimum
of 10" free radiculs. The concentration of free radicals in a erystal while

it was being annesled could be followed over one order of magnitude of relative

congentration.

The sll-purpose cavity used on the EIR spectrometer for room tempersture
studles is shown in fig., 3.1. Its construction wae very similar to the one
deseribed by Cavenett (1964); the cavity being of a rectangular type resone
snting in the T%,, mode and was split £ of the way up from the bottom. The
photograph shows how the PTFE rod wes supported in the cavity. This wes a
push it inte the centre of the cavity so that it would not move when the
oavity was in position on the spectrometer. A similar support on the oppo-
slte narrow side of the caviiy held the standard. Provision was =lso mede to
insert a thermocoupls Junotion close to the PTFE rod.

Several of these cavities were constructsd and silver-plated, cach sble
40 withaisnd hesting to 200°¢ or more for long periods of time.

34242 Double Cavity
‘Te enszble comparison spectyra from two irradisted orystals of the same

compound %o be recorded simultaneously, a rectangulsr cavity resonanting in



Fig.3.1 The General Purpose Cavity



Fig.3.2 The Double Cavity



the TEsos mode was designed und constructed (see fig. 3.2). This cavity
allowed tihe two irradiasted crystals to be inserted along its length, one at
half a wavelengih from the vottom and the second at two wavelen, ths. Thus,

each crystal was in a maximum of the microwave ma;netic field. The bottom of
the cavity was made reaoveavle to allow access to the bottom crystal position.
In the region of the lower crystal two soft iron dises, which can be seen in
the photo raph, were attached to Lhe outside of the cavity with their centres
lining up with tue position of the crystel inside the cavity. These discs
enhanced the static magnetic field at the position of the lower crystal. Thus
the resonant absorption in this crystal occured at a lower value of the external
static magnetic field and so the spectra from the two cr stals were separated
by about 100 gauss depending on the thickness of the two discs used., The
inhomogenuity of the magnetic field over the voluue of the crystal was minimised
by having the cavity centred between the magnet pole faces which were also as
close as possible to the cavity. Since the diameter of the discs were about

15 times larger tuan the cross-section of a typical crystal, field fringing
effects were minimised. Further, the iron discs were ridged on the edges to
help flatten the field distribution,

343 Method for Heating Cavities

The previcusly described cavities and tne orystals inside them had to be
heated in as suort a time as possible, and so a speciasl oven was used which
enabled tuen to be held at an exactly known elevated temperature for a known
time. Tals type of heating was required winen lookin: for residual radicals, to
cbaerve slow transforuations of free radicals or for comparing the behaviour
of two crysvals uncer identical conditions (in this case using the double cavity).

Fig. 3.3 shows a photo.raph of tae thermostatically controlled oven with the
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Fig.3.3 An Interior View of the Oven



Fig.3.4 The Oven and Auxiliary Apparatus
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double cavity in position whilst fige. 3.4 shows an overall photogsraph of the
oven and tewperature measuring equipuent. Fig. 3.5 reproduces the schematic
layout of the oven. The resanant'cavity being used, wita the crystal ox
crystals mounted in it, was placed upside duwn on a steel block (27 x 3% x 2%)
perforated by two copper tuves, High purity, dry nitrosen gas was passed into
the oven to a small automotive radiator core, via PIFE tubing. This core
allowed the gas to reach oven tempsrature before it flowed into the cavity
whence it passed out of the oven to a bubbler to glve a rough indication of the
flow rate. The cavity flange was coated with silicone crease Yo seal the cavity
and allow good therwal eontsct with the steel olock. Since this block had a
large thermal capacity, the cavity when placed on it attained the oven temperature
in a short time. The temperature of tue cavity was measured with a chromel-
alumel thermocouple junction pushed into a neat fittin; hole on the side of the
cuvity on which the PLFE rod, holding the erystal, was awounted. The potential
produced by this junction, with the reference Junction at ogc, was measured with
& re.order using an amplifier having a sensitivity of 210mV. Thus & minimm
variation in cavity temperature of +1% could be observed., The thermostat
controlling the oven held the tempersture to this degree of accuracy. The oven
air temperature was alsc monitored with a mercury thermometer having its bulb
near the centre of the oven. If the crystal was heated to a temperature in the
region of 15008 auxiliary heaters were atiached to the larger flat sides of
the cavity and an AC voltage applied to taem. This allowed the cavity to ve
quickly raised to the required temperature after which the supplementary power
was switched off,

As an extra check for the performsnce of the double cavity the outputs

from two thermocouple junctions, one in the position of each crystal, were
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recorded siumultanecusly during & heziing up of this cevity. The recorded
outputs for such & run iudicated thet esch cerystal resched the same temperature
in tne same bime,
After a cavity was remcved at the end of a heating, it was allowed to cool
to roou temperature veflore the ESi spectrum was recorded, The spectrum was
usually recorded twice af'ter eacii heatinz was completed.

3¢l Variable Temperature CGavitics

For decermining tne kunetics of I'ree radical reactions, apparatus was
desigsned and built to allow the specimen to be heated to a particular temperature
and held steadily at this temperature for several hours while obserxvations were
made of the ESR spectrum. During tie heating period, the signal level of the
ESR spectrum had to ve recerded at frequent intervals. Further, it vas felt
that it might be necessary to irradiate some of these orystals at liquid nitrogen
temperature and ve able lo wriung them to an inlermediate temperature vetween
LNT and room temperature, To fulfill these regquireawentis it was decided to
build two &SR cavities; one in which the orystals could be irradiated at Ll
and suosequenily warmed to a temperaturs sbove the irradiation temperature
without removing them from the cavity, and the seconda in whica orysiels irradiated
externally to the cavity at room temperature could be placed and subsesquently
heated to a tewperature up to 200°C. 1Ia tae following two sections the high
and low temperature cavities mentioned above will be described,

S3eipet High Tewperature Cavity

A iigh tempersture ESR cavily, resonating in the TByqz mode, was built to
suit tne specirometer described in Appendix A and & photograph of it is shown
in fig. 3.6. The waveguide asseuwbly of the speotrometer allowed a vacwun jacket
to enclose the cavity and waveguide from the mounting plate down. The {lange

midway on this jacket allowed the lower part of the jacket to be removed for
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access to the cavity. The top end of the waveguide was sealed wikh a thin
section of greased mica inserted between the two flat waveguide flanges., The
system was pumped through the waveguide above the mounting plate via a LNT

vapour trap with a rotary pump. The pressure obtained at the waveguide was about
10"’ma Hg during the heating of the cavity. The copper resonant cavity was perm-
anently Jjoined to the German-silver waveguide using e sleeve of oversize wavegulde,
The bottom of the cavity was removeable to allow access to the specimen, When
this cavity was built and ailver-plated it was matched to the microwave line
according to the procedure described by Cavenett (1964). The coupling hole,
initially undersise, was increased until a VSR of 0,85 was obtained; the valus
being kept below 1 becauss the presence of & orysial in the cavity would inorease
the coupling.

To provide & source of heat to the cavity, three heaters were made using the
wire-wound cores of commercial resistors and mounting each of these 4inside &
ceramic tube, These three heaters were attached to the larger sides of the
resonant cavity by « push fit into three copper tubes, The power for the series-
conneoted heaters wes supplied by & regulated DC power supply whosze output voltage
was adjustable from 5 to 40 volts. Thus a saximm of 20W oould be delivered to
the heaters resulting in the temperature of the cavity being raised to & maximum
of 200°C.

The temperature of the cavity was measured using a ohromel=~alumel thermo-
couple junotion placed on the side just above the PIFE rod holding the specimen
(see £ig. 3+6). These two thermocouple leads as well as the two heaters leads
passed through Kovar seals in the mounting plate. The thermooouple potential was
measured by detecting the out~of-balance current obtained when this potential was
compared with that obtained from a Cambridge millivolt potentiometer set to a volt~

age corresponding to the temperature required. A schematic diagram of the apparatus



Fig.3.6 The High Temperature Cavity
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for measuring the temperature is showm in fig, %.7(a)s Fiz, 3.7(b) shows a
typical recording of the temperature variations of the cavity when running et
150%¢, To maintain the temperature veriations to less than 1°Cs the hester voltage
was adjusted menuelly as required. It wzes found trat a manually controlled heat
input to a cavity having s large thermsl capacity and well isolsted from its
surroundings by the use of low-conductivity Germesn-silver waveguide and cooled to
some extent by radiation, yielded a very steble temperature within the cavity,
Thus it wes not necessary to hove a feed-back temperature controller to maintain
the cavity at a given temperature., Fiz., 3.7(c) shows the finite time involved for
the cavity to reach the regquired temperature from room temperature. The rate of
increase was aprroximetely 10°C/minute. So, if the free radical destruction
temperature was chosen such that the resction wes not fast then the loss of free
radicals in the last 10°C rise to this temperature would be small,

Sede Low Temnerature Cavity

This cavity which is shown in fig. 3.8 was designed slong similer lines to
the Ligh temperature cavity except that one needed %o irradiate the crystal with
X-rays inside the cavity at INT, In designing the cavity one had to take into
account the low penetrating power of X-rays ss this wss the only available source
of high energy radiation in tuis lsboretory. The path of the X-ray beam had
to be through materizls of low msss abaorption coefficient to be of sufficient
intensity when ttey reached the crystsl, The crystal was mounted over e smsll
Lhole in the centre of the removeable cavity bottom so that it wes located as
close as possible to the X-ray tube window. The vacuum jacket had s beryllium
vindow fixed to the centre of its closed end. Vacuum sealing et the other end of
the jacket was mede with an accurately machined metsl to metal cone. The distance
setween the crysisl and window was kept to a minimum without allowing the cavity

;0 touch the jecket. The reason for such a long vacuum jacket was to allow a low



Fig.3.8 The Low Temperature Cavity



Fig.3.9 The Low Temperature Cavity Positioned on the
X-ray Tube.



temperature gradient to exist along the wsveguide from the point where it is in
contact with the liquid nitrogen to the cavity. Thus, combining this with the
low thermel conductivity of the German-silver wave-guide, 2 small amount of heat
applied to the cavity was sufficient to hold the cavity at an intermediate temp-
erature, To allow the window in the jacket to be in close proximity to the X-ray
tube and at the same time the whole assembly to be maintained at LWT, 8 special
liquid nitrogen container was designed and constructed from polystyrene foam,

To prevent the liquid nitrogen from running through this material, a polythene
bag was made to fit the inside shape exectly, A shallow depression in the bottom
of the dewar sllowed the vacuum Jacket to be locsted whilst the weight of the
apparatus held the beryllium window agsinet the polythene to minimise the liquid
nitrogen path between these two surfaces. When the apparatus was mounted above
the X-ray tube (fig, 3,9) and evacuatg@_the container was filled with liquid
nitrogen. At the completion of the irradistion the whole assembly wes transferred
very quickly from this dewar to the glass dewsr designed to allow the caviiy to
be mounted between the poles of the megnet, The method of heating the cavity and
recording the temperature were similar to those used for the high temperature
cavity.

However, as.it was pointed out earlier, this cavity was designed to overcome
the low penetrating power of X-rays as well as amnealing the crystals at a tempera-
ture above LNT. Even teking the grestest precautions, X-rsye were absorbed owing
to the presaence of a greater anount of ligid nitrogen under the beryllium window
than originally estimeted and in fact, was, the major factor in making the cavity
unsatisfactory to use. Also later on in the project it was felt that low tempera-
ture irradiations and observetions without emnesling were not of as great interest
as those at room temperature or above. For these reasons this cavity wes not

modified, In its oxesent form t&ough;tae low-temperature cevity is verfectly



36.
suiteble for examining any specimen at a2 controlled temperature between LNT and
room temperature and also for exsmining crystels irradiated at low temperature
if e source of more penetreting radiation is aveilable., This is in fact the
cage now in this University with the recent acquisition by the Department of
Physical and Inorganic Chemistry of a Co®° Y=ray irradistion facility.

3.5 Choice of Radiation for Kinetice Studies

Por kinetics studies of fwee radicels iun single crystals one needs to produce

8 uniforw: free radicsl concentration with ss 1ittle other dsmage a@s possible so
that the influence, if any, of radiation induced impurities on the free radical
reaction is least, If these crystals asre to be irradisted with high energy,
electro-magnetic radiation then one has aveilsble either Y- or X-rays., If either
of these ionising radiations are used their interaction within the crystel is via
secondary electrons mostly produced by rhotoelectric absorption. Thus one would
expect the effects of elither of these ionising radiations to be unspecific.
Without any other information available then the choice of radiation is to be the
one conveniently asvailable, The most energetic source of radiation available in
this leboratory was MoK, radiation with 2 wevelength of 0.712. This source of
X-rays is suitable when one considers the mass sbsorption coefficient for a
typical organic crystal. For example the mass absorpiion coefficient for glycine
is calculated t¢ be sbout 2 cm’ per gm. for MoK, radiation and so the intensity
of the incident X-rays is reduced to 5(% only after reachingz a thickness of 2.2um.
Using rediation in the vicinity of 1.54: tie distance is reduced to 0.3mm. If
the longer wavelength X-rsys from the molybdenum anode tube are filtered out then
one can expect & more uniform distribution of free radicals will be obtained across

the crystal. Since the X~ray beam is only incident on one side of the crystal at

a time the procedure of turning the crystal over at half the irradistion time was



adopted to allow the crystal to receive an equal dosage an’ﬁll sides.

Also svailable for simple irradiations were the Y-irradiation facilities at
the Australian Atomic Energ, Commission (AAEC), Lucas Heights. In this case
crystals were placed inside a spent hollow fuel element which was emitting
Y~radiation, Using this facility one had the advantage that the crystals received
the same dosage from all directions,

The X-ray beam wes produced using 2 sealed X-ray tube (Phillins type
25295/62) with a molybdenum target. Operating conditions used for the tube were
generally 35 IV anode voliage and 20 ma. tube current, Apparatus was designed
for holding the crystals during irrsdistion at room temperature. The crystals
were placed on the metsl foil window which formed the bottom of the holder;
several holders being made up with different windows (including beryllium and
aluminium), Tre top of the holder was greased and pushed on so that the cerystals
were sealed from the ozonec that may be present. The complete holder was then
held several mm. above the X-ray tube window and could be rotated about an axis
perellel to the beam, The crystals were rotated regularly and turned over at
half the irradistion time so that they were uniformly irradiated. The cover
and the top of the holder were lined with lead for shielding.

For most irradistions, the X~ray beam wes filtered, The longer wavelengths
were filtered using O, 05" aluminium foil as the window in the crystal holdex.
This filter reduced the intensity of X-rays with wevelengths around 1.5: to 20/
whereas those with wavelengths around 0.71: (the K, line for molybdenum radiation)
were only reduced to 8%,

3.6 Crystal Freperation

The prevaration of single crystele of organic solida for irradiestion was
cerried out in a simple mammer, All of the crystaels, except N-agcetylglycine,

were zrown from cormercial, high purity semples by slow eveporation of an
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aqueous solution in double distilled weter. HN-acetylglyecine wes synthesised
according to Vogel (1956) and the product recrystallized twice from distilled
water. The purity wes checked by observing the melting point (208°C) and also
comparing the infrared spectrum with that listed under the ASTN systen.

The deuterium~substituted crystsls used in this project were prepared in a
gimilar menner. The ordinary compound was dissg;ved in heavy water (purity 99.9%%)
and this solution was then evaporsted to drymess in 8 dgssicator using
phosphorous pentoxide ss a drying sgent. The residue was redissolved in heavy
water and again evaporsted to dryness. The evaporaztion of the third recryst-
allization solution was allowed to proceed slowly in the dessicator. The
resulting single crystals were kept in o dessicator to prevent them coming in
contact with water vapour snd possibly sllowing the exchange reaction to proceed

in reverse.
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CHAPTER

4.1 Intreduction

This chapter will be devoted to the experimental testing of some of the
predictions on free radical reactions discussed in Chapter 2,2, This consti~
tutes a major portion of the work and indludes reaction kinetics of free radical
recombination and conversion reacticns, activation energies of these reactions
and the behaviour of different radical species in an irradiated cryatal,
As a prelude to this the chapter discusses the reproducibility of free radical
reactions,
4e2 Selection of Systems for Study

Prelimary investigstions were made on a number of organic orystals to
determine the temperature at which free radicals produced in these crystals
begin to disappear or transform to a new radical, All crystals in these
particular investigations were irradiated with filtered X-rays in this
laboratory using doses ranging from 5 to 8 Megarads, A visual examination of
each crystal after irradiation revealed in nearly every case that its colour
had changed from colourless to either a yellow or light purple colour, More
will be said about this in Chapter 6.5, Those organic crystals investigated are
listed in table 4.1, The table also includes a list of the free radicals at
present known to be produced in these crystals by high energy radiation. The
ESR spectra from those ecrystals with known radicals were carefully compared
with the spectra reported in the literature., This was done by recording the
ESR spectrum of the particular irradiated orystal where the statio magnetic
field was in a specified direction with respect to the crystal axes., Only in

one case (S-succinic acid) was the ESR spectrum substantially different from



TABLE 4.1

A Ligting and Classification of Radicals in Selected Organis Crystals

Initial Radical(s)

L)

Kenide Name for

Type of

Compound Formula Produced Radical Radieal Reference
Glycine NHB*acnz-coo" NH3*~cﬁ-coo’ Kenoglycine Host Morton
(1964v)
and and
CH,, -C00~ Kenoacetic acid | Impurity [Morton
. (1964b)
D,-glycine N33*~cnz-coe' CD,~C00™ Deuterated ‘Tmpurity [Moxrton
' kenoacetic acid (19640)
Lect-alanine c&g—cza(unz)-ooon CH;-CH-R st-kenopropionic acid :Impurity l&ﬁyagg.wa & Gordy
1960
dl-t~alenine CH.B-CH(NHQ)-CQOH CH3-GH—-R «L=kenopropionic acid Impurity Iéﬁiyggi)awa & Itoh
19
Deuterated CHB-CH(ND,‘,) ~-CO0D CH3-CH—R ' Deuterated x~keno= Impurity |[Miyagawa & Itoh
Lec=alanine (R=C00D or C00™) propionic acid (196%)
Malonic Acid HOOC-CH2~COOH CHanOOH; Kenoacetic aeid Inpurity (Hors field et al
and (1961b)
HOOC-CH-COOH Kenomalonic acid Host Horsfield et al
(1961®)
2134-malonic DOOC-CD2~GGOD Two Unknown Species - - Present work
Sucecinic Acid IiOOC—CHz-Cﬁz-GOOH HOOC—0H2~GH2-COO * | B=kenoxycarbonyl Host Present work
propionic aeid
and and )
. . —
KOOC-GHz-GH—COOH Kenosuceinic acid Host ?elég:): & HeConnell
. 1960)"
D, -Buceinic DOOC-GHZ-CHZ-COOD I)OOC«-GE{Z-CHQ-:COO * Deuterated kenoxy- Host Pregent work
Agid carbonyl propionioc
acid
and and
moc~032-cII~COOD Deuterated kenosuccin{Host Pooley 2 Whiffen
ic aeid (1962
N-Acetylglycine H3C~CO-NH-OH2-COOH HBC—CO-NH-CH-GOOH Acetylkenoglycine Hoet Miyagews et al

(1960)

* See Text




TABLE 4.1 {Cont.

A Listing and Classification of Radicals in Selected Organic Crystals

Initial Radical(s)

Kenide Name for Type of
Compound Formula Produced Redical Redical Reference
Deuterated HBC—CO-ND-C‘Hz-COOD HBC-GO-ND-(‘JH—COOD Deuterated Host lMiyagawe et al
N-acetylglycine acetylkenoglycine (1960)
Glyclyglycine +H3N-GHZ-CO-NH-GH2-OOO” +H3N-GH2—CO~NH-‘CH-COO‘ Glyclykenoglycine Host Li? & }&):Dowell
‘ 1961
Methylmalonamide HZN-OO-CH( 033)-00-1‘1}!2 CHB-E!H—CO-NHz pekenopropionamide Inpurity Co)(,e & I)Ieller
. ' 1965
H,_N-C0-C(CH,)~C0-NH, [Methylkenomalonamide |Host Cole & Heller
2 3 4
(1965)
Maleic Acid  |HOOCCH=CH-GOOH HOOC-CH,,- CH~COOH [enosuccinic acid  |Impurity [Cook et al
. (1967)
[
Dihydvothymine e LS\, [5-keno-6-hydrothymine [Host  [Bermhard & Snipes
M Escy, ) (1967)
? . C& bom i} (05)
H\ ‘/éé'\ /’l o \i'),, \H
oS ~en H
L s 1
R S 6=keno-5=lydrothymine {Host [Bernhard & Snipes
H N 5C\C" (1967)
Lo ¢
c,_ Lc’""’ (06)
o-ﬂ,‘ \l .




the spectrum previously reported (McConnell and Heller, 1960). Fig. 4.1(a)
reproduces the spectrum they obtaincl when the static mugnetioc field was
parallel to the C~axis, Pooley and Whiffen (1961) also obtained this spectrum
which is atiributable to kenosuccinic acid, In this work freshly irradiated
pesuccinic acid gave the ESR spectrum shown in fig. 4e3(b) for the same
orientation of the crystal with respect to the magnetic field, On annealing
this crystal at 80% for a number of howrs the final spectrum obtained is that
shown in fig. 4.1(0)., This observation clearly shows that two free radicals
are produced In freshly irradiated succinic acid since the final spectrum is
very similar to the reported spectrum, To check whethef the presence of the
extra radical species observed here was contingent on impurities in the
specimens used, succinic acid crystals grown from two different commercial
batches were irradiated using both y-rays and X-rays. Furthermore the use of
unfil tered X-rays from the molybdenum anode tube did not alter the production
rate of this unknown radical., In fact in every case this radical was produced
in the same proportions with kenosuccinic acid., One can offer nc explanation
at present of the discrepancy between these results and those of Pooley and
Whiffen, and Heller and McConnell. Table 4,2 lists the approximate temperature
where the concentratiom of free radicals decreases to half in 30 minutes for
those crystals where the free radicals can be thermally annealed out.

During the preliminary investigationa free radical transformations were
observed in glycine and Dy=glycine (ND;*CH,~C0¢™) after irradistion at room
temperature. Ghosh and Whiffen (1960) and later Simmons (1966) both reported
that a new radical appeared in glycine after it was irradiated and allowed to

age at room temperature for several days. The radicals listed in table 4.2
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Fig.4.1 E.S.R Spectra of Irradiated Succinic Acid.



TABLE 4.2

A table 1isting obgerved free radical destruction reasctions

Andical

Temperature Convenient

Coups una} for Annealing
Glycine m;..éa.coo“ 150%C
ynknown gpecies

{after conversion)
Dy-glycine #R-000 150°¢C
’ { After conversion)
L-ct-alanine m3~bﬁ-a 160°%¢
dl-ot-alanine ca3.éa~n 160°%¢
Malonio Acid éna.coon 65°c
TH00C-~CH-COOH 75%0
%«malenic Aodd Unknown gpecies 55°c
Suceinic Acid Hooc-cnz.cnz-eoé so%c
Haoc-cnz«&a-coou 105°¢
D,-suscinic acid moc-cﬁgucnzam‘ 96°¢
mcc-caa~&a~coon 105°%¢
N-ascetylglycine HBmco.m-én*cooa 125%¢
Deuterated 1139.00-.31)-&3-0003 125%¢
R-acetylglyoine
Glyelyglyoine +33N~632~00—NH~&H-000’ Survives up to the
decomposition temperature
of the orystal
liethylnalonanide |t~ CH-00-1m, Not determined
nzn-ao-&(css)aao-.mz 160°¢c
Dihydrothymine 05 165°¢

*See Text
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for both forms of glycine are those radicel species remaining after the
conversion is complete. Both of these conversion reactions will be mentioned
later in this chapter,

Those radicals marked with an asterisk in both tables 4.1 and 4.2 have
not been formally identified, However, becsuse of the very simple nature of
the ¥SE spectra obtained (a2 very strong single line in each case when all
the magnetic centres were equivalent) it can very well be proposed that these
radicels are peroxy radicalss the unpaired eleciron residing on an oxygen
atom, This type of radical has been reported to exigt in irrediated oxalic
acid (Moulton et al, 1967). It will be recalled from Chapter 2 thet this
project is primarily concerned with free radical behaviour and hence ISR
was uscd as a means of assaying the free radicel concentretion ss a function
of time, Thus the unknown identity of several radicsl spccies does not
hinder the testing of most predictions of the hypothesis. In respect to the
kinetics, activation energies, and isotopic phenomena, knowledge of their
identity is deeirable but not essential, In fact detailed ESR spectroscopy
was not engaged in during the course of this project.

The organic single crystels eventuslly chosen for the majority of the
experiments in thie project were glycine, L- and dl-otglanine, malonic acid,
succinic acid snd N-acetylglycine. These compounds were picked first because
of their simplicity. They are the simpler molecules of their respective
groups and the crystal structure and hydrogen bonding has been determipned for
g1l of them, These crystals have fairly high melting pdints and are stable
below this point. Secondly, the preparation of good gquality large single
crystels is quite easy (as described in the previous chapter)., With regard to
the experiments requiring deuterasted crystals these five compounds were

suited to the preparstion of such crystsls by recrystallization from heavy
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water. This procedure is very much simpler then thet required %o prepare
crystels in wrich the hydrogen atoms honded to the carbon atoms are exchanged
for deuterium atoms. Unfortunstely these particular deutersted compounds
were not readily aveilable, commercislly. An exception to this is malonic
ecid, in which, 8ll hydrogzen aetoms cen be replaced during repeated recxrystalle
ization from heavy water (Helford end Anderson, 1936). Lastly, it may be
mentioned again that most of the redical spccies formed in the above nemed
crystals heve been determined (sec table 4,1).

The experimenis discussed in this chapter and the following two chapiers
have generslly involved these five compounds and their deuterated counterparts.

4,3 Reproducibility of Free Radicsl Reaction Rates.

It is of interest to examine the variation of rate of production of the
frece radicals in crystals chosen from different batches which have been
pinilarly irradisted. If one nceds crystals with equal concentration of free
radicals which is the cese if one of the methods for determining the activation
energy of the free ramdical reaction is used, thien one needs to ascertain
whether this can be achieved by eimilar irrasdiations, It may be that the
fres radicel production rate depends uron the concentration of impurities in
the crystals which mey very Letween crystals taken from different batches,

The reproducibility of 2 free redicel rescction rate is of such interest
as to warrent investigation. Most rsactions in solids sre notorious for their
lack of reproducibility. Gelwey (1967) has reviewed molid state reactions
occuring below the melting voint of the solid especislly thermal decomposition
yeactions. The growth rate of nucleation in this type of rsaction generally
increases with resction temperature end nsy lead to self-heating that is,

the rate of heat liberasted from the exothermic reaction increases the reaction
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temperature because the semple is raised in temperature above its surroundings.
The main point in regerd of this sort of resction ie thet it proceeds by
micleation and so the rate generslly veries considersbly from sample to sample,
One point of interest regerding free radical reactions in orgenic crystels
is thet there is every hope that here one car study a solid state reaction
free of the troubles in lack of reproducibility associsted with nucleation
and self-cstalysis, Because the rate of free radical destruction might still
vary between crystels grown from different batches where the concentration
of imparities differed, it was felt that e study of the reproducibility of
the free vedical resction rate was nceded,

In the course of these investisations one can 2lso find ocut whether the
anmealing of crystals end the presence of rediation induced impurities in
the crystels eslter the reaction rates of froe redical reactions., On these
grounds two scries of exveriments were devised, one to take account of the
effect of radiation effecte and the other on the effect of annealins the crystal
after it is irradisted. Now during irresdiation the induced damsge snd the
concentration of radicals increase tozether with time of irrsdiation., To
test the influence of these impurities on thre reaction rate for free radical
destruction one only needs %o check w¥hether or not the relative rates of
destruction for isothermal ennealing is what is predicted by the reaction
ordexr in crystels subjected to different irrediction doses on the assumyti?n
of an inveriable rete constent. As roedical destruction generslly obeys
gcconi-order kinetices (as discussed in section 4.4) one can expect that if the
radical concentration is double thet in another similar eryétal then the
relative rate constent will be doubled too. In faet this is what one wants

to investigate in the exprriment, The quesiion of previous thermel annealing



can be oxamined by preirrsdisting snd srnealing the crystals, Thesc crystals
are reirrodiated with unirradiaeted crystels end their resction rates compared
as discussed earlier in this section. The effeet on the nroduction rate of
radicals with previous irredistion and emn:aling can also be examined,

4,541 Methods for Comnarineo RBeaction Rates.

If the concentretion of e partieular redicel spccizs in an irradisted
single crystal is to be compared with: the concentration of the same radical
gpecies in another crystal then it is necessary to irradiate both of these
crystals uniforaly with the same dosege of radistion. First two cryatals of
the particelar orgenic compourd were chosen (preferably from different batches)
with the same weight end habit, Next it was necessary for the crystals to
be irradiated uniformly., To ensble this to be done the ¥-irradiation facilities
at the Australian Atomic Enerpgy Commission Esiablishment, luces Heichis were
ugsed., The crystals were placed iunside a spent hollow, reactor fuel element
providing @ dose rate of apuroximately l.5 Megarads per hour. The dose over
the volume of the two crystals wss uniform, However, for comparing the
variation of rate for the conversion reaction in glycine crystals the matched
crystals had to be irredieted in this laborstory using X-rays. This was
necessery becsuse the reaction occurs at room tempersture and crystals could
nct be returned to the laborstory from Luces Ieights quickly enoughe Fox the
glycine crystels to receive a3 uniform a dose of X-rays as is practicable
from an X-ray tube, both crystals werec rotsted during the irradistion time and
turned over at half time,

To check the concentration of free radicels produced in tie msiched crystdls,

each crysiszl was mounted similarly on separate PTFE rods. The only counvenient

way of mounting the crystals was to shaoce @ slot in the 'FE rod for a urefered
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direction of the crystel, for it wes found that those glues freely available
decomposed at high temperstures and could not be used when the cavity with
crystal wee upside down during z hesting in the oven. After the mounting the
two crystals were, in turm, fixed in the resonent csvity which also held a
copper sulpbate standard having a known number of spins, The ESR spectrum
of the first crystel and the standard were recorded. Now the spectrum from
the second crystel, replacing the first crystal in the cavity and the seme
standard (vhose position had not been altered) were recorded, The same
instrumental settings of the epectrometer were used and tre alignment of the
second crystal after being replaced in the cavity was msde as close as possible
to that of the first crystal. The heisnts of several corresponding lines from
each of the first derivative spectrs were compared after taking into account
eny gain varistioms in the spectrometer. Thus relative free radicsl concentra-
tionscould he accurately compared. If the sbsolute concentration of free
radicels in each orystel was requived then a double integration had to be
carried out, A CDC 3200 computer program was written to compute the first
and second integrals from the first derivative DR spectrun using Simpsont's
Rule, The seccond inlegretion gives the arca under the absorption curve which
is proportional to the number of free radicsls.

For the reaction rotes of free radicels in two crystale to be compared
the crystels were mounted in the double cavity elong with s stendaxd in the
top position, The initial ESR gpectrum from sack crystal and the standerd were
recorded twice. The cavity with crystals wes then heeted (the heeting
interval being noted) sccording to the technique dzscrited in scction 3.3 end

the new ESR spectra recerded using the seme instrumental settingss, At the

completion of the series of heatings reaction curves were plotted for each erystel
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and their slopes compared.

To check the behaviour of a conversion reuction in two matched crystals
it ves necessary to examine the shape of each spectrum at various stages of
the conversion to see whether the shape remains identical., As one wanted to
examine the complete shape of the spectrum from each crystal: after a heating,
an alternative technique was necessary. This came about because the usual stand-
ard composed of powdered zinc selenide doped with mangsnese (which is desoribed
in section 4.h.1) obscured the outer lines of the free radical spectrum. An
alternative standard was needed and the only suitable one was copper sulphate
a8 its spectrum is separated from the free radicel spectrum, However; this
standard cammot be heated without affecting it and so the two crystals bhad to
be heated in a separate cavity. The method of recording the specira from both
crystals is the same as that used to measwre relative concentration in two
matched crystals which haa been described earlier, After the spectra were
recorded both crystals were mounted in the other cavity ready for the next heating
in the oven. To remount each crystal accurately the PIFE rod was slotted at
the end opposite to the arystal to allow it to be located by the guide pin
situated in the hole of the cavity wall.

As wentioned in the last section one would like to observe any effect of
preirradiation and annealing of the orystals on the reaction rate of deatruction
and production of free radiocals., The technique as just described can be used
to check relative concentration and couwpare reaction rates in two crystals
where one crystal has previously been preirradiated and the radicals thermally
destroyed, To prepare a pair of such crystals one needs to irradiate one
orystal with a known dose and then thermally anneal at a temperature where the
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free radical reuction is slow, The time chosen was such that no residual
radicals were able to be detected. Now this erystal and the other unirradiated
orystal were carefully irradiated together to receive the same dose of radiation
that the annealed crystal received the first time, X~rays were used in these
irradiations for convenience.

The experiments to examine the off'eot of radiation induced impurities
were undertaken alsc using the dousle cavity and oven, A pair of orystals of
which one had been exposed to X=-rays for twice as long as the other were
prepared. The initial relative concentraticns were deternined for each crystal
according to the method described earlier in this section. Comparitive rate
constants were obtained from the slopes of the two reaction curves which were
compiled from data obtained when the two crystals were heated identically at the
same temperature for various intervals. The reason for the choice of one
irradiation time being twice the other was that thease results were to be
sompared to those obtained from the pairs of wrystsls where one crystal was
preirradiated and annealed. It was expected that the preirradiated orystal
when irradisted a second time with the same dose of Z~rays would alsc contain
twice as much radiation induced impurity as the other arystal,.
4e3.2 Resulis and Discussion

From the results (shown in table 4.3) the conclusion can be drawn that the
production rate of free radicals and the reaction rate constants can be
reproduced in a given pair of crystels of a particular compound, Fig. 4e2(a)
shows a typical pair of reaction curves for the destruction of free radicels in
e matohed pair of glycine crystals annealed at 146°C, The comparitive rate
constants for glycine were obtained directly from the slope of the two curves

end af'ter being corrected for slight differences in radical concentrations are



given as a ratio. All other results in table 4.3 were determined in the
same way. The free radical conversion reaction which takes place in glyoine
at SO°G was found to be reproducible in matched crystals. This was checked
using the technique mentioned in section 4, 3.1 of examining the two spectra,
which were initially identioceal, at various stages of reaction to observe

whether both specira remained the same in shape and intensity.

TABLE 4.3
A ocomparison of reaction rates in matched irradiated erystala,
Compound Radical(s) Rel, Conc. | Ratio of | Ratio of Rates
of Rate Con~ | Corrected for
Radicals stants Diff', in Conca
L
@lycine NH; ¥ ~CH=C00
and 9404 0.96 0.99
Unknown
*
L~g-alanine CHy=~CH-R 1,04 1.08 tet2
Malonic Acid CHa~COOH 1.0l 1.07 el
Succinic Acid HOOC~-CHg=CHa=C00* 1,06 1.08 S TN
. -~
Neacetyl=glycine | HyC-Cl=NH~CH=-COOH 1.04 0,94 0,98

The results on the influence of radiation induced impurities on the reaction

rate of free radiocsl recombination are given in table 4.h. As it was pointed

out in section 4.3 il the relative concentration of free radicals is increased
by n times in one crystal with respect to another and the reaction obeya
second~order kinetioca then tie relative rate constant for the two crystals will
also be increased by a factor of n, The results given in tabls 4.4 for

L-g=~alanine indicate that this in fact holds to within 5% since this reaction
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actually obeys secondeorder kinetics (see table L4.6). Fig. 4.3(a) reproduces
the resction curves for the pair of Leg~alanine crystals used in this

experiment where one crystal was irradiated twice as long as the other using
the same dose rate, Note that the ccale fastor for 1/ =

G

that for 1/33".. In the case of Neacetylglvcine where the free radical destruction

in fig. 4.3(a) 18 twice

oveys third-order kinetics the relative rate constant is 4.5 which is within
6% of the expected value of 4.8, The reaction curves for N-acetylglycine are
shown in fig, 4.3(b) where it is to be noted that the vertical scaling factors
for each curve differ by 5. These results sllow the conclusion that reaction
kinetics for s partiocular free radical destruction is still rigldly adhered to
when the concentration is doubled. The effect of extra damage on a conversion
reaction was not observed, The method by which this was confirmed is discussed
in section 4.4.2. The conelusion can now be drawn that the extra induced

inpurities do not affect the free radical reaction,.

TABLE L.4
$he effeot of radiation induced impurities on the rezction rate,.
Compound Relative Concentrations | Relative Rate Expected Rel.
of Radicals Constant Rate Constant
Gn'/cs‘ X* .,
I-g=alanine 2414 2.0 241
R-acetylglyocine 2,2 4e5 4e8

The resulis of the experiments conducted on pairs of crystals in whioch
one crystal of each pair has been preirradiated and annealed are listed in table
4.5, ‘These experimenta, as it was mentioned in section 4.3 were to check for
any alteration in the rate of production and reaction rates of free radicals in
those orystals subject to this rather severe treatment., Fig. 4.2(b) reproduces
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the reaction ourves for the destruction of the two radical species in ordinary
and preirradiated glycine orystals and it is evident that the relative rate
constant is different from tiie expected value that ias, the reaction rate in
the preirradiated crystal has been reduced by this treatment, It made no
difference if the unirradiated erystal was amnealed before irradiation with
the preirradiated orystal. The reaction rate for the conversion reaction in a
pair of glycine crystals prepared similarly to those above was observed., This
experiment was carried out in the same way as the rate of conversion was
compared for two matched glycine crystals.

The effect of preirradiating and arnealing on the reaction rate of free radical

-

destruction,

Compound | Rel, Conc, in Unirrad; CrystaliRelative Expected Relative
Bel. Cono. in Preirrad.(rystal|Rate Constants|{Rate Constant

Glyoine 1.02 0.48 1.02
Ieg~alanine 1.05 0,53 1.05
N-acetylglyoine 0,98 0.25 0,96

One can oonclude from the results on the production of free radicals that
the rate of production is not altered in any way irrespective of now the single
orystals are prepared or what is done to them prior to irradiation, Free radical
production is not a structure sensitive phencmenon and catslytic processes
appear not to be involved.

It can be stated that the free radicsl reaction (which includes destruction
and conversion reactions) is to be regarded as a well behaved and reproducible
reaotion in the solid state, The effects of self-nucleation and variation of
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reaction rate do not appear to be evident during these reactions. The reproduce
ibility of this reaction allows those experiments on activation energy and
investigation of the kinetio isotope effeot to be undertaken with confidence.
Extreme lack of reproducibility in these reactions would have made the obaerva-
tion of the isotope effect less conclusive, However, the effect of annealing
and recooling a orystal after irradiation does alter the reaction rate, One
can conclude that it is the annealing and recooling of the arystal that affects
the rate because the presence of extra secondery radiation damage after the
orystel is reirradiated can be ruled out. This is arrived at from the fact
that reaction kinetics are unaltered when the concentration of radicals and
radiation dawage is doubled. It appears that what really matters is the cooling
of & orystel which has been irradiated and then held at an elevated temperature.
The mimaoo;;ia oracking caused by the aggregation of impurities when hot,
apparently ruptures the crystsl vhen it is cooled to room temperature and becomen
more brittle than it is at a high temperature., Thus, szome radicals when formed
during the reirradiation of the orystal are "trapped® on the boundaries that
ware produced by miarescopic oracking. The less likelihood of these radicals
being released from these sites on warming would inhibit the rate of radical
destruction since less radicals become available for migration in the orystal at
a given tewperature, At this stage one can note that & orystal is ammealed to
some extent when it is heated to a sufficient temperature for the free radicals
to destroy each other. It is to be noted that the complete annealing of a
crystal after irradiation did not affeot the conversion rate of radicals in
glycine, This is to be expeoted if the conversion resotion is a unimolecular
reaction and & transport mechanism is not necessarily involved. These boundsries
that may be introduced by the irradisting and amnealing of the erystal can have
no influence on the rate of reaction if only one radical is involved,
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4ok Reaction Kinetics.

In Chapter 2.2 it was proposed that ordinary reaction kinetics are expected
to be obeyed when free radicals react to destroy each other, This is expected
if the unpaired electrons on two adjacent radicals are paired up to form a
saturated chemical species. Reaotion kinetics for a molecular reaction of this
type arec expected to be second-order. Thus the determination of kinetics would
indicate the number of radicals involved in the reaction., As the theory of
reaction kinetics is well eatablished only the results will be given here, For
& secondeorder reaction the concentiration [A} of a particular reactant at a
given temperature is related te time ¢ by the expression

=, - M)
where [A]e is the concentration of radicals at t = O and k is the rate constant.
If in fact the reaction follows firat-order kinetics the expression

k= Yy oMoy )
is obeyed and one can rule out that free radicals need o be in pairs before
they can be destroyed. A monomolecular reaction involves only one melecule of
a particular species. In the case of a radical conversion only one radical is
expected to be involved and so first-order kinetiocs should be obsyed,

Experimentally, the reaction kinetics for a particular reaction can be
determined in several ways. Two of these will be briefly desoribed., The first
of these methods involves measuring the concentration of the reacting species [A}
at various times for a given temperature, After having obtained this data one
can plot three ourves as a function of time using an expression £([A(t)]) as
the quantity for the vertioal axis. This quantity £{[A(%)]) can be either of

e quatasten, 3oL Y1y = Ve = Viagent - Vias

whioch are linear with time for first, sdcond and third-order kinetics, respectively.
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If the reuction being studied does obey secondworder kinetics then the eurve
of £([a(%)])) = 1/[ AR)] " 1/[ Al, %2 2 function of time will be the only linear
curve of tihe three. This situation is shown in fig. L.4 where this ourve is
linear but the other two are not, Similarly if the resction followed first-order
kinetics the expression ~1oge C‘&(t) 3) a3 a function of time will be the only
linear curve of the three curves 3181;%:1;

One can also determine the order of' a reaction from the curve of concentration
[A(t)] as a function of time, The time for the conocentration of the reucting
species to be reduced to one helf and to one quarter of the initial concentration
{A], are determined from this curve, These times, denoted as ti_and t%
respectively, ouvey one of the three following relationships depenuing on which
order this reaction follows, The relationships are s~

t;‘é = 2 t% for a first~order reaction,

t% = 3 ti‘ for & second-order resction,

and t:;;i = 5 'b;‘r for a third=order reaction,

For determining the reaction order for free radical destruction in the present
work the first method was used exclusively as it is more sccurate, To determine
the kinetics oi a radical conversion a novel metnod which is described in the
next seotion is used,
lohe! Experimental Procedure.

The apparatus usually used for determining the kinetios of free radical
destruction was the variable temperature cavity described in Chapter 3,4.1. It
was most suitable for followlng reactions for times up to several howrs, If a
reaotion had to be followed for many hours the small resonant cavity and oven

were used, The technique used with the variable temperature ESR cavity was as
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follows. The orystal was mounted on a 3" diameter by 4" PIFE rod with the
chosgen crystal axis mounted parsllel to the magnetic field. PIFE rod was
most sultable for mounting the crystal because of its favourable dieleciric
properties and its ebility to withstand temperatures to 200°C without bend-
ing or decomposing. The orystal was next coated with a thin layer of high
purity silicone grease, to prevent evaporation in the vacuum at high temp-
eratures. (The possibility of contamination from the silicone diffusing
into the orystal is very wnlikely becauge silioones are immiscible with
most substances. At a temperature of 170°C the silicone grease did not
flow sufficiently to expose the :srystd; however, at the end of each experi-
ment the silicone grease was removed and the crystal examined undex X20
magnification for any signs of evaporation or other effects). After this
mownting and greasing procedure the ocxystal and PIFE rod were then insexried
in the cavity and opposite the crystal was mounted a standard composed of
s powdered zinc selenide crystal doped with a sm:1l percentage of manganese.
The ESR signal from the standard is shown in fig. 4.5 (a). The spectrum is
that of the familiar six strong lines due to the manganese ion, The aniso-
tropic splitting is removed by using the powdered material; the hyperfine
splitting between two successive lines is 70 gauss (Cavenett, 1964). Fig.
4.5 (b) shows a typloal ESR spectrum when both standard and ixradiated
orystal are included in the cavity. The eenire portion of the free radical
spectrum iz completely unaffected by the presence of a standard and hence
messurements cen be taken from thesc centre lines for estimating the relavive
concentration of free radicals as a fuoction of time when the cavity is
heated.

Since the incident microwave power was set so that no BSR saturation ocourred
at room temperature the first derivative of the ESR spectrum would alter in
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proporiion to the change in free radical concentration. Appendix ¢ outlines
the way %l height of a first derivative spectrum can be used Vo measure relative
concentrations, The amount of standard materisl was selected so that its
signel at the elevated temperature was approximately one third full scale
deflection on the recorder, It is pointed out here that when most paramagnetic
materials sre warmed the ESR signel decrcases. This ariaaa from the distribution
of electrons between tie two states (given by I?"'F’r‘,"K? = exp (.AE/k’f) changing as
the temperature increases, The ratio R'/Na approaches more closely to unity as
? inoreases and hence less nett absorption tskes place, However, as the
teuperature of the ocavity can be maintained to within +3°¢ no wariation in standard
or free radical signal oan be expected,

After the sample was mounted in the cavity, the wavezuide assembly was
then mounted between the poles of the magnet and evacuated to & pressure of
40"2 mm, Hg with s rotary pump. The cavity was heated with a variable DC power
supply and the temperature measured by & thermccouple junctionl a8 described
sarlier. After allowing several minutes for the cavity to setile to the required
temperature, the combined ESR specirum was recorded, The amplitude of the
magnetic field sweep was adjusted to the same as the total splitting of the
stendard spectrum and the time of aweep set at L minutes. Since the sweep
time can be made recurrent tne free radical apectrum was able to be recorded
every 4k minutes (% minute was required for the sweep control to return to its
initial conditions)., The time of L minutes was found to be most suitable for
acourately reproducing narrow lines genersally encountered with free radiocal
spectra, Bach time when the magnetic field passed through the centre of the free
radical spectrum a mark was put on the temperature chart by shorting the input

to the recorder amplifier., Thus the time when each spectrum was recorded was
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known exactly.

Af'ter a series of spectrs were obtained at a particular temperature it was
then neocessary to determine the relative concentration of the free radicals at
the time when the spectra were recorded. First, the heighta of the two
outermost lines of the stendard on both sides of the free radical spectrum were
measured and an average value of their heighi obiained. Next a suitable line
was selected near the centre of the frec radical spectrum and its heigat measured,
Thus the normalised height of the free radical line could be caloulated giving the
relative concentration CR &t that time. (The line chosen to give GR was measured
for each spectrum). The relative concentration was determined each time the
spectrum vas recorded and the terms - log, Cp, 1/02 and 1/(:5. ware caloulated
and first, second and third-order curves plotted, respectively. Te make these
tedious ocalculations easier a computer program was written for the CDC 3600
computer, Heights of four of tie six stendard lines, the height of the free
radical line and the time were punched onto cards to provide input data, The
output was plotted directly by the machine and each set of points for a particular
order were i'itted to a straight line by the least squares method. Thus the
3 curves could be compared a2t & glance to check which set of points lay oclosest
to a straight line,

A difficulty arises in determining the reaction kinetica of a free radical
econversion which generally is avoidable in the case of free radical destruction
because two different radical species will be present for most of the time during
the cenversion and, in general, the two spectra will overlap to & oconsiderable
extent, Now for kineties to be determined with the above technique an isolated

line from either spectrum is necessary. However, it is difficult & find an
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orientation of the orystal where one line from either apectrum is sufficiently
separated, An alternative method for determining the kinetics of a radical
oonversion was developed, based on the fact that first-order kinetics leads

to the time dependant spectrum shape being independant of the initial concentra-~
tiom, which is not true for second-order kinetios., The proof of this statement
follows, Initially one can start with the overall spectrum being represented
by £4(H) + £3(H) where fi(ﬁ) represents the shape of the spectrum due to one
free radical species. Now for a first-order reaction ¢ = ¢ oa'kt and so after
time & the new shape is given by £,(H)e™ " + £,(H) + pf,(H)(1=e"5%) = P(u,t)
where f is a conversion factor representing the efficienoy of radical I into
radicel II, The quantity £,(H) takes into account the fact that some of the
radicals, II, may have already been formed, If the initial concentration is n
times greater, then the initial spectrum can be represented by nf,(H) + nf,(H),
and after the same time t the new shape is nf, (f)e * ‘enf, (H)+ngfs (H) (1o <) cnP (i, t).
Haonce if a conversion cobeys first-order kinetics the shape of the specirum
remains independant of goncentration, It is only the intensity of the spectrum
that is altered when two crystals differing only in concentration are heated in
parallel, Now if the conversion reaction was to follow second~order kinetica

_ Co . . .
then C = Coktri and af'ter time t the new shape is

iy 3 { ./ Co \]
£,(a) _Go _J«» £2(H) + pra(H) 4 --—---) } = 6(H, )
(Fo=r L Eﬁ""““‘"’
If the initial concentration is n times then after time t the shape becomes

£ (ﬁ){_&:"_‘i@m) + nfy(H) + pfa(H) {:1- (B'é?ﬁ"i)j + ne(H,t)

This means that the shape of the spectrum does alter with concentration if the
conversion oheys second~order kinetics, If, in the sctual experiment, the
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corresponding parameters representing the shape of the combined spectrum from
each of the two crystals (one Laving n times as many radicals as the other)

show & consiant ratic between them the conversion is first~order kinetics. Both
orystals must be identically heated at the same lemperature,

hekhe2 Results,

This ssotion tabulates the results determined during tne courase of this
preject for reaction kinetics of free radical reactions in different irradiated
crystals and selected deuterated ocrystals, These resulis will be discussed in
Chapter 7 but some comment at this stage is needed to clarify some of the
observations, The second-order reaction kinetics curves for radical destruction
in sach of the crysisls listed in table 4.6 are shown in figs. 4.6 to 4,10, In
the case of succinic acid kinetics were determined separately for the destruction
of the twe different radical species present, For glycine the two final radicals
disappeared together and apparently obey second=order kinetics because of the
near equality of the concentrations of the two radicals, An exception to free
radicel destruotion obeying second-order kinetics is that exhibited by the radicels
in Heacetylglyoine, The 3 ourves reproduced in fig. 4.11 clearly reveal that
this reaction follows third-order kinetics. Fig. L4.12(a) shows third-order
kineties for radiocal deatruction in deuterated acetylglycine., No reaction kinetics
were determined for kenomalonic scid produced in irradiated malonic acid because
of the physical appearance of the irradiated crystal above 75°C. At this
temperature the crystal gradually became a hard, white powder and it was fell that
no oonfidence could be attached to further measurements made on the system, For
irradisted Di~malonic acid the spectrum from each radical could not ve sufficiently
separated to oheck whether one radical disappeared without affecting the other

radical, Thus kinetics were obaerved on the whole spectrum.
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TABLE

A list of free radical destruction reactions studied to determine the kinetics

of tha reactions

- Kinetios
Compownd Formula Radical(s) Detepmined Reference
Flycine |va,*-cH, ~c00" NE *.CB~C00" and unknown‘ Apparently Present work
3 T2 3 .
species second-order
(See Text)
P;-glyeine m;"-cﬂz-coo‘ R-C00 Second-order [Present work
[ot-alanine CH - CE(NE,,) - COOR cz13-éH-R (R=COOH or C00) |Secondeorder |Present work
d1.o~alanine 053-03(m2)-coon cHB-&H-R (R=COOH or CO0™) |Second-order ([Present work
Balonic acid HOOC- CH,,~COOH |ca,~coon Second-order |Present work
{HoOC- CH-CO0H Not determined |[Present work
(Sce Text)
D4-Malonic Acid I)OOC-CI)2~COOD Two unknown radicels Second-order |Present work
(See Text)
J=Succinic Acid HOOCuCHz-Cﬂz-OGOH EOQC-—GHZ-{}HQ-CO(') (R@J_flical Second-order [Present work
A)
piooc-cnz-’*a-oooa (Raan)iical Second-order " "
B
IDZ-Succinic Acid DOQC-CHz—CHZ-COOD DOOC-CHz-CHa-CO(.) Second-order |Present work
moc-caz-bnuoeon Second-onder " "
F{-Aoetylglycine HSC-CO-NH-GHZ-COQH ﬁI3C-CO-ﬂH-éH-COOH |Third-order Present work
[p,- Acetylglycine H,0-CO- ND- CH,,~ 000D m3c.co-m>-éﬁ-eoon Third-order |Present work
h-Octadecyl Disulphide 018337‘8'3'0181{37 Alkyl Type Radical Second-order {[Truby, MacCallum
I( polycrystalline) . ‘and and Hesse (1962)
[ns* Type Radical
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The kinetics obasrved for free radical conversions in glyoine and
by~glycine are listed in table 4.7. Also included are the kinctics recently
reported for the conversien in irradiated dihydrothymine. Earlier in this
cuapter a new mothod was described for determining the kinetics of a free radical
conversion where the spectrum from each radical could not be separated easily.

TABLE 4.7

Reaction kinetios observed for 3 radical converaions,

Compound Radicals Involved Kinetica Reference
in the Converasion Determined
bt -
Glyeine CH3=C00 - Uninown First-order Present Work
By ~glycine 0D;=G00™ + B-C00® |  Firsteorder Present Work
Pihydrothymine és > é, Pirst-order Bernhard and
7 Snipes (1967).

In this case & number of measurements representing the shape of the spectrum were
taken, fha. heights of various lines in the spectrus were measured from & baseline,
The ratio of two heights from opposite sides of the baseline were then calculated,
This procedure was repeated with the other heights to obtain different ratios
while the same ratios were caloulated for the spectrum from the other orystal
whiich contained n times the number of rzdicals., Ian this way one could represent
tlie shape of the ESR spectrum from each orystal. Now the two crystals were

feated together such that both spectra altered only a small amount and the same
measurements were made on the new speotra, These heatings were repeated in equal
intervals until the oonversion was complete, The ratios calculated from the

two specitra af'ter each heating were each plotted as a function of time. If two



ourves representing corresponding ratios from each spectrum of the two orystals
are compared and are essentially the same then it can be said that the shape of
the spectrum from the two crystals has not altered. Such a pair of curves from
two oryatals of glycine of the same weight where one crystel: had three times

the number of radicals as the other, iniiially, is shown in fig, 4,13, Similarly,
a pair of curves for deuterated glycine are given in fig. 4.12(b) where the
difference in initial concentration was a factor of two, The comparison of the
two ocurves is helped by the fact that they are linear in the early atages of the
conversion as & result of amall changzes involved if the conversion rate is

slow, Any small error that may be present in the two ocorresponding ratios for
the two initial spectra asrises from the positioning of the baseline that is

drawn in, and the initial mounting of the twe crystals in the cavities with respect
to the static magnetic field,

As has already been mentioned in seotion 4.2.2 the negligible effect of
radiation induced impurities on the free radical conversion rate was confirmed
from these kinetics experiments. As one crystal was irradiated for three times
as long as the other this orystal had three times as much secondary damage and
as the date were consistent with first~order kivetics with no change in rate
constant, this indicates that secondary damage has little effect on the rate of
conversion. This is perfectly understandable for a unimolecular reaction as was
pointed out earlier,
4e5 Activatio rgy of the Free Radical Reaction

As it has been established that free radical reactions obey the familiar laws
of reaction kinetics very well, one can expect to go further and determine an
activation energy associated with the reactions since the well known Arrhenius
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equation can be applied to determine this energy. 4 knowledge of the activation
energy for this type of reaction will be useful : for comparing with activation
energies that one hopes will be determined for moclecular difiusion in organisc
erystals. These are available, in some cases, from experiments involving nuclear
magnetic resonance (Andrew, 1954) snd radioisctope tracer studies, In particular
self diffusion in oyclohexane (Hood and Sherwood, 1966) and anthracene (Lee ot
al, 1965; Sherwood and Thomson, 1900) have been studied using C'* as a tracer.
Le5+.1 Methods of : Agtivation Energies

A knowledge of the reaction order enables one to determins the activation
energy of the reaction by measuring the rate constant as & function of ¥, In the
present situation this involves using a number of matched single cryatals all
uniformly irradiated so that each contains the same number of free radicals and
heating them separately under idemtical oconditions except for the temperature,.
Each successive crystal is heated at 8 higher temperature such that the reaction
rate is about 10% faster than for the previous orystal, The lowest temperature
used muat not be too low otherwise the rate becomes very slow and the reaction
has to bs followed a long time, The highest temperature also should not be zo
high that the reaction will be too fast, Now having obtained the free radical
reaction rates, denoted as k, from the slopes of the curves for different temperatures
one is in & position te plot & curve of logk &s a function of '/ where T is
the abaslute temperature, The slope of this curve will yield %ﬁ, and sc the
astivation energy EBa in cslories per mole, can be cdlculated,

An alternative metaod uses only one orystal which is a great advantages The
rats constant for free radical destruction is quite reproducible from crystal to
crystal yet even small variations are encountered, In this method, a rate

constant ky; can be determined if the crystsl is heated at a temperature T, over
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& period of time, Now if the temperature is quickly raised to a new point T,
at a time €, the rate constant will be increased to k;. The reaction curve
for a orystal heated in this way will resemble ‘that showmn in fig. L.14. If one
extends the first linear segment of the curve past t; (shown as a dashed line)
it can be seen that the two lines now originating from A effectively represent
reaction curves for two samples of radicals, whose initiasl concentrations are
the same, reacting at two different temperatures. If one now plots log A k as
a function of 1/? and a line is drawn through the two points then the activation
energy can be determined from the slope.
44542 Results

The activation energies were determined for eight free radical reactions
using tie second method. These experiments were conveniently done using the
high temperature cavity where the time to raise the cavity temperature from T,
to T, was about three minutes., This method was acourate and much simpler than
the alternative method which was tried on one free radical reaction (glycine)
with little success. As it was necessary to have five or six crystals, containing
equal concentrations of free radicals, so that rate constants can be determined
for six different temperatures e problem arose in finding a suitable temperature
range, Uith the free radical destruction in glyecine, the reaction rate was very
slow at the lower temperature (150°C) requiring a long time to follow the reaction
to determine the rate constant accurately while at the high temperature end
(165°C) the reaction rate was too fast to trace for any sufficient time., Thus
six points on the log, k as a function of 1/T curve could not be suitably spaced
over a wide enocugh temperature range. In view of this the sscond method was

used exclusively.



TABLE 4.8

A list of asctivation energies determined for free radical reactions,

63,

Gompound Radical Activation Reference
Energy (V)
¢lycine KHgZCH-C00™
and 1.0 Present work
Unknovn
Dy=glycine R=-C00° 0.5 Present work
L~a~alanine 6H3-5}-%-R 241 Present work
Helonic Acid Clig~COOH 2.7 Present work
Succinic Acid HOOC=CHa=CHo=C00 1.0 Present work
HOOC~CH-CH,~CO0H 2.3 Present work
Neacetylglycine Hy C~CO=NH. ~CH-CO0H 2.6 Present vork
* -
Dihydrothymine Cg * Cs 1.0 Rernhard and
{ conversion) Snipes (1967)

The activation energies are listed i: table 4.& with values ranging from

0.5 oV to 2.7 eV, Fig, 4.15(a) and (b) show typical reaction ourves for glycine

and L-g-alanine from which the activation cnergies were caloulated, In the case

of glycine three rates were determined from the one crystal giving values of the

activation energy of the free radical destruction as 1.1 eV and 1.0 e¥, The

experimental error associated with the activation energies listed in the table

depends on the accuracy of determining the two slopes of the reaction curve which

is the lergest error involved in the estimation. A careful Judgement of what

is involved leads the author v estimate that the standard error of the activation

energy is of the order of 10%

This is borne out by an examination of the

:reproducibﬂity of these energies in repeated experiments whioch show that the

energy is repeatable to within 10%,
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4.6 Qther Aspects of Free Radical Reactions
In this section it is proposed to examine some other aspects of free

redical reactions, A review of sll conversion reactions reported to date is
included with particular attention being paid to the nature of the phenomena
involved and whether they conform to the general predictions of the kenon
hypothesis. Further ons also needs {0 examine the order of annealing of radicals
in e particular crystal wien more than one radical species is present, As it
was outlined in Chapter 2 the behaviour of radicuals in this situation provides
evidence verifying some of the predioctions arising from the model. The first
reactions to be considered are conversion reactions,

All oonversion reactions known te date in compounds irradiated at LNT or
room temperature are listed in table 4.9. This table also lists the class of
radicals involved in cach sompound and one can see that in all cases except
one, the primary radical involved is an I-radical which is in agreement with the
hypothesis. The conversion reaction in dihydrothymine is consistent with the
hypothesis and appears to ce a metastable conversion of the radicel state. In
the present work only two conversion reactions were examined, viz. glycine and
deuterated glycine. The transformation observed in D,=-glycine at 60°C is shown
in figs, 4.,17(b) and (o). Fig. 4.17(b) shows the ESR spectrum for a freshly
irradiated orystal when the static magnetic field is parallel to the C~axis while
fige 4e17(0) shows the final spectrum seen for the same orientation after the
conversion is complete., Several workers have reported alterations in the ESR
spectrum of ordinary glycine and it would be appropriate at this stage to review
this work on glycine in respeot of the appearance of the new radical after ageing.
Ehrenberg, Ehrenberg and Zimmer (1957) were the first to mention the unusual



TABLE 4.

A List end Classification of Conversion Reactions

Compownd |

Initial

Final

Type of Conversion

Temperature of

Radical Radical Between Groups Conversion Resction Reference
Glycine - N -
(EH%‘GKZGGO ) GBLZ-GOO Tnknown I — Unknown 50°C Present work and
species Simmons (1966)
~glyeinc
(ND *cm,0007) t,~000" | R- cxxg I >H 60°¢C Present work
Dihydrothymine ?:6 °5 ) G { 120°¢ Bernhard and Snipes
(1967)
Monofluoroacetanide . =
(cszmomnz) - | on,-co-xH, CHP-CO-NH, | T — H ~70°C Iwasal(ci gm)i Toriyama
1967
Glycollic Acid o : »
(HO-GHZwGDOH) 032»0003 HO-CH-CO0H | I —» H -100"C kuke(a;g I)!awson
; 1965
Methyl Malemic Acid . - o
(oacﬁ-cﬁ(ca3)-mun) ca3~c1i.cooa HOOC-C-COOH| I —» H 50°C Cole and Heller
i (1965)
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" Fig.4.16 E.S.R. Spectra of Irradiated Glycine.
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behaviour of the glycine spectrum when the crystal aged. They found that the
area under the ESR absorption curve remained essentially oconstant indicating that
the numver of radicals remained the same. Ghosh and Whiffen (1960) were the
firat to report that a new species existed in glyecine if left at room temperature
for several weeks, In 1964, Morton establisied that the two radicals produced
in freshly irradiated glycine at room temperature were kenoglycine and kenoacetic
acid, This removed the conflicting interpretations as to tae identity of the

two initial radicals proposed by Ghosh and Whiffen (1959) and Koski end Weiner
(1963). Simmons (1966) also reported that an unidentified radical appeared in
glycine at the same time kenoacetic acid disappeared vhen the cryatal aged, During
this change kenoglycine remained essentially unaltered in concentration., In the
present work the specirum from a freshly irradiated crystal of glyocine was care-
fully observed vhen annealed at 50°C. This observation of the spectrum led to
the conclusion that kencacetic acid is transformed into an unknown radical while
kenoglycine remained essentially unaltered in any way. Fig. 4.16(a) shows the
ESR spectrum of fresnly irradiated glycine when the static magnetie field is
parallel to the Ceaxis and fig. 4.16(b) shows the final spectrum for the same
orientation after the conversion reaction is finished. The cuter lines of both of
these spectra show that the zpectrum due to kenoglycine is the same in intensity.
Thus twe radicals were clearly present at the end of the conversion, This was
also checked by examining the ESR spectrum under the usual conditions where power
satwration was not present and when saturation is present, The latter speotrun
was significantly altered in shape to reveal that two different radical species
must be present with different spin-lattice relaxation times. (This technique of

altering the microwave power was also used to cheok that two radical species were



present in irradiated succinic acid), These observations on glycine now show
that kenoacetic acid (an I-radical) transforms into an unknown radical while
kenoglycine {(an Heradical) remeins unaltered., This radicel behaviowr in glycine
is oonsistent with tue ideas of the hypothesis,

Turning now to the final aspect on free radical reactions, viz, the order
of amealing of radicals in & orysial, one finds that only vague reports have
been made to date about these reactions., In malonic acid it was reported by
McConnell et al (1960) thati one redical apecies could be amealed out in the
presence of the other species. In this work four compounds were examined for
this radical benaviour and all the results are listed in table 4,10, These results
will be discussed in the last chapter but some comment will be wmade to olarify

the observations,

ZABLE 4,10
A 1ist of I~ and He radical reactions
Gompound First Radical . Radical ;
to Disappear Remaining a
Glycine Kenwaminoacetic acid

disappears with the
unknown radiocal

Malonic Acid Kenoacetic Acid , Kenomalonic Acid
(an I-~radical) (an H~ radical)

Succinic Acid f~kenoxycarbonylpropionic Aocid Kenosuceinic Aoid
(an He~radical) (an H- radical)

Methylmalonamide Metnylkenomelonamidce a~ienopropionamide
(an H~ radical) (an I- rudical)

In glycine the end result of the conversion resction was again twe radicals,

Now when a glycine orystal at this stage was annealed at 1.5000 both radiocala
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digappeared at the same time which suggested that they were destroying each
other. Thisg resction proceeded until a small fraction of the unknown radical
was left over. Ghosh and Whiffen (1960} also reported a stable, unknown
radical in glyeine at 160°C,

The behaviour of the ESR spectrum of methylmalonamide at 150°C revealed
that methylkenomalonamide (an H-radicsl) disappeared without affesting the
concentration of Xekenopropionamide {(an I-radical).

The remults for free radical destruction in irrsdiated suceinic acid
presented a different situation. At 809C A «kenoxycarbonyl propionic acid
disappeared withoutléignificantly affedting the concentration of
.knnosuociéie acid. The sgmall decrease is probably due to kenosuscinie acid
begimming tg recounbine at this temperature. BDBoth of these radicals are
E~rtdinala;. Fig. 4.1(b) and {c) show the ESR spectrum for succinic acid
freshly irradiated, and after A~kenoxycarbonyl propionic acid had been
removed, respectively.

In the last case examined, malonic acid, the behaviour of the two
different radicals, kenomalonie ascid and kenoacetic acid, was a little more
diffioult to observe. In contrast to succinic acid the spectra from the two
radical overlapped each other considersbly, However, careful cobservation
revealed that kenoacehiic acid disappeared before kenomalonic acid.

After taking a brief look at the resulis given above one can see that
they are in general sgreement with the hypothesis; malonic acid may be an
exception in this instance alone as one observes the disappearsnce of an

I-radioal without the reduction of the concentration of the H-radical.



CHAFTER 5
ISOTOPTC PHFNOMINA

5.1 Introduction

This chapter reports experimental investigations of the predistions
of the kenon hypothesis in conmnection with isotopically substituted
Phenomena. The first part of the chapter looks at the possible ianvolvement
of the deuterium atom in the rate determining astep for free radical
destruction and in the conversion reactions of free radicals. The remaining
portion of the chapter examines the resilts of experiments related to
igotopie mixing in free radicals produced in partially deuterated crystals.
In partlculer, the discovery of gross isotopic mixing involving a large
fraction oi ithe molecules in 00! ~ Jideuterosuccinic acid is reported.

H5a2

finotic Isotope Hffect and the Free Radical Reaction Rate

The hypotheésiz is that free radicals are able to migrate through the
erysial lattice by the transfer of hydrogen atems. If a deuterium atom
replaces the hydmozen ator in this transfer an isotope efifect will cecur
on the radical state wmigration. Therefore, the rate oi free radiecal
destruction would be changed too if the mobility of the free radical is
what linlts the reaction rate. The theory of the isotope effect will be
brieflly summerised. Consider for example & C-H bond in the hydrogen atom
involved in the tronafer of the radical state. The zero point energy
associated with this bond for an equilibrium state is 8,3 kcai. per mole
(Wwiberg, 1964). If a deuterium atom replaces the hydrogen atom in this
particular bond the zerc point energy is sbout 6.0 keal. per mole gince

the vibrational frequencies are altered due to the larger (reduced) uass

/69
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of the vibrational system. Thus a difference of 2,3 koal. per mole is
expected between the dissociation energies for bonds to hydrogen and
deuterium. This assumes that the C-H or 0-D bond is completely broken

in the activated state and no new bond %o the hydrogen or deuterium is
formed, that ia, the stretching and bending vibrational frequencies have
gone to zero in thie state, Therefore there will be no ocontribution from
the zero point energy arising from the hydrogen or deuterium in this
activated state. The rate ratic for the two reactions under these condi{tions

at 400°K will be approximately

'B/ln'-cxp( 2380 ) = 20

1.99 x 400

This situation is shown in an energy diasgram in figure 5.1. However, bond

breaking and bond making to hydrogen oxr deuterium will occur simulsznecusly.
As a result the zerc point snergy of the deuterium atom in the activated
complex will be reduced again due to the larger (reduced) mass. Thus the
height of the barrier which the deuterium atom has to overcoms when forming
the activated complex is lese than in the eltuation where bond Fforming is
not occuring at the same time, This resulis in a seduction of the isotope
offect. The ratio 'T/K; at 400°C now lies in the range of 5 to 7
(Wiverg, 1955). Thus if a deuterium atom is involved in the radiocal state
transfer the fres radical destruetion rate will also be slower by this faotor
if the migration of the radical is the rate determining process. Although
the effeot on the rate constant in free radical destruction is measurable
the same does not apply to the activation energy of the reaction. The
differences in energlies for reactions which are sontrolled by a hydrogen or
deuterius atom are emall. If 'H/K) = 5 at T = 400°K then A & = 1.5 keal.

per mole or 0.06 eV, HNow as a typical activation energy for free radical

/10
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destruction is 46 keal. per mole, the difference only amounts to 3% which
is distinctly less than the available experimental accuracy.

As already mentioned in Chapter 4.2 the deuterium atoms can replace
the polar hydrogen stome in organio moleoules by simple yeorystallization
from heavy water; repeated recrystallization snsuring that most of the
polar hydrogen stoms are replaced in the orystals. Crystale having deuterium
substituted for hydrogen in C-H bonde would also be suitable but were not
readily available. If two matched irradiated orystals, one of which is
deuterated, are annesled together them their reaction rates can be compared.
The method for compsring rates was identical to that used for comparing
reaction rates in matched crystals having the ssme initial numbexr of free
radicals. In this case one ordinary and one deuterated crystal of the same
compound were carefully chosen and irrsdiated with X-rays. After observing
the intial free radical epectra so that intial relative concentration could
be compared, each orystal was mounted in the doudle cavity and the cavity
heated according to the procedure dsameribed in Chapter 4.3.2.

5.2.1  Results

In all, six free radiocal reactions were examined to see whether the
kinetic isotops effect ocours. These resuits are shown in table 5.1.
Figure 5.2(a) shows the deuterium isotope effect on the destruction of
A -kenoxycarbonyl propioniec acid (radical A) in irradiated D, - succinic
acid. The rate constant, obtained from the mlope of the reaction curve for
this reaoction; was less by a factor of 4.5 than the rate constant for the
same radiocal in ordinary sucecinic acid. To arrive at this Cactor one had
to acourately compare the intial relative ooncentration of free radicals
in the two orystals. In this case, ESR spectra from both crystals were
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TABLE

1.

FRER RADICAL REACTIONS STUDIED FOR THE DEUTERIUM ISQOTOPE EFFECT

Radicals on which | Type of Free | Relative | Isotope
Coapound Reaction Rates Rediocal Rate Effect
Wwere compared Reastion Constant
N-agatyl- KBG.GO‘EH—GH»QOGH
glyocine and Destruction 1.1 No
33%00-1@-0&-@003
Kalonio GH,~COCH and No
dqat unknown redicals | Destrustion 0.8 (See Text)
Suceinic HOOC-CHy=CH, =000
Acid ’ A
and Destrustion 4.5 Yes
DUOC=CH,,=CH,,~C00
(Radical A)
MOOC-CH,,~CH~CO0H
and Destruction 1.0 No
DO0C-CH,,-CH~C00D
(Radieal B)
Glycine 632-:600“ Coaversion Not Yen
and Determined | (See Text)
@2-000
Dihydro- 55 and 66 Conversion 1.0 No
thymine

/512
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essentially of the same shape. Only a small difference in the spectrum

from irrsdiated D, - succinic aocid was observed due to proton-deuteron
exchange ooccuring in kenosuscinic acid (radical B) during irradiation (eee
next section). The comparison of intial spectra revealed that the intial
oconcentrations were the same. After radical A was completely removed hty
ennealing, a second comparison on the remaining spectra showed that the
concentration of radical B in the two crystals was equal., However, no
isotopic effect was observed in the reaction rate for the destruction of
radicsl B at the higher temperature where these radicals react. Figure 5.2(b)
reproduces the reaction curves for free radical destruction in N - acetylglycine
and deuterated N - acetylglycine at 125°c and reveals no isotopic effect

in the reaction rate. (Note that the vertical scales in figure 5.2(b) have
been displaced for clarity.) Comparison of intial spectra revealed that

the intial oconcgentrations of free radicals were the same in the two oxystals
after they were irradiated uniformly. The two lines comprising the ESR
spectrum from the deuterated orystal were, however, slightly narrower due

to the megnetic moment of the deuteron being smaller than the proton
resulting in less inhomogeneous broadening.

In the case of the glyscine conversion, the conversion rate was
observed to be slower in D3 - glycine after each crystal was heated equally
so that radicals in the glycine orystal were completely oconverted. The
radicals in }33 - glyeine were not completely converted at this stage as
further heating still sltered the spectrum. However, little work has been
published on the identity of the free radicals in irradiated 1}3 - glycine.
Box et al (1966) have identifiei the radical produced in D, - glyoine when

3
it is irradiated at LNT and allowed to warm to 165°K as being CH,-CO0  er

cnz-cmn (kenoacetic acid). In the present work it was observed that after
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a crystal was irradiated at LNT and stored at dry ice temperature (ESR
spectrum as shown in figure 4.17(a)) the spectrum slowly altered when the
orystal was observed at room temperature. The final speotrum (figure 4.17(b))
resembled that obtained wham a orystal was irradiated at room tcﬁporaturo,
inftially. On heating at 55°C a orystal which had been irradisted st rocam
temperature, the spectrum was altered (as mentiomed in Chapter 4.,6) indica-
ting that the radicals, in this case, were being converted (tigure 4.17(c)).
This conversion reaction was compared with the one in crdinary glycine (des-
oribed in Chapter 4.6) and was noted to be slower. The guestion that arises
here is whether the radicals are, electronically, the same in the two con-
versions. In ordinary gyloine the radical that is converted is kenoacetic
acid (532 - coag) while the radical transformed in B, - glycine appears to
be (‘:’Da = C00”. This radical has not been identified in freshly irradiated
D3 - glycine but the possibility of it being 5'32'-600' has been mentioned by
Morton (1964 b).

For perdeutero-malomic acid (nooc-cnz-cwn), where the identity
of the free radiocals are unknown, the rate of disappearance of the whole
Z3R speotrum was oompared with the disappearance of the kenoscetic acid
spectrum in ordinary malomic aoid when the crystals were identically heated
at 65°C. Both orystals were wiiformly irradiated using the sealed holder
and the inmitial oconcentrations of radicals were, in fast, checked by double
integration and found to be similar. Observations from tiis experiment
indicated that the spectrum from irradiated perdeuterc-maloniec acid dimini-
shed at a faster rate than the kenoscetic acid in ordinary malomie acid.
This anomalous result may indicate that the radicals in the deuterated

compound are struoturally different.
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5.3 ZIsotopic Mixing as Evidence for Radical Migration
Since the phenomenon referred to as isotople mixing in Chapter 2.2

has been obsexrved 4o ocour in the radicals of Bz

the irradiation process {Pooley and Whiffen, 1962) it is worth checking

« guccinic acid duwing

for this phenomenon in other irredisted deuterated oxganic erystals.
Proton~deuteron exchange has also been reported (Itoh and liyagawa, 1964)

in free radicals of an annegled irrvadiated crystal of Leoleglanine with
annealing at a sufficiently high temperature exchanging all protons on the
radical. Thus one would like to look for HeD exchange in radicals of other
deuterated orystals by ESR techniques and see whether it ocours during the
irradiation procéss or is a result of annealing. In the cases of succinie
acid and Leclwglanine it would be of great interest to see whether the
exchange is confined to the radicale only or whether it has extensively
involved the molecules of the host crystal as well as the radicals. Evidence
of the latter situation would be strong evidence in favour of kenon migration.
One can establish the extensiveness of isotopic mixing in & crystal by
examining the infrared sbsorption spectrum. If any alteration in the
gpectrum ig seen as a result of proton-deuteron exchange then the mixing
must cocur in the molecules of the crystzl as well ag the free radicals
because infrared sbsopiion spectroscopy is notoriously insensitive to
detecting small conte m inants in a specimen.

5¢3.1 Experimental Method

If a sufficient number of the molecules in the crystal each have one
or more hydrogen atoms bonded to carbon atoms exchanged with deuterium

atomg, then iis infrared spectrum can be altered because if a hydrogen
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aton in a C~H bond is replaced by & deuterium atom the stretching, bending
and wagging frequencies will be reduced by a fastor of about/2. Thus new
bands ia the speotrum will appear with e corresponding deerease in intensity
of the bands mssociasted with the C-H bond. These vibrational frequencies
due to the C-H snd C-D bonds lie in & frequency region of 2000 to 600 o™ '.
Thus looking for an zlteration in the infra-red spectrum before and after
irradiation will show whether or not isotopie mixing is occuring to any
considerablc extent in the crystal. ‘

Bamples of deuierimm - substituted erystals in suitable foxm for
observing the infra-zod speetra were made using the well kmown KBr dise
technique. A quantity of high purity potassium bromide and the organiec
orystal in the ratio of 100 to 1, both previously ground to some extent
with s mortar and pestlo, wers then mixed and ground further for about
90 seconds using a vibration mill equipped with a steel capsule and ball.
The resulting finely divided powder was placed in an evacuable dis holder
and the assembly evacuated to a pressure of 1 mm Hg. The powder was then
pressed for about three minutes with a pressure of two tons per mz‘ Under
these conditions the powder flowed to form a solid, translucent dise, 13 mm
in diameter. After the dismc had been carefully removed from the die holder
1t was immediately stored in s dessiocator containing phosphorous pentoxide.
All components used for preparing the dimes that were in contact with the
powder were also stored in a dessicator while not in use and were warmed
in an oven just before use. This precaution was necessary to prevent
econtamination of the disc with water whiech would slter the infra-red
absorption specirus. The spectrum was recorded with the use of a commeroial

grating speetrophotometer (Perkin-Elmer model 237) having a frequency range
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of 4000 to 600 em~!. This instrument also had a facility for recording

differential spectra which was very useful in looking for small changes

in the spectrm following irradiation. Very sareful preparation of the
two discs 1is needed so that those bands common to each spectrum and having
equal intensity ocancel out and those bands not having equal intensity or
new bands in one spectrum remain. Furthermore for preparing discs for
recording differential spectra the irradiated and unirradiated organic
samples were prepared from a selected crystal out in halves and one half

irradisted with X-rays.

5.3.2 Results

By utilising the technigue Jjust describded five partially deuterated
crystals were sxamined either after irradistion or after irradiation and
snnealing:. The results from these experiments are listed in table 5.2.
It was concluded that extensive imotopie mixing was observed in ZD..z - succinic
acid and not in the other four compounds examined. Figure 5.3(a) and (d)
show respectively, the infra-red absorption spectra of 132 - suceinic asld
before and after irradiation. So that the differentisl spectra of these
two will be directly comparable with the difference of the two specira the
usual compensating KBr disc was omitted from the reference beam in each case.
The first point to be raised sbout this gross isotopic mixing is that this
is the first time that such a remarkable phenomenon has been reported.
Farthemmore, this significant alteration in the infra-red absorption spectrum
was consistently reproducible in four different samples. The absorption bands
marked with arrows in figure 5.3(b) reflected the strongest changes in the

speotrum.
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RESULTS OF EXPERIMENTS TO OBSERVE ISOTOPIC MIXING IN IRRADIATED
ORGARIC CRYSTALS

Deuterated |Evidence of H-D ESR Evidence for Reference to ESR
Organio Exchange from the H-D Exchange in the Evidence for H-D
Compound Infra-red Spectrum Radiecal Exechange
DB-slycine Ko Possibly Occuring Present Work
. (See Text)
I=ot-Alanine No Yes Itoh and
Miyagawa (1964)

D,-Suceinic

2 Pooley and
Acid Ton oo Whiffen (1962)
D, ~Acetyl- '

2 glyeine Ko Ho Present Work
D,~dihydro-

2 thymine ¥o Ro Present Work

Also reproduced (figure 5.3(¢) ) is the differentisl spectrum of the

irradiated material with the unirradiated Dz -~ suecinic acid sample in the
reference beanm.

figure 5.3(b) as well as other alterations.

This speotrum clearly shows those alterations marked in

Also recorded in the same way

was the differential spectrum (figure 5.4) for irradiated undeuterated

sucoinic acid with the unirradiated ssmple in the reference beanm.

From

this ocurve one can see that X-rays have not produced any significant changes

in the undeuterated crystals.
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This at once confirms that the appsarance of the phenomenon is ocontingent
upon partial deuteration and must be the result of isotopic mixing. The
hypothesis that there is an extensive chemical reaction involving the
production of new molecular species or extensive polymerization, can de
ruled out from the fact that it ah&uld sppear in both undeuterated and
partially deuterated orystals. Furthemore, visual inspection of the
irradiated orystals revealed them to be essentially unchanged in appearance;
they remained water clear. It is to be pointed out at this stage that the
differential spectrum shown in figure 5.4, has not shown all hands completely
cancelled out as one should expect. This degree of inocomplete cancellation
(vix. plus or minus sbout four per cent) was also seen in the differential
spectrum recorded for two discs prepared from the same unirradiated compound.
This was even after care was taken to see that both discs were prepared
under identical oonditieng and were of similar opacity and that neither of
the holders did not obscure the beam.

To establish the band assignments in the differential spectrum
reproduced in figure 5.3(c¢), those made by Shimanouchi et al (1960) for
the infra-red speotra of four isotopiec species of sugcinic acid were used.
Table 5.3 lists the infra-red bands identifiable in the spectrum of
DOOG~OK2—032-GOOD together with the nature of the changes in them. One will
notice that those changes listed are just what can be expected for isotopic
mixing between the H and D positions. The wag, twist and bending frequency
vibrations for the molecular groups ~-CHD- were calculated to a first
approximation by taking a mean between the corresponding frequencies for
the -GHZ- and -03)2- groups.
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CHANGES IN THE INFRA-RED ABSORPTION SPECTRUM OF 00°-DIDEUTERO-

SUCCINIC ACID DUE TO IRRADIATION

Change in Abborptiau

Band Eregienny Asslgensnt Strength after Irradiation
1435 CH, bend =
1240 CED bend +(?)
1210 cnz wag =
1190 CHD wag +
1180 GHz tuist -
1060 CHD twist +
1050 0D in-plene def. - (?)

910 OR 6ut~or-plane dcf." +

860 C-C stretching for - (?)
the v—cnz-cnz—group

830 c-C stretching for N
the -CHD-CHD-group

805 CH, bending =
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In the case of L-o¢-glanine the infra-red sbsorption spectra from
irradiated and unirradiated partially deuterated crystals superimposed on
the spectra of K¥r, sre shown in figures 5.5(a) and 5.5(b), respectively.
The differential spectrum (figure 5.5(¢) ) of the irradiated and wnirradiated
samples showed no significant changes in the irradiated sample. The effects
of annealing on deuterated L-<-alanine at & temperature below that at which
the free radicsle can be annealed and for which it is known that isotopic
nixing ocours in the free radicals, did not alter the infra-red spectrum.

In the case of Da - suecinic acid, annealing at 100°C for 6 hours did not
inorease the extent of isotopie mixing. With regard to the three remaining
partially deuterated syatems listed in table 5.2, the differential spectra
were alsc essentially featureless.

The ESR spectra were observed for the orystal systems listed in
table 5.2 immediately after irradiation and after briefly annealing the
erystals. Proton-deuteron exchange in the radicals produced in D, - sucoinio
acid and L-x-glanine was confirmed. In the case of D3 - Zlyecine crystals
whioh were irradisted at LRT and allowed to warm to room temperature it
was found that the ESR spectrum slowly altered (as already mentioned in
the last section). This slteration of the speotrum appears to indicate
that H-D exchange is occuring in the radiecal intially produced (kenoacetio
acid). However, a closer examination is required which could not be
undertaken in the laboratory at this stage because of inadequate low
temperature irradiation facilities.

With the infra-red absorption spectrum revealing evidence of isotopic
aixing for a large fraction of the molecules of Dz - succinic acid as well

as the radical, a detailed discussion is called for and will be given in
Chaptexr 7.
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CHAPTER 6
OTHER INVESTIGATIONS

6.1 Introduction

During the project several experimental inveBtiflations were carried
out which were indirectly related to free radical reactions and the kemnon
migration hypotheais. These included attempts to detect free radicals
by differential thermal analysis, free radical produwetion by hydrogem
atom bombardment and attempts to deteet microscopic diffusiom of the
radical state. These experiments and their results will be discussed in
this chapter.
6.2 Hydrogen Atom Bombardment

As early as 1961 Ingalls and ¥all (1961) observed that free radicals
detectable by ESR were produced in finely divided polymers bombarded with
hydrogen atoms. More recently Cole and Heller {1965) bombarded a number
of organic corystal powders with hydrogen atoms produced hy a miorowave dis-
charge and found a detectable ESReignal from most of them. The results
indicated that the radical species prodused by hydrogen atom bombardment
were mere seleotive than those produced in the same compounds by X-ray
irradiation. Only a C«H dbond breckage was observed with hydrogen atom
bombardment whereas using high energy radiation either ome or both of
the C-H and C-C bond breakages resulted in radiscals. Snipes amd Schmidt
(1966) bombarded various powdered znino aeids with thermal hydrogen atoms
and were able to record ESR spectra from all compounds investigated.
Sometimes whem powders were used the spectrum altered after they were
exposed to air for a short time. This indicated the reaotivity -



82,

of the radicals with oxyg:n atoms to form peroxy radicals which have a
characteristic spectrum exhibiting no hyperfine structure. If these same
eMMpounds” were irradiated with high energy radistion under vasuam caly
a slight effect was observed upen exposure to aiz, suggesting that the
oxygen atoms do not penetrate very far below the surface. Am all radiocals
produced by hydrogem atom bombardmeni fm a particular sample are altered
whan exposed to the air;, these radicals must be formed near the surface.
Further experimental observations were published by Heller, Sehlick and
Cole (1967) who concluded that free radicale can only be produsci im
one of twoé ways. In the case of a saturated organis molecule a thermal
hydrogen atom mey sbstract a hydrogen atom Irom a C-H bond or if an
olefinic molecule is involved the thermal hirdrogen atom oould be added
to s unsaturated carbon atom. These workers also reporied bombarding
single ocrystals with therwmal hydrogen atoms with results indicating a
very weak ESR signal due probably to the smaller area exposed to the
atoms than with th: powders.

In this project it was hoped to extend the work om hydrogea atom
bombardment of organic compounds to include simgle orystals, with the
aim of develeping an alternative method of preparing oxystals for kimetic
studies. Cole and Heller have m:de calculations showing that the hydrogem
atoms penstrate only the first 10 moleculsr layers {rom the surface and
hence conpluded that the mumber of froe radicals that can be produced
is limited. However, it has been propeosed ia Chapter 2.2 that the free
radical state may be mobile at a tenmperature below where the radicals
react. Thus if a erystal is bombarded at an elevaied temperature the
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radicals as soun as they are produced may be able to "migrate” away leav-
ing another molecule in its place to be attacked By am incoming hydrogen
atom. If this does oceur the concentration of free radicals is expected
to be higher than at room temperature. If free radicals can be produced
in single oxyetals in sufficiemt soncen:tration ‘ree radiocal reastions
could be compared with the corresponding reastions in those crystals
exposed to hizh emergy radiation. Those exystals bombarded by hydrogem
atoms might be regarded as "clesa" orystala. By this it is meant that
no other secondaxry radiation damage is present with the free radicsls

as there is when they are irradiated with Xerays.

The basic technique for Lombarding organie materials with thermal
hydrogsn atoms has beem outlined im the three papers cited above. This
involves usiag a redic-frequemoy discharge to produce thermal hydrogen
atoms which can then be direceted to impringe ¢n ihe powder at o presaure
of about | mm of mercury. The bombarding chamber shown in figure 6.1
was designed alsng similar lines to that of Cole and Heller. WNo arrange-
went wos mede 0 seal off the powder under vacuum after its exposure to
the hydrogen atcms. The right angle bend in the discharge tube at the
top of the chamber prevented most of the unwanted UV light from the
diao,ﬁa.rp arriving at the powdsr. The discharge tube was cleaned, before
being used, with the teshnigue described hy CTole and Heller. Provisicn
was made Ze warm the sample above romm temperature whilst it was being
bombarded with hydrogen atoms. This consisted of a circular copper blosk
having a polished and sleaned iep and provided with heating elements
(figure 6.2). A chromel-aligel therme-coupls jumction was attashed to
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Fig.6.1 The Apparatus used for Hydrogen Atom Bombardment.
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Fig.6.2 An Inside View of the Bombarding Chamber



the side of this blook te measure the temperature. After steady condi-
tions were attained at the temperature required the teapsrature of the
block remained within & ioﬁ without it being necessary to adjust the
heater voltaze. The sample could be expsoied to be several degrees
lower in temperature the: the block because of radiation loss but a
knowledge of the exaot temperaiure was not neseasary.

The first hydrogen atom bambardments wers made on glyeine, L{"ala-
nine, dl-malic aeid and maleic seid orystal powders at room t emparature,
loderate ESR eignals were obtained frcs the first three compounds while
no sizial was se:n from malele acid. The apectrs frem the first-mentioned
oompounds agzrced with those produced with X-rays. Sines this work began
Snipes and Sehmidt kave reported similar speeira from powdered glycine
and Lwoc-alanine. In L~(=alenine it dhould s meted that a C-¥ bond is
broken by an impinging hydrogen atem rather than the ususl €¥ bond.
This polut was established whenm the epecirum was identified 28 being
the seme as thai exhibiited by the radical species prodused %y Xeirradia-
tion of the powder. Som= powders which were bombarded a’ room tempera=
ture (inoluding metirimalonamids, malonde aeid and glysine) were warmed
%o 60°C whilst the ESR spectra were being cbeerved. It was foumd that
the free r;dioals reacted at a much lower temperature than if they were
prodused by X-rays. Finally single orystals of glycine and malomiz aeid

2 in ares) were bambarded a’ temperaturs: above

(laxgest face about 1 om
room temperaiurs. The glycine orystal was maintained at 100°¢ for 4
hours while the malomie acid oxystal was at 40°C during bombarding. Both

cxystals were allowed 4o cool te room temperature before belng removed
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from the vacuum. Immedistely after removing from the chamber an ESR
gpestmm was looked for. Unfortunately in neither cryetal could any
detectable free radicals be foumd.

It waz felt thaet the hehaviour of free radicals produced in bombard-
ed powders when wormed above room tempersture probebly results from the
radicals being formei near the surface of the crystallites and the imhomo-~
genuity &n the distribution of these radicals. The effect of exposure of
these powders to alr after bombarding has been observed “y Heller, Sohlick
and Cole amd this rezetion may also influsence $he free radical destruction.
In the easz of single eoxystals exposed $o air the soncantration of free
radicals may be adversely affected.

As it appearecd that there were many difficulties in the way ef vre-
duetion of "clean" aingie crystals, wiiformly doped with free radicals
by this method, investigations were mot perseversd with.

In Chaptar 2.2 one of the predictions involved the mobility of the
radieal state by hydrogen atem jumping. If one considers the kenon mig-
rating at a perticular temperature so that two radicals reach adjasent
sites and roact then the average nwmher of laitice sites that the kenon
can vieit before reseting is shout 10%. This arises from the fast that
about 1 in 10% radicals are produced im the oxystal. Thus with e orystal
lattice spacing, 2, the average distance x in a atraight line the radical
state can move before ressting is roughly % 10" from oonsideratios of
the random walk problem ir 3I-dimensions. An upper limit te the diffusion
soefficient D can be estimated from the approximate relatiomship x = /Bt
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(Seitz, 1952) where ¢ is the time involved. If it takes about 10 minutes
for most of the radieals $o recombine then D = 5 x 10~ 4 cnsec™?. This
value for D is very smsall and so it would be very diffiocult to detect
diffusion mecroscopicanlly. However, if the radicals were able to visit
edjesent 1lottice sites without mutual destruction, at temperatures high
enough to promote mobility, a different situatiom would exist. In this
case the activation energy assooiated with the amesling woula represent
the energy barrier that the tvc free radicele om adjscent sites need to
sumount bafore reacting. If this is the czse ome can expect the kenon
to diffuse for sonsiderable distances st a lower tempersture than that at
which the redicals recombine at an appreeisble rate. Consaquently one
nay have mocronscopic diffusion of the kemon occurring im the crystal. In
view of thoee considerations the following experiment was perfomed. This
involved irradiating half of a suitably shaped orystal and vaming the
eryntal to a selacted temperature while observing the unirradisted portion
of the exystal for an inoreasing ESR signal. The redicals ere expected
to diffuse into the unirradiasted portion if the kenom migrates without
rescting. It should be noted that "maerescopic” diffusien can result
eithec from the radfcel state mobility due to hydrogen atem jweping er by
the diffusics of the vhole radical and its detection does not help im dis-
tinguishing b@%ween these two meshanisms.

Po prepare a eryetzl for this experiment ome first needed to choose
an slongated orystel with z sross-seetion of ebout 1.5 mg. This crystal
wae inserted inte a amall lead bleck for half of its length snd the assembly
momated in the holder designed to hold the single orystels in the Xeray
beam. The crystsl was irradieted on both sides of the exposed portion by
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tuming the assembly over half-way through the irradiation peried. The
erystal was them mounted in an E3R cuvity sueh that the signal from the
irradiated portiom ef the orysial was jusi suppressed. This was done by
mounting the irradiated zald of the erystal inside a thin copper tube of
dismeter just largor than the oross-sciticn of the crystal. The tube and
exystal were atiached %o the cavity with & small plese of PI'PE. Since
the microwave field was excluded from the insids of this tube no ESR
signal eouli be obtained from this part of the oxystal. The erysial was
moved into the tube wntil the ESR signal was just undetectable. Then if
the radicals were o move out into the umirradiated portiom of the erystal
after a long period of heating aend were of sufficien! concentration an
ESR signal would be doteoctable. A standard wes included te monitor the
sensitivity of the spectrometer and to emsure thal the sams gain wae used.
Three different types of erystals were examined because of their suitable
shape. These were glycine, partially deuterated glyoine and dl-«(~alanine.
The glyoine erystals (both types) were heated in the oven at 100°C for
120 hours while the dlei-alanine orystal was hested at 130°C for 120 hours.
In all three crystal systeme no inoreass in the ESR signal was obaerved.
From these results an upper limit may be put on the diffusion 00~
effiolent. It was ostimaled that a migration distance, umder diffusionm,
of 0.5 mm oould have been detectzd by this method. Applying the relation
x = s/ D% one can pus an upper bound on D of 5 x 10"? ax®sec"t. It omn
only e said that D is less than this. In general it san be said that
careful applicatiom should allew one 1o deteet the diffusicen of free radi-

oals if their diffusion is significantly larger then the above value.
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Much depends on the choice of a suitable system for study and the laeck
of time precluded an extensive search for sush a system beyond the three
cases mentioned above.
6.4 Differential Thermal Analysis

iIf one considers free radicals being annealed in o orystal and if the
radicals resombine in pairs to form a saturated chemical species then it
can be sxpected that each reacting pair releases energy. Usually free
energy is expected to be released if a chemical bomd is formed between
twe rescting species. Thus free radical destruotion is an exothermic
reaction., In a reaction where chemical bonds are formed and energy is
released at a sufficient rate, themactiom can be detecited by the teshnique
of differential thermal analysis (DPA). To estimate the amount of thermal
energy that msy be released if all free radiocals react, the following cal-
culation was made. In an irradiated 20 mgm sample of glycine say, there
are about 6 x 1015 radical pairs that are able %0 recombine. Now if about
4 eV ia assooiasted with each radical pair reasting then the total emergy
able to be released is about 10"3 calories. The most sensitive instrument
available at present can detect exothemic resetions which liberate 1 or
more millicalories per second from which it is easy to comclude that it
is hardly to be expected that ome can deteet free radical destructiom by
Dra.

However, several sttempts were made to detect radical recombination
in glycine, IL-d-alanine, malonic acid, suceinioc aecid and N-acetylglyoine
before the above calculations were made but zll results were negative as

one would expeot,
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6.5 Other Observations

This section discusses a phenomenon associated with the free radical
recombination in malonioc asid irradiated in different organic orystal
systems after irradiation.

During the very early stages of thie projeet, irradiations using
X-rays from a copper snode were carried out using a different X-ray source
and apparatus. This source of X-rays was used until the molybdenve anode
X-ray source described in Chapter 3.5 was operational. To enable the
orystals to be exposed to the X-rays from the coprer anode tube they were
mounted in fromt of the window bui open to the atmosphere and any other
gases that may be present im the tube housing. This included ozone always
present where high voltages exist. When malonic acid orystals were exposed
to X-rays wnder these oonditions the free radicals began to destroy eash
other at a rate convenient to experimental observation whem the temperature
was raised to 50°C. Both kencacetic acid and kenomslonic acid were involved
in the annealing. However, if the malomic acid orystals were irradiated
using the speoially mede holder to seal the orystals from outside gases
such as ozone radiocsl disappearance involving only kemoacetiec acid occurred
at a similar rate only if the temperature was raised to about 65%. These
experiments wers repeated several times with the same results. Other
organic oxystals were irradiated with both X-ray sources but no difference
was observed in the temperature at which the free radicals reacted in the
pairs of erystals. It was conocluded from these results that ozone present
during the irradiation altered the free radical rezction rate in single
orystals of malenic acid but no explanation can bs offered at this stage

asa 1o how this occours.
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The other observation that will be reported here is the visual examin-
ation of the different single crystals immediately after irradiation. In
five different crystal systems uniform colouration was observed throughout
the orystal. The colour ranged from a bright yellow to a purpe in contrast
to the colourlaess appearance before irrediastion. Table 6.1 lists the
colour eash orystal exhibited. The deuterated orystals of the first four
compound= gave the same oolour.

Table 6.1
golours Exhibit Crystals Irradiati

| Colour of Freshly

! Caystal | Irradiated Crystal
I Glycine " Yallow
Lel~Alanine | Yellow
Halonic Acid Purple
|r Suscinic Acid | Purple
| MW-Acetylglyeine
(Deuterated) ‘ Pink
\ N-Asetylglyeine l Colourless

In orystals of malomnic acid and succinic aoid the colouration at rocm
temperature did not remain for more than several hours after irradiatiom
whersas in the other cxystals the colour was persistent. On heating
these erystals al 60°C for several hours the colour could be bleached
out completely. The temperature at which this occurred was such that
ne free radical destructiom aotually took place. For those crystals
showing a colouration an examination was made of the absorption spectra
of the crystels in a wavelength range of 200 to 7500 2 using a Perkin-
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Elmer model 137UV spectrophotometer. Only a broad absorption pesk was
observed in the regiom 3500 to 4500 £ for the yellew coloured crystals
and at 5500 £ for the purple coloured orystals. It appears that the
solouration bears no relation to the free radical formatiom and so,
further investigations were somsidered to be cutside the scope of this

project.
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GENERAL DISCUSSION

7.1 Intzeduction

One is now in a position to discuss the experimental data and in
pgrkimﬂ.ar %o examine the evidence for the truth or otherwise of the hypo-
thesis of kenon diffusion. It will be recalled that the experimental work
was planned on the basis of testing the predictions of the "kenon hypothesis".
To what extent is one entitled to belisve in the existence of the kenon us a
mobile crystal defect? Does it play an impordani rzole or indeed any role on
the poste-irradiation events of irrodiated organio orystals?

7.2 Reproducibility of Free Badice
It can be stated broadly that the acowrate reprodueibility of free

radical reactions by destruction and conversion is consistent with the kenon
hypothesis. One does not expeot the mobility of the kenon ic be much affeoted
by small proportions of impurities in the oxyst:l; certainly not in the oase
of a conversion reaction as it is "unimelecular®”. The reduction in xeaction
rates in irradiated and annesled crystals scem to be clearly connected with
the physical daasge the orystsl suffers, mainly "microscoplc cracking®. It
is natural to expect this to affect the mobility of eny entity. In short
these results are interesting in theuselves but seem to be of little help one
way or the other in establishing the kenon hypothesis.
7.3 Resction Kinetics and Activation Inercies

In the first instonce the oxperiments on reaction kinetics have ndded to
the originally meagre knowledge of the kinetics of free radical reactions in
irpadiated organic crystals. In general, second-order kinetics was found to
be aspociabed with free radical destrustion which implies thai two radicals
are involved in free radical recombination. However, this does not, in
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itself, establish free radical state mobility by hydrogen otom jumping, It

has established that some transport mechanism is involved in the desbruction
ag two rndicals have to arrive at adjacent lattice sites before they can
react. If could haxdly be olaimed that these resulis, namely second-order
kinetles, are in any way unexpected since it seeus perfeotly clear, a priori,
that the free radicals have to react at least in pairs if the wnpeired gpins
are to be reuoved.

A point worihy of remavk is the accurate sscond-order kinetics observed
for free radical destruction reactions: This would seem to be clear evidence
against any hysothesis that free radicals are produced in "spurs" in the
crystal. It would seeir that the weaction behaviour in polyuers ig attributed
to the inhomogenuity of the material rather 4han being essentially due to any
inhorogenuity in the distribution of the fwee radicals.

The reaction lkinetics observed for oconversion reastions were all first-
order as predioted. This was more or less expeoted as a conversion reaction
would essentially involve only one radical.

It will be observed that an anomaly was seen in one case of reaction
kinetics of radical destruction, namely the third-order kinetiocs in N - acet-
lyglyoine. One does not expect to sec thind-orxder kinetics sssooiated with
free radical destruction but one can find a reasonable interpretation within
the bounds of the hypothesis. Before radicals are able to recombine in N -
acetylglyocine three radicals must arrvive on adjacent sites. The third radieal
acts as & catylst in lowering the energy barrier for recombingtion of the
other two radicaels as a result of the associnted distortion of tﬁe lattice
which uocompanies it. As only one radical species is produced in Neacetylgly-
cine (with a simple ESR speotrum) and the kinetics are accurately third-order
et a particular temperatumr thig appears to be the essence of any explanation
however the radicals may arrive together.
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One will also recall that no free radical destruction was observed in

glyeylglyeine up to the point where the oxystal beginsz to decompose. This

may come sboubt because the radical must migrate, either as a whole or by kenon
migration, and the temperature cannot be raised sufficiently before the orystal
begins to decompose.

Finally, a brief comment can be made about the activation energles that
were determined. This list of energles will be useful for comparison with
solid state chemlical reactions when they come to hand, and in partioular, with
activation energies of self-diffusion in these hydrozen borded orystals, which
one hopes may eventually be obtalned by 61 4 tracer techniques or MR obser-
vations: If the rate determining step for free radical destrustion is the
migration of the radicals to adjacent sites then the activation enexrgy fox
kenon diffusion would be expected to be less than for self-diffusion.

The kinetic isotope effeot was observed in two free radical reactions
in this work. This was in the free radical destruction of B-kenoxyearbonyl
propionic acid in deuterated succinic acid and the oonversion of deuterated
kensacetic acid in glyecine. The kinetic isotope effect is consistent with
the hypothesis but in itself does not say that radical state migration by
hydrogen atom jumping is the migration mechanism involved. The possibility
is alweys open that the rate limiting step in the whole process occurs at the
point where the free radicals have reached close proxiumity to each other whether
they got there by kenon diffusion or by diffusion of the whole radioasl through
the orystal latéice. 3Dven in the latter case the deuterium isotope effect
may show itaelf by influencing the raie of combination of the adjacent radicals.
Kurits end Kushiwagi (1966) have roported that the deuterium isotope affect
was involved in the movement of "radical pairs", as the radicals moved apart.

In this case one ocan say that the deuterium atom is involved in the transfer.
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In succinic acid it will be recalled that only one radicel species exhibited

the kinetie isotope effect while the other radical did not. This may have
arisen because of the secleotively deuterated cxystal used. Destruction of
B-kencxycarbonyl propionic acid may only involve the deuterium atoms attached
%o the carbonyl syoup whereas the destruction of kenosuceinic acid may
involve the hydrogen atoms attached to the carbon atoms. It is reasonable
to anticipate that more of these reactions will show the kinetic isotope
effect if the experiments are done with completely, or othor particlly,
deuterated crystals. If an experiment on a completely deuterated crystal
ware to show ne kinetic isotope effect them this could be %akan as strong
evidence azainst kenon migration in that partloulav gystews Hven such a
result, however, ocould still be open to the interpretation that kenon
migration occurred with hydrogen atom jumping without the actual transfer of
the deuterium being the rate controlling step.
7.5 X» and H- redionl resotions

The behaviour of two distinet radicals when both are present in a orystal
was studied in four ¢ifferent compounds. In three cases the predictions of
the hypothesis agree with the experimental observations while in the fourth
case the observations to not necessarily agree. All four ocases will now be
disoussede

The results for glycineare in complete agreement with the hypothesis.
Both kenogiyocine and the unimown radical disappear at the same time apparently
with second-order kinetics because of tho near equaliiy of the oconcenirations.
If kenoglyeine (an Heradical) is reacting with an I-radical, kenogiycine is
free o migrate so that it arrives et sites sdjacent 50 the unknown radicals
which sre able to react with it. If the unknown radical is an H-radical then
either both radical species or only one are free to nlgrate and reaci.

In methymalonamide the #- and I~ radicals behave acecording to the
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predictions. The He radical disappears first without affecting the I~ radical

which is not expected to be mobile unless it converts to an H- radical first.

The results for succinic acld where two different H- radicals ux
obssxrved initially and which do not show the expected situstion of involving
a wetastable equilibrium can be given an adequate explanation wnder the terms
of the model. A mechanism can be considered where B- kenoxycarboryl propionic
acld cen migrete through the lattice by hydrogen atom jumping and only resct
if it arvives adjacent to g site where o rpdical of its own type resides.
Prosumably no reaotion can ocour when it arwives adjacent %o kenosuceinic
acld because of the stereospecificity of the two different radicels. vhen
all B- kenoxyosrbonyl propionic acid has reacted, kemosuscinic acid can react
at a higher tempersture when they ere sble to begin to migrate by kenon
diffusion. It should be noted, however, that the particular annealing of the
two radical species inmuccinic acid could take place by the diffusion of the
radicals as ¢ whole and so, this must be considersd as an alternative mech-
anism in this situation.

In the case of malonic acid wheve the I- radicsl is removed first by
thermsl anneeling, one nay consider the relesse of I+ radical kenons into
(mobile) H- radicel kenons which would then allow the annealing to proceed.
However, one has also to consider the alternative hypothesis that the I-
redicals migrate wntil adjacent to sites on which radicals of the same type
reside. These radiogls could migrate, as wzs nentioned in Chapbter 2.2, elther
as a whole or by the migration of the I- radical state as a result of the
movement of s molecular group from moleocule 'tc; molecule.

Finglly, one can say thet all free radical conversion reactions studied
in this work or reported in the literature conform with the predictions of
the hypothesis. No transformgtions involving an H- radieal to an I- radical

have been observed. In the case of zlycine, kenoacetic scid transforms to
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an unknown radical without affecting kenoglycine. This is allowsble under
the hypothesis as a convernion is expected to involve only one radicsl.,
T.6 Isotopic Mixing

By far the strongest evidence for kenon diffusion is the isotopic mixing
seen in irradiated deuterated succinic acid., In the present work the infrared
spectrun was observed to be significantly altered by proton = dewteron (HeD)
exchenge taking place for a proton which is bonded %o 2 earben atom.

The first indication of H-D exchange was shown in the BSR spoctrum. Apart
from the hyperfine lines due %o kenosuccinic acid Pooley and Whiffen (1962)
cbserved additionasl lines, They attributed these lines 4o a radical that wae
electronically identical to kenosucoinic acid but with one specific proton
attached to a cerben atom replaced by a deuteron. This observation was confirmed
in the present work in which incidentally A2 - kenoxycarbonyl propionic acid was
also seen (see Chapter 4.2), The real point is that a large amount of exchange
involving o largs fraction of the molecules of the exyabal must take place if
the infrared spectrum is slitered. For an infrared spestrum to be significantly
altered the induced impurities in the crystal have to be in sufficient
concentretions, viz., greater than several per cent. The infrared spectrunm
does not provide a sensitive test for impurities as the discussion of H-D
exchange in deuterated L-oCeglanine will later show. As one has establighed
that the mixing is extensive in the oxystal an explanstion must be sought.

For normal G values (viz., in the range 1-5) one van only expect extengive
mixing with & very large dose of radiation, or a radio~chenical reaction with
a very lerge G vnlue; the G valve being defined as the mumber of events
produced in the irradiated sample per 100 eV of radiation asbsorbed. However,

as only low doses of radiation (§ Megarads) were used heve one omn discount

this as playing a role. It appeara that a free radical chain reaction

-

can provide a suitable explenation zad kenon migration fits thig

/98



criterdon. This chain reaction must have & high G value if such a large

fragtion of the molecules are to be involved. A determination of the G
value from the alteration seen in the infrared shsorption spectrum whore it
is estimated that roughly 10% of the moleoules have been altered, is about
400+ The G value observed for the formation oi free radicals in organic
cxystals is typloally 1 to 3 (Box and Freund, 1959). The extensive isotopic
mixing seen in Dz-aucc:l.nic acid oan be understood in the following general
ways It will be reealled thet when the hydrogen atom vacaney or kenon is
formed on & molecule one can expect the poseibility of the deuteriuwm atonm
being woved about on the molecule by means of the "shuffling® that can go

on due to the presence of this "hole*. Thus the kenon is expected to promote
isotopic mixing on each molecule it visits and if the kenons are transferred
from molecule to molecule and able to visit adjacent lattice sites without
nutual destruction, they will essentially visit every molecule in the crystal,
causing isotopic mixing on easch. It may well be that in this case the freec
radical ohain reaction is a non~thermal reaction or nearly so proceeding with
zZero or near zero activation energy since it proceeds very rapidly at woon
temperature, a foact already remarked upon by Pooley and Whiffen in connection
with the ESR data. Furthermore, in the present work the extent of the iso-
topic mixing was not inmcrensed after the crystal was annealed at 100°C for

6 hours indieating that the mixing may well be complete. As one can see,

the aebove scheme, namely the oecurrence of large scale isctople mixing through
the agency of the mobility of the kenon is the simplest and nost general way
that one oan expect extensive isotopic mixing to occur.

To underiake a detailed discussion on isotopic mixing in 00*'-dideutero-
succinic acidit is convenlent first to ocolleoct all facts which must either
be accounted for or may have some bearing on the problem.

(1) The isotopic mixing is stereospecific.
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(2) The ratio -CH,-CH./-CHD-CH - is obsexved to be sbout 1:3.

(3) VWhen irradiated and observed at 90°K the dominant festure of the
ESR spectrum 1s a single line presumsbly attributable to
moa-cnz-czaz-coé or lts O-hydrogen analogue.

(4) Crystale of succinic acid and D,-succinic acid prepaved in this
laboratory and irradisted at room temperasture showed without
exception the above single line superimposed on the other
spectrun ag reported by other workers.

To account for the stereospecifity one requires two of the backbone H
positions to be not visited by the kenon and so be precluded from the
isotopic mixing. Predictions of the ratio of -0}7{2«5}1-/-331)-&11- follow
according %o whether it is assumed that the free rsdicals absemed are made
either by D ox i bond bresking and subseguent isomeric transformations.
However, on closer examination the model must be considered in the light of
the peculiar structure of the succinic acid molecule and orystal (Kitaigorodskii,
1961)s Figure 7.1 represents the general topology of a single one of the
Parallel chains which mapke up the cxystal lattice of Ba-suocinic aoid. Sites
which participste in the isotopic mixing are marked by an asterisk and the
kenon is shown occupying one of these sites. If one imagines a kenon on
one of these positions and confined to one molecule then a simple examination
shows that its subsequent motion between available sites on the molecule
produces only a modest amount of isotopic mixing. Complete shuffling of the
three hydrogens that the kenon mobilises is not achieved because the order
in which they appear resding from one end of the moleocule to the other cannot
be altored. Furthermore, elthough isotopic mixing can occowr in the sense
that a D ator can be brought onto the carbon backbone, both of the free
redical isomers which have the kenon on the backbone would, in the ESR

spectrum show coupling of the clectron spin exclusively with protons in
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contradiction of the fact that -CHD-CH- is prominent in the spectrum. Thus

it seems to be necessary to invoke the transfer of kenons from molecule to
molecule with the increused scope for isotopic mixing that is entailed.
This may toke place in the following menner in the solid. The primary act
of radiation is regarded as being the production of hydrogen atom vacancies
which are immedietely mobile and travel = lavge distance, whether along the
length of the chains of melecules or transverse to them being sn open
quection. The ovilence sbove is conaistent with the radical DOOC~CH,,~CH =
cod being the msjor initial prodwet of the radiation, which amounts o
saying that the kenons are prodused on the deuterated positions. The
passage of & single kenon along a path, say, down a chain of molecules
results in the movement of all the hydrogens backward by one position. lost
of the hydrogen atom vacancies ave lost by their mubusl destrustion and only
a few purvive by being locked at orystal imperfectionsor in other special
sites. One might hope to derive the -CH,-(H~/-CHD-UH- ratie theoretically
fron a oonslderation of the relative numbers of H and D atoms available for
mixing. However, to attempt this st present involves many uncertainties,
not the least of which is the cuestion as to whether the free radicals
actually obsexved in the cxystal are truly representative of those one
imagines to be present in a perfect model cxystale

At this stage, however, it is worth noticing one point of interest,
viz., that tho radical DOOC-CHD-CH-COOD (or its O-hydrogen analogues) is the
only isotopically mixed species revealed by the BSR. As far as the mole-
cuwleg which suffer isotoplc mixing are concerned, it iz quite possible
that DOOC~-CHED-CHD-COOD is present. According to this model the presence
of thls species could not be revealed by ESR becauss if it receives a
"hole" it can only do so on one of the deuterated positions end coupling of
the elootron spin with two deuterons cannot be achieved. A close examine~
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possibly be present. % ﬁMﬂ*

The essence of the above model is that isotopic mixing is the result
of a free radical chain reaction with a large G value which must be the
cage if the infraved sbsorption spectra is to be significantly altered.

Iz contrast to the nature of the isotopic mixing in 00!-dideutero-
succinic acld the mixing in deuberated L-s»alanine is confined to the
radicals only when the orystsl is annealed. The EBSR gpecirun of radiation
dangged deuterated I-d~slanine shows that the radical initially formed ie
ot=kenopropionic aeid (Gﬂyaﬂ—@o})) agssentially the same rodical formed in
undeserated Let-alanine (033-6&0003). When the ocrystal is smnesled at
300%C the BSR spectrum altews (Itoh and Miyagawa, 1964) in such a way as
to indicate that the umpaired eleotron is interscting with dewberium nuclei
which have replaced some of the hydwogen nuclel bonded to the carbon atoms.
This radical is identicel, both sirusiurally and electronically, to the
initigl »adical specics. Sufficient snnesling sllows all four protons in
the radiocal %o be eventunlly exchanzed for deuterons. One can easily see
that this exchange is of a similar nature to that in kenosuceinic acld. For
discussing the occurrence of H-D exchange in oC-kenopropionic aoid the con-
oepl ¢f free radical isomers can again be considered. However, the
difference in this case from succinic acid is that vore deuterium atoms
must Le involved to allow complete exchanze, snd radioal isomeric transe
formations alone will no% explain the ocourrence of complete exchange.

It seems necessary to presums that deuberivm ions {rom the amino and
carboxyl groups of the molecules in the oxystsl ave "poolezd". In ether
words these deuterium ions move through the crystal at an elevated
temperature and replace any hydrogen atoms assoclazted with the carboxyl

growp of the radicalas. HNow the initial redical ls in thermal equilibrium
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with its isomers at this temporature and as they are continually inter-
changing this allows the deuterium ion from the carboxyl group to be trans-
ferred to one of the carbon atoms. An example of a possible reaction
sequence iss

caB-éa-cmn > CHy-CHD-00D meed GHB&D-GOOH
If the hydrogen ion is replaced by a deuterium ion from the "pool" the
following sequence is possible:

eus-&n-coanm; én,‘,-cnn.coon
As annealing proceeds the single polar hydrogen position is kept deuterated
by exchange with the “pool® and the deuterons are gradually tzansferred
by isomerdic transitions to the carbon backbone. Eventually sll protons in
oL-kenopropionic acid ave replaced by deuterona. The concept of deuterium
iona being "pooled” in the orystal is the essence of the model put formard
by Itoh and Miyagawa (1964) who first observed H-D exchange in Lek-slanine.
This leads one tc infer that protonic conduction (Hoffmen and Smyth, 1949)
may be possibls in L-ol-alanine at least to o limited extent ab elevated
tenperatures,

Turning now to the results from the infrared spectra it was observed
that no alteration was seen. The spectra remained the same immedintely
after irradiation or after complete mixing had taken place inoC-kenp-
propionic acid. These observations confirmed the: infrared results of
Itoh and Miyagawa. One can ssy in this case of isotoplc mixing that it
is confined to the radiesls and that no extensive mixing in the molecules
of the crystal occurs. Since the infrared spectrum is not very sensitive
to changes in the crystal and the mixing inC-kenopropionic acid is not
detectable then the altoration of the infrared spectrum from deuterated

succinic acid is a result of gross mixing in the molecules ss well as in
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the free radicals.

Regarding the fact that deuterated o-kenopropionic acid (an I-radical)
disappears at 160°C without any conversion o an H-razdiecal, the kenon hypo-
thesis does provide an explanation whersby these radicals could be thermally
annealed by the steady release of I-radical kenons into (mobile) Heradical
kenons. However, in the light of no extensive isotopic mixing taking place
during annealing of «~kenopropionic scid, one must consider the migration of
these I-radicals which may occcur either by the migration of the radical as a
whole or by the migration of the I-radical state due to the movement of & mol-
esular group from molecule to moleounle.

To sum up, this discussion has revealed two distinct types of isotopic
mixing. In succinic acid; the evidence points strongly to gross mixing through
the crystal while in Imclglanine it is confined to the radicals only. The ex-
tensiveness of the mixing in irradiated Da-succinic acid leads one to postu-
late & free radiocal chain reaction which is the same in essentials as kenon
migration with radical isomeric transformations promoting mixing at each site
the radical state resides on. The eontrasting situation in l-oG-alanine has sug-
gested that the deuterium ions in the orystal form & "pool™ which exchange po-
sitions with each other presumably by an ionioc transfer akin to that involved
in protonie conduction.

7.7 ¥ree Radical Pairs

Since 1964 free radical pairs have been observed in at least six organic
single orystal systems after being irradiated at LET. The radicel pairs formed
are listed in table 7.1 and it will be noted that in all cases except one, the
pairs are formoed between H-radicals. One will recall Irom the predictions of
the hypothesis that kenon diffusion can account for free radical pair forma~
tion. It should be mentioned that no experimental studies were undertaken on

free radical pairs in the present work. Chapter 3,2.2 outlined the reason why
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A LIST OF S0We Fiooa Rauilals PaTh3 IN SEiGla Cii’iw e 1]
rcompound Pairs formed between Type of Tempera~ Reference
' the following ' Radicals | ture at
Radicals Forming | which
the Pair | Pairs Form
leryexine CH-NOH-CH-NO H-H LNT Rurita and
: Kashiwazi (19
PMethylglyoxime |CH-NOH~C(CH ).-zm H-H LNT Euritw dand
Kashiwagi (1966)
Dimethylglyoxime c(cﬂ )-»rm-c(cn )=XO |E - H LHT Kurita, (1964s)| -
Dime thylglyoxime c(cn )=-FOD-C(CE }-NO H-H LNT Kurita end
-0-4,, Kashiwagi (196
loxalic seid | BHOOC-COO H-H LNT Moulten et al
(1967)
[Hono= B}IE-CG-?!E and I-H LNT Iwasaki and
fluoroacetamide CHF=CO-NH, Tariyama (1 96?)

no such low temperature work was done.

Accepting the existence of radical pairs one has either to believe that
they are formed in pairs as such or the radicals are formed singly and
pair up later on. Just how likely or unlikely is the first mechanism is
unknown but considering the easy production of palrs which proceeds with a
G value at least as large as for the production of single radicals one is
inclined to favour the mechaniem involving sevarats production and latex
pairing by migration. The most likely migration mechenism associated with
the radicals in allowing them to come together is kenon diffusion. This is
the most likely possibility especially as the pairs are produced at such
low temperatures that gross radical migration seems to be ou$ of the
question. Now when & radical arrives on & site adjacent to ancther radical

it can be expact:d that this radical sees a slightly different environment
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than when not on this partiocular site. This arises from the fact that bond

angles of vhose molecules which are changed into radicals alter slightly., When
two rudicals ave in this situation the binding energy may be such that it will
allow either the two radicals to dissociate again or to hold them together.
The later situation sappears to be the more favourable one particularly as

the pairs exist at LNT. All radical pairs formed at INT begin to disappear
when the temperature 1s raised; in one cese (Kurite and Kashiwagi, 1966) the
pairs existod for a very short time at room temperature. The nature of this
resction allows either one of two possible reactions to take place as the
srystals are warmed to room temperature. The radicals comprising the pairs
may be able to reast to ammihilate the two unpaired spins (an intrapair
reaction) after they overcome an energy barrier of recombination or they

ocan dissociate again., Kurits and Kashiwagl reported that before the ESR
spectrum from radical pairs in dimethylglyoxime disappsared at room temp-
erature the specirum alitered in such a way as %o indicate that the radicals
oomprising the pairs had moved apart by a distance of one molecular spacing.
This evidence appears to point to the latter reaction mentioned above, as
being the more likely at least in this case. Heasurements on the absolute
goncentration of all radicals as the orystal agzes can provide further aevid-
ence regarding this reaction; the concentration of isolated radicals is
sxpected to inorease with dissociation of the psirs. No such measurements
have been reported to date.

Othexr workers on radical pairs have also shown that the same radicals
also exist in isolation. From eonsideration of the simple model on which
pair formation can be based two possibllities exist for radieals occurring
in isolation. In the firai instance one can look at their existence as
resultiag from thermodynamio equilibrium existing between the pairs and the
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isolated radicals formed by the dissociation of the pairs. Alternatively,

some radicals after formation are unable to migrate because of impurity
defects or dislocations in the ocrystal inhibiting their movesment.

In the case of monofluoracetamide where the radical pairs are
composed of H. and I- radicals and the isolated radicals are of the I-
type the hypothesis provides a suitable explanation., Here it is resson-
able to expect only the H- radicels to migrate, after irradiation, to ihe
neighbourhood of I~ radioals. As the temperature is raised to 29993;2 an
intrapair reaction takes place as very few H- radicals arc seen at this
temperature.

To sum up, this discussion on free radicsl pair phenomena has
pointed out that it is most likely that the pairs are formed as 5 result
of post-irradiation events. The fryee radicals immediately after formation
at LNT migrate by kenon 4iffusion until they arrive on adjacent sites and
are held bound hy their mutual distortion of the lattice. When the
orystal is warmed then either there is an intrapair reaction or the pairs
dissociate to form isolated radicals. The possibility of the radical
itself migrating at LNT seems most unlikely.

The alternative hypothesis, viz, that the radiocal pairs are formed
in situ has been put forward by Kurita (1964b). The model proposed in
this case states that the second radical of the pair is formed az a
result of hydrogen absiraction and not by the primary act of the radiation.
At this stage one has to aceept this model as competing witi the model
discussed in this section until some way of distinguishing the two

processes can be found. The best way of approaching the investigation
of this question would seem to be a searchk for and study of palring
equilibria. As the frce radiecal pairs are destroyed thermally, the

strongly split spectrum will also disappear and the spectrum of the
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isolated radical will increase. If a pair in equilibrium exists then

lowering the temperature sgain csuses the reappearance of the eanily
recognisable strongly eplit spectrum of the pairs. If one could obsexrve
this then excellent evidence for the reality of kenon rmobility would
be provided.
7.8 Macrescopio Diffusien

The results of the experiments %o obmerve macrofoopic diffuasion of
the free radicals sllowed one to place an upper 1limit on the diffusion
coefficlent. This limit, however, does not rule out kenon diffusion as
& migration mechsnism. It may be that an activation emergy of migration
prevents the radical sbate from being mobile below the reacting
tempersture, Murther, ut this stage one is unable to distinguish between
whether it 1s the radical state or the radical as a whole that migrates

when the free redicals recombine.

Zo cum up, thie study on free radioal phenomens has given a further
insight inte the knowledge of the properties and behaviour of free
radicals in irradiated organic oxystals. The study of irradiated crystals
by ESR and spectroscopic techniques provides interesting new ways of
acquiring further knowledge of moleoular phenomens. ihe preceding
disoussions reveal that out of all new experimentsl evidence obtained in
this work on post-irradiation phenocmena, the isotopic mixing discoversd
in 00'~dideuterosuceinic acid stanis cut as the rajor fact whose
explanation is contingent on the validity of the kenon hypothesis., All
other evidence, which although oonforms in a general way with the ideas
of the hypothesis, can at this stage be given alternative explanationsj
thet 1s, one must still consider the diffusion of the radical as a whole
a8 & competing hypothesis. Reaction kinetics of radical destructien and
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the kinetic isoetope effeot have established that free radicals migrate

but do not allow one to distinguish the mechanism involved. The thermal
annealing of 1. radicals, which oceurs in seversl cases studled in this
work, could possibly be duec to the diffusion of the radical as a whole.
However, it could equally be held that the I- radical might wmigrate by
the movement of a molecular group from a neighbouring lattice site to the
radicel site, but at thie stege neither of these iwo mechanisms can be
dintinguished. In any oase, the kenon hypothesis still provides an
adequate explm‘b;l.em qhex;o’by the I- radical kenons eould steadily be
relessed into the {mobile) H- radical siate to allow the annealing to
proceed.

To understand more sbout the free radioal migration mechanisn,
partionlarly during annealing of the radieals, future work should entail
self diffusion experiments in those crystals studied im this work. (A
recent commnication (Sherwood, 1967) has revealed, in faot, that self
diffusion can be detected and studled by tracer techniques in hydrogenm
bonded organic exystals)., The activation energies obtained should then
be ocompared with those lisited in this work for free radical destruotion.
The study of isotopio mixing and deuterium isotope effect should be
extended to orystals eithar partially or completely deuterated which
were not available for the present work. This would yield more detailed
information on the proocesses involved.
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APPENDIX A
THE ESR_SPECTROMATER

The ESR specirometer used to detect and measure the concentration of
free radicals studied in the present work was that described by Cavenett
(1964). Briefly this was an X-band superheterodyne type using an
intermediate frequency of 45 megahertz and & modulation frequenoy of 135 hertz.
The magnet and its control unit were Newport Instruments typs (5.

During the project some time was devoted toc improving the sensitivity
of the spectrometer. According to Cavenett (1964) and Feher (1957) the
main factors affecting the sensitivity of s superheterodyne spectrometer
are¢ noise sources arising from the frequency fluctuations in thé klystron
output and sample cavity and microphonics originating in the detecting
bridge and waveguide assembly. Tims it was decided to reduce these noise
sources as much as possible and aliterations were made. These included a
fully transistorized klystron frequency stabiliser (whose circuit was
developed at the National Standards Laboratories, C.S.I.R.0., Sydney), a
temperature controlled oil bath for the signal klystron, regulated DC voltage
supplies for the filaments of the two klystrons and a new low frequency
selective amplifier. Cireuits for all of these modifications are given in
Appendix B. Furthermore, precautions had to be taken to reduce the
vibrations of a rotary pump, required to evacuate the variable temperature
caviitles, from reaching the waveguide assembly,

With all of the above modifications a noticeable improvement was made
in the sensitivity of the spectirometer.
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In most experiments undertsken in this work, the concentration of free
radicals was needed to be knewn. Only the relative concentration, viz. the
concentration relative to s standard, was in fact needsd eince the differ-
encs between the absolute and relative concentration is a constant factoy
for a given set of instrumental conditions. The ESR spectrometer used in
the projeot recorded the first derivative of the ESR spectrum and this was
the variable related to the soncentration that was observed. The following
argument will show that the fir:t derivative of an ESR spectrun veries
in proportion to the concentration of radicsls. It is well inown (Ingram,
1958) that the 1line shape of an ESR spectrum is cither s Gaussien or
Lorentzian function or a combinetion of Both. The type of function depends
on what interaction is the main source of broadening. A Gauseian line
shape results from the dipolar spin interaction alone, which is to be
expected for free radicals in organic orystals since they are seldom
broadened by strong spin-lattice interaction. The spin-orbit soupling is
very small for such radicals. In fact Simmons (1962) has shown that the
line shape for organic free radicals is Gaussian and it is homogeniously
broadened. Assuming the lineshape is Gaussian the parameter observed from
the first derivative curve (shown in fig. C1) of a simple Gaussian ourve is
h = h,,-i-h2 where h1 snd h2 ere the values of the derivative at the two points
of maximum slope, respectively. This parameter can very casily be shown %o
vary linearly with the area under the total ESR absorption curve, g{H—Ho).
The above argument hag sssumed that saturation broadening is not present.
Such broadening is characteristic for organic radicals as they have long

spin-lattice relaxation times (Ingrem).
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In all the ESR investigations done in this work, the microwave power was

set so that the absorption was mot saturated.
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