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Summazry

The solid-state exchange reaction between two nexrmal lattice
species has been investigated in the compounds [Fe {Héﬂjﬁj
[Fe EDTA {HEDJ]B.HEG, [Co (MHg) . Cl]C12 and in. the chromium {IEL}
oxalates [Cr {Hzﬂjﬁj[c:: (c204}3] and [Cx {c204}(:~129}4]2::n (€040,
.{HEG}Z]'whexe the exchanging species occupy two different lattice
sites and have the same oxidation state. In these systems the
exchanging species are eilther ions on ordinary lattice sites and
complex metal ions as in the compounds [Fe {HBD}ﬁ][FE EDTA (HED}]3

H,0 and CIE(CED

4j3.ﬁHED, or ligands and guter anions as in the

! 1]c,. . .
sompound [Co {N&E}SC ] o :
* The exchange between the iron atoms in the cowpound
. ' . " o .
[ke (Hzﬁ}ﬁj[be EDTA EHEDJ]B'HﬁD starts at 100°C, increases
sharply in a narTow intex%al of temperature just below the
temperatire of decampositien and is correlated with the thermal
deccnposition process at temperatures higher than 140%C.
Measurements on a dehydrated sample showed lower values for
exchange than in the hydrated sample., The effects of y-irradia-
tion and crushing the crystals before heating were investigated:
the two treatments did hot inducerexchange, but erushing enhanced’
the subsequent thermal exchange while y-lrradlation had ne
effect.
N -
Exchange proceeds very slowly in the compound [Co {NH3)561]
Cl, mven at temperatures as high as l?DDE, when decomposition
begins. Crushing and y-irradiation failed to induce e¢auchange

or to enhance thermal exchange, but different preﬁhraticns of

the labelled compound gave different results. Exchange
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isathermals oFf the compound labelled in the catienic and in the
anionic sides overlapped, giving evidence that a true exchange
reaction was involved.

" Exchange in the chromium {IIT) oxalates was found to bDe

" related to the decompositlon proecess lnvolving transfer of

ligands. . .

The lkdnetics of the exchange in all systems was ilnterpreted
in terms of a model which assumed a set of first-order processes
with a spectrum of cnergies of actlvation.

The mechanisms of these processes are discussed.
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CHAFTER 1 - GENERAL THTRODUCTION

1.1 Introductian

The most reecent investigaticons of exchangs reactions in the
solid state have been exploring the si;uatinn where tho exchang—
ing specigs are normal lattige entities. Solid-state exchange
‘reactions between normal lattlce occupants are also th; suhjéct
of this investigation, whose aim is to achicve a better undez-
standing of the mechanisms of the exchange processes in the zolid
Etéte.

Most of the earliest studies of exchange reaFtignﬁ in the
s0lid state were mainly directed towards elucidating the struc-
ture of compounds. Solid c?mguunds countaining at?ms of Bhe Sane
Elemen%—ﬁhich may or may not be in different chemical states can
be investinated using Iadinactiuehtracers, uzeful in deternining
whether these atoms pass through a staté of chemical eguivalence
ﬁuring e formation or decomposition of the sc:alid.-

As sarly asilﬂzd, Zintl and Rauch synthesised PbEDB.BHZO
using radicactive PB {II) and inactive Pb {(IV). This sn%id Wo %
then decomposed and the twe types of lead were separated without
ehanging the original distributicon of radioactivity, proving ;hat
the divalent and tetravaient lead atnps were at no time equiva-
lent (Z2intl & Rauch 1924).

. L -
In order to £find oui whether H4Cr308.xH20 Is better

fortmulated as H CIE{IH}OB.xH

4 Q or H,Cr,(IXI)Cr(VI)O,.xH,0, Aten

e 4
and collaberatoys {(1953) prepared the substance by mixing an
aquecus solution contalming radicactive Cr{TIl)} wi%n ohe contain-

. . . 2=, -
ing inactive Cr(?1}04 ions. The solid product was then

. . pet .-
dissolved and CIGd was preclipitated as FbC;G4 and countad,



Less than 1% of the original activity was found in the prccipita-
ted Zraction, indicating_cleariy that the chromiwn atoms were not
equiva%ent at any stage of the synthe;is-decumpusitiun PLOCESS,

The Equiyalence of atoms in the structure of other compounds
of this kind was also investigated using radicactive tracers to
check the exchange during the formation and decoﬁpositi?n of the
s0lid. It is now kncwn that compounds like the thallium halides,
T1,¥,, are better ﬁritten as Tl(IjBETl(III}Clﬁj {Lorthioir &
Michel 1964, Whitney et al. 1943).

It has also been shown that the introduction of radisactive
"BL{IYL) inte hexachloroantimoniates does not yield egual AMounts
of radioactiue 5k(III) and Sb{V)} on.decompositicn, as would be!
expectéd if all the antimeny iong in the crystal were sguivalent
{Turce & Mazzon 19583, Turcci& Sordillo 18552).

This type of inueatigatiﬁn has also beedi carried out on
nickel cyvanide, The chservation that‘sulid nickel cyanide con-
tains itwo non-equivalent kinds of nickel fLong 1951) indicates
that the enpirical formuila, Ni{Csz, is better written as '
Ni[Ei{CN}d}.. In this cempound both atoms are in the same
oxidation state. '

. The study of exchange reactions in the solid system
received an impetus with the suggesticon that annealing reactions
Tollewing nuclear changes could be interpreted as exchange
reactions {Harhottle & Sutin 1959}, During the 60's, exchange
reactions in the solid state were widely stundied in éystems_
made in an attemplt to simulate neutron-irradiated seolids. The

,

exchaoging radicactive entity was introduced inte the lattice

of thess “doped systens by means of sewveral



different techniques. Numerous doped. systems of this kind bave
becn explored and it has become clear that the reactions cocur-
ring between the deopant and the normal lattice species are
actually exchange reactioms. A4n account of these studies is
given in sections l.4-1 and 1.4-2,

With the exception of Schmidt®s experiwent in 1965, it was .
“noct until 1975 that exchange between normal latiice entitics
was explored. These experiments concentrated ﬂﬂ solid compeunds
containing a given element inm two sites of differxent co-
ordination, or in different states of oxidation, or both. The
passibility of inducing exchange thermally or by -octher means
was investigated to discover whether_exﬁhange bétween normal
latticg_gpezies could take place in the solid state, and to
ohtain information abput the mec@aéisms of such reactions.

The important difference betweepn experiments on these
systems and on the doped systems is that, in the latter, the
dégant iz always at a concentration which is several orders of
magnitude legs than its exchanoging -‘partne.f:, so that the exchanoe
can anly be followed in one direction. Further, the crystal
location and even the exact identity of the dopant are not
necessarily kn;Wn exactly. When nermal lattice entities are
involved all these difficulties disappear. )

The avallable experaimental results oflstudiqg on exchange
reactions im the seolid state between normal lattice species are
presented in section 1.4-4, '

Solid-state isntbpic axchange reactions that take place

cithier in doped systems gr between normal lattice entities.show

a resemblance to the annealing reactions following nuelear



transformations in solids. Eecause of this connection between
the twe phenomena the next iwe sectlionsg, 1.2 and 1.3, will be
devoted to the chemical effects of nuclear transformations ih

solids and to the post-recoil annealing effects, respectively.

1.2 ‘The chemical affects of nuclear transformations

The first experiment in which aytention was facussed on
the-chemical changes following recoll after é nuc%ear Lransforma~—
tion was carried ount in 1934 by Szilard-and Chalmers, who
extracted radipactive iodine from a sample of ethyl iodide that
had been bombarded with thermal neutrons. The ﬁuclear avent
was accompanied by a chemical evenf: the iodine-carbon bond W;s
broken when a J‘B?I nucleus was transformed by neutron cé%ture
to l?BI {Szilazd & Chalmers 1924). These ;u.J.‘l“.‘t'.u;lrs(J.-:H.:v:a;IL
suagested (1934) that the observed bond-breaking was due to the
itransfer of momentun from the capiured neutron to the compound
nucleus, ail ﬂhservaticnrhuw known to be incorrept since in a
thernal-neutron capéure the incident nentron cannot impart
enough eneréy to the nucleus, to cause rupture of the bond.
Fermi and co-workers {Amaldi et al, 19325} provided a wore
ingenicus explanation: upon capture of thermal neutron, gamma
fays were enitited from the excited compound nucleus and the
momentum Lecessary to break the bohd was supplied by the Tecoll
from. these ravs.

Lei us suppose that the excitaticn'energy of the compound
nusleus is carried away by a_sing;etgamma ray of gnergy E?,
having a momentun Py 2 Ey/ . By gonservation of mnﬁentum; the

recoll energy is EI = PYE,fEM = ETEXEMCE, where M is the mass



of the atom. A moxe conventent expression for the recoil energy

e ‘ 537E., % '

E_'I:' = __E‘-',':_ ev
[

where E? is in units of MeV and M in amu,

Since tha C-I bond energy is 2.0 &V we ¢anh see that the
emission of a gamma photon Df-only 1 MeV enerxgy would ée engugh
to lead to bord zupiure and produge a‘reccil lodine aton
{M = 127) having an energy of 4.2 eV (Harbottle 1565).

This process has been used in the preparation of radioisc-—
-tupes of high specific activity for medical and industrial
PWIPOSES.

D*Agostine (1235), ‘'working with potassium permangaq?te
irradiated with neutrous, fo;nd that only 80% of the 56Mn could
be separated from the pemanganate. The fact that 208 of the
cvents £Efnrmed the criginal type of complex lon was very
disconcerting since the great majority of Mn;D bonds should have
becn broken by the mechapical IECﬂii imggxted to the nusleus by
the emitted gamma rays. Since then, several expariments have
demonstrated that a considerable part of the total activity can
remain in the target molecule {e.g. Haxbottle & Maddock 1979).

The radicactive fraction feund in the parent form has come
to be called the Mretention!" and it i1s mainly the result of a
reaction of the recoil atom with ité“sufruundings-after the
nuclear event.

Various theoxies have been proposed to egplain the
reconbination of the recoll atom with the parent malecule {e.g.

Harbottle & Sutin 1959),

The retention can be divided into four parts (Vargas &
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Maddock 1979): R, = Ry + Ry + Ry5; + Ry, The first part, R;,

is due to failure of the bend to rupture; the second, R can

ii:
be attribﬁted to a very Iapid reformation of the molecule with
some or all of the same constituent atoms; Ryig is due to
reformation reactions inwvalving the high-energy receil atoms

{the sco-called "hot" ators '~ this component is a result of genulne
hot-aton reactions); and Ry, arises from reformation reactions
involving thermaigsed+pruduct sDCeCles.

It is wvery difficult to study the behaviour of the recoil
particle as it loses its energy (a hot reasticn takes‘place in A
few picoseconds). - Nevertheless, it is possible to oblain more
information about fthe progesgses ogeurring in the irradiated solid
by studging the.reagtiﬂns invelving the thermalised specifes.

Onee the recoliling atom has been thermalised the subseguent

reactions are desceribed as annealing reactions.

1.3 Annealing reactions

Reactions involving the themmalised species formed in a solid
gompaund rore than 1 nanesecond after the puclear change are
known as annealing reactions. They take place between the radio-
active product, the fragments and the unchanged léttice species
in the terminal zone. They are called annealing reactions because
they tend to reform the parent matri{képeéies. These reactions
are studied to understand the mechanisns by which thew takerplace
and alsc to discover the nature and enviromment of the species
formed arfter the nuclear change. "\

Annealing reactions can beg induced hy treating the solid in

different ways afier irradiation; thus heating, exposure to



radiation, and other treatments result in an iocrease of the
retention.

Williams (1948) was the first to record an example of
apnealing, in this case induced by lonizing radiation. IHe
reported that the specific activity of radioactive antimany
produced by irradiation of azntimony pentatlucride and awmonium
‘flucmeta antimonate {NH4EDF6] decreassed with increasing time
of irradiation; there was a radiation-ilnduced back-reaction
which returned the scparable 1245b {ITI}to'a form indistinguish-
able from the parent.

Spon after this, Green and Maddogk {1949}'fbund that the
retention of ~lCr in neutron-irzadiated solid potassium chro-
mate crystals could be incredsed sieply by beating. Similsft
annealing effects were subsequently found in putaésium
permanganate (Aten & Van Berkum 1950} and in potassium bromate
{Cobble & Boyd 1952}. It is now known that nearly all
. irradiated systems show an increase in xetenticn on heating.

Annealing processes have alse beep reported which have
been induced in several other wavs, such as by irradiaticon by
light (Herr 1952}, by compression {Andersen & Maddack 1963,
Andersen 1963) and by ultraseonic and shack ex;itatiqn {GatolF
1965)., Annealing may also be sffeccicd by phase—éhange { Maddock,
& I-Ic:har}ty 1963), or by. hydration oz de@&rdhraktinn of the crystals.
Ispthermal hydration or dehydration usually induces a change in

retention (Bolton & McCallum 1957, Shankar et al. 1965, Lindner
1958). The rearrangement of the crvstal lattice durin these

processes wight fagilitate the processes that cocux during .

thermal ammcaling, It seems that any process that leads to



small internal reatrangeménts of the lattice will have some

effect on anpnealing {Maddocl 1975a}.

1.3~1 Factors affecling annealing

There are a number of facleors that infiluence the rate and
extent of amnealing reactions. These reactions are known to he.
sensitive t9o the crystal envireonment of the disint;grating
molecule, MeCallum and Maddock (1953] demonstrated that, 1n a
geries of isomorphous salts such as éhe pérmanganates, thé
rates for annealing were different although the pattern remained
the séme. Two different erystal mcdifiqations Df a salt pan
also bebave differently on apnealing and even isotopic modifica-~

: F ]

tions of the enviromment may changs the rate of aﬁnealiné

(Andersen & Maddock 1963},

Anpealing reactions ﬁaue been shown to be very sensitive
to the n;ture and density of defects hresent in the solid. It
has been observed that even when conditions during irrédiation
and afterwards were carefully controlled, the reproducibility
aof measurements from different preparations of a given t;rget
material was poor. It soon became evident that the ndture amnd
density of crystal defects could influence the rgtentimn and the
kinetic parameters of the subsequent ﬁnnggling reactions (Vargas
& Maddock 19'?9), _ W '

Icnizing radiatian and the crushing of the crystals befare
neutron irradiation were both found to affect the initial reten-
tion and accelerate the sussequent thermal annealing (Maddock &

Vargas 1959; Maddock et al. 1963).

It has alsa been demonstrated that when a neutron-irradiated

»



1d

compound is thermally annealed at constant temperature until the
rate of annealing s very slew, and then the crystals are
irradiated with ionizing irradiation or crushed, a further stage
of rapid annealing takes place {Claridge & Maddock 1961,
Andersen & Maddeock 1862),

Defects, such as lattice viacancies and dislocatiens, can
provide additional free spaces in the lattice which allow move-
ment of atoems during annealing prﬂcesse5: Somer defects can
either supply or trap electrons or holes jacilitafiﬁ@ redaox
reactions. In some systems the rate of the anpealing reaction
is inrfluenced by the atmosphere in which anmnealing is conducted
{(Hath et al. 1964)}. A glven gas Or vapor can alse either l
enihance or inhibit atnealing in different newtron-irradifted

compounds {Themas 1972, Eao & Nath 1966} .

1.3-2 Features of annealing reactisans

Most irradiated systems show some annealing on heating, but
this carn also cccur at very low temperatures {veljkqvié &
Barbottle 19%1, Ackerhalt et al. 1969) and at temperatures where
decamposition is taking place {(Getoff & Maddeck 1963, Jach 1968),

An irradiated solid gene:;ily contains both the receil

atons pr ions and radicactive atoms combined in ligand-deficient
. :
R ¥

apecies.  Annealing reactions gener@kly involve either

reattachment of ligands to reform the parent specles or oxidation:

" since the thermallsed primary product usually stabilizes in the

Terminal zone in a lower oxidation state. Sometim%f the anneal-
ing appears to take place in a single step (Yoshihara & *
Harbottle 1963, Maddock et al. 1965) and sometimes the

e
L]
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reattachment reactions proceed sequentially (Rauscher &
Haxbottle 1957, Salto ot al. 1962).

a xeﬁarkable feature n% an annhaaling reaction is its
sterecspecificity. In eis and trans geometrical dsomers or d
and 1 enanticmorphs, annealing usually shows a strong preference
for :E?dr#ing the original 'configurxation of the parent species

(Zuber et al. 1961, Dimotakis & Maddock 1961).
Another interesting chavacterisgtic is the fom of its

kinetics. Megasurenments of annealing aze wsuoally made by
detennining the retention as a function of tisme and this has
already been shown toe be independent of the numbern of radig;
active atoms present. This suggests that annealing processes '
follow ?}mple first-qrder kinetics._ cheuér, the experimental
data rarely follow such simple patterns (Shankax et al. 1961,
Kudo & Yoshibara 1970). In general, wore cosplex behaviour is
observed (Maddosk & de Maine 1956). .Annealing isothermals
shaw fi£st a rapid ri;e in retention after which the reaction
becones progressively slewer and the curves flatten (the

"plateau').

Sevaral models have boen proposed -to interpret the thermal
‘anpealing in neutran-irradiated compounds {Harbottle & Sutin

1950, Maddoclk & de Maine 1956}, The most successful of these
Ll ;
assume a set of first-ocrder reactigns with a spectrum of gnergies

of activation {Vand 19432, Primak 1955}. This nodel, which can
be applied alse to exchange reactions in the solid state, is
discussed in chapter 2.

*

The proposition of an exchange madel (Harbotile & Sutin

1959) to explain the mechanism whereby the wctivity could return



to the parent form gave impeius tg the study of exchange reac-
tiens in the solid state. According to this madel, the following

exchange reaction can take place after neuiron irradiation:

* - %
e+ R¥Y —= ¥ + BX

-

5 - -

where X is the radiocactive atom lying in interstitial pesitions
and BR¥ the parent species.

This model was treated wiih some scepticism mainly bec;use
thg activation energy far such a procdess was thought too high
to" account for annealing which takes place at moderate tempera-
tures, But the authers argued that "just as the -activation
energies for diffusion are thought {o be lowered in the presence
of defects, sc may acfiﬁation energies for emxchange"., ¢

There now follows an account af the main xesults af the
investigations that followed this preoposition.

1.4 Exchange réactiuns in the sclid state -
L .

1.4-1 Exchange in doped systens

L

Isotopic exchange in a solid svstem was first reported by
Kaufid and Vlatkovié (1963). In their experiment they tried to
prove the validity of the exchange model (Harbottle & Sutin 1959)
for the annealing of Szilard—Chalmer;'prpducts. They compared
the behaviour of recoil iodine-128 ©n a sample of calciwn jedate
irradiated with thermal! npeutrons, with another sample of the
311=

. . - . . .- 1
same salt crystallised with traces of radicactive iodide |

)

incorporated in it. The icdide~doped system underwent oxchange

on heating following kinetics which were very similar to those

of the annecaling in the irradiated swvstem.
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fdpers and co-workers {1964) found that tnermal treatment
of chromic [SICr}-ddped potassium chromate resulted in
incorporaticn of the species having an oxidation state different
from that Df.the parent into the parent chemical form. They
named this process "transfe¥ arnealing™, suggesting that it
would involwe an oxidaticn of the tracer species and not
necessarily an isotopic axchanae. FPublication of this ‘worl
stimnlated more interest in éhis so0rt of investigation io spite
of the practical difficulties in simulating accuritely an
irradiated system.

?ransfex;annealing processes appeared not to be restricted
to simple complexes such as the c;yaniéns. Nath and collabora-
tors cbsexved a fransfei of radieactivity oceurring in cobhalt
chelates doped with radio~CDE+ which they regarded as arising
through genuine isotopic exchange reactions (Math et al. 1966,
Nath & Khorana 195?, Khorana & Nath 1967, 1969),

As Interest grow in.t@ese reactions, 5o too did scepticism
that i1sotople exchange could taks place at a1l in solids-H
Mndersen et al.(1968) suggested that the observed exchange could be
an artelfact of the analétical techniques used teo dissolve the
so0lid sample. This doubt proved to be groundless however; Nath
and Klein {1969) cbserved a solid-state exchange reaction

L
actually taking place using r—ﬂ:':ssbaug%\ 5pa.:ctrc-sc:npj.f. They doped
tris-dipyeidil Co{Ill) perchlorate trihwdrate with 5?Co++ and
found that, after storage at room teaperature for four days,
the activity was mainly in the form of ETCO(III}{d;Ey}EECLD4JE.

BHEG. .

More recent investigations have explored different aspects

METITULO CE PESOU FaS FNEREETICAS E NUCLEARES -
F OB M
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of these exchange processes, strengtbening the evidence that
they do indeed take place in the solid state and confirzming

the resemblance between the annealing and éxchange processes.1
Mahieu et al. (1971) compared the isochronal cuzves for the
exchange feaction in SlCr(III}—duped ammeniuw chromate crystals
with those for the neutron-irradiated chromate: he found that
the steps in the isochronals fox thé tuo samples appeared at the
Samé temperature.  He discovered also that, in the doped system,
the chemical congentratien of Cr{IlI) remained copstant through-

out the reaction, providing strong evidence that it had the

charactexistics of an exchange reaction,

1.4-2 | Factors affecting exchange a

BExchange reacticns in doped systein: and anhealing processes

have both been shown to be afiected by the same factors. They

.. s ’ A +
can be enhanced by ignlizing radiation, as gbserved in GCGE

doped-Ca{ILL} {ﬂcac}a(acetylacetﬁnatc}_and GGC02+ doped-Co{TII)

.{dipg:r}3 {Clﬂ4}3.3H20. A sinilar enhancement oscurred on crushe
ing the doped dipyridyl crystals before heating., It was also
cbserved that the rate of exchange in the hydrate form of the
doped dipyridyl complex was very much faszter than for the_
anhydrous complex (Nath gt al. 1966).
-

Nath and Khorana {1967) repcgafﬂ ah exchange that was
stimulateﬂ photolytically in 60C02+ doped-cobalt chelates.

Exchange ﬁrocesses in the doped systems have been shown to
be sensitive to the atmosphere in which the crystals are heated.

A
+ + . . .
Exehange in 6DC02 doped-iris-dipyridyl cebalt (LI1} perchlorate

trihydrate system 15 faster in vacuwt than in air {(MNath et al,

"
-
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19663 while exchange of 58C02+ dopant ip a ECO{CED4]3]3" lattice
proceeded faster in air than in vacuwn (Kishore & Venlkateswarlu
1971). So, too, in exchange processes does the effect of a
given atmosphere depend on the system unéer investigatiocn.

Both Annealing reactions and exchange reactions in doped
systoms have, shown stercospecificity (Aalbexs & LeMay - 19743, ’
“They have alsp denonstrated similar kinetic behaviour.

| In view of these similarities, it i1s now generally accepted
that annealing reactiens folleowiog nuclesr changes ln solids
and exchange reactions are of a similar natuxe. The diffcr?nces
observed between the irradiated and the simulated systems ariso
bacause the different procedurgs used ts prépare each one can
lead te different local environments arcund the impuritits,

gapecially in relation te the density and nature of the defects

{Maddock 1975b}. ) -

1.4~3 Exchange/annealing mechanisms

The role of defects in solid-state reactions and the
influence of the atmosphere in which annealing is conducted have
Cboth been explored with a view tn_clarifyiﬁé the mechanism
invelved in the exchange/annealing processes.

Maddock et al. {1963) noted the influence of crystal defects
?- L
on the fate of the reccil atom and\EEe subsequent annealling

reactions, and swuggested that electrons, holes and excitons may

be involved in their mechanizms. Math et al. {1966) suocgested

— —
"

a more slaborate electronie model fox exchangeﬂhnq?aiing in the
solid state. They preposed an exchange mechanism invelving

participation of free clectrons or holes, in view of the fasot
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that ambiont electron donors (lilke acetone and ethyl aleohol]

generally accelerate the exchange, while electiron acceptors
generally retard it (Nath et al. 19656, Rao & Nath 1966, Sarup

& Nath 1967, Gutlich & Harbotile 196%}: This nodel may alsa be
invokcad tnhexpiain the observation that erushing, irradiation
with ienizing radiatioﬁ, compressicn or other treatment sensi-—
tizga the neutron-irradiasted and doped systewms to subsequent

thermal exchange, when electrons or holes are released from

traps of wvariable depth (Nath 1975).
Elect-zons {hales) can be released during thermal treatment

and may electronically excite the dopant/recoil species,
triggering exchange with a neighbﬂﬁring molecule., If the 5Giid
substance contains electron denors which can be easily dgpopula—
ted, then exchangeannealing can take place at relatively low
temperatures (Math 1975),  According to this model,.ihe activa-
tion enexgy reguired for thé exchange is derived from the
recombination enerqy of the dopant and a free eleclron.

The mechanism of ihe redox step involved in many annealing-
Processes ié easily explained in terms of the filling or
enptying of traps. In processes whexe no redox gstep cccurs this
night provide local excitation facilitating the annealing /
exchange process by ligand transfer (Margas & Maddock 1979).

The electronic model can dlso “3gcount for the different
rates of exchange obscerved in the hydrated and dehwvdrated forms
of a given compound {(Nath 1975).

Further evidence in favour of the electronic godel is
provided by an 2legant experiment combining radiuch;mical studies

and phyﬁicallmeasurements of the properties of the crystals.
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Andersen and Ulesen (1965) demonstrated that the thermal.anneal-
ing of KECIOA is associated with the release of trapped e%ectrnng
or holes sy currelating the thermally-stimulated luminescence and
conductivity glow peaks with the maxima 1o the curves for theimal
annealing.

Shankar (f?&ﬂ} has propesed an alternative model, suggesting
that annealing and exchange result %Iqm anerdy transfer by

.

excltons. According to this view, the migration of exciions and

the deposition of thelr enexgy at a defect site (such as the

lpeation of the recoil or dopant *Coz+} would cause sxcitation
of *C52+ as well as of a few surrounding molecules., Exchange
would then take place Lelween *C02+ and the cobalt in a chelate
eolecule yielding the corresponding cctabedral *ED{IIJ Enmplpx:
This model can he applied equally well where no redex step is
invélved {Vargas & Maddoclc 1974},

Venlkateswarlu and collaberatars (196%a,b, 1971} have
glaborated on Shankarts model to aceount for‘the effects of an
oxyaen atmosphere obscerved in some cobalt comp lexes. Accarding
1o this moedel, the *GD(IIJ complex may transfer an electron to
an electron acceptor or it may react with oxyvgen to Form a
bridgoed-type oxyoen cﬂmpcund,1*Cc{IIj complex - GE - CD{II;}
complex, which may subseguently wield the *CG(III} complex or

-
stabilise to the.*CG{II} state. M&Educk (1975b} has criticised
this model since 1t implies the pemmeahbility of complexes to
oxyoen, and in view of the ad-hoc character of the proposed
mechanis@:j;Bell and cellaborators (1969, 1972} qiue reportiad
that exchqnge eant proceed via ligand vacaupies., They studied

the ligand recoil resulting f£rom {n, ¥) and {n, Zn) reactions

*
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antd sclid-state exchange reactions in KEEREKE1 where X is ¥,
Cl, Br or I, The radichalogen activity appeared only in the
monosubstituted parent complex form and as a free halagen.
According to the authors, Eubstantial_foématicn of the mono-
substituted species c¢an be the result of reaction betwsen the
'Igcnil halogen and either intagt huxahalcgene~ani;n5 or those
'thgt have lost only one ligand. They also ohserved that in both
radichalide-dopad conplexes and in neutron-irradiated complexes,
themal treatment promoted the entry of ithe dopant or recoil
halides into the ligand sphere, these processes being very
similax, _ L oo

The authors concluded that the reackion prGEeedEd wia
ligand vacancies for the following reasons: (i) the enerly
required for a one-step d%xect replacemsnt reaction Ls higher
than would be available from-thermal treatmEnt;l(ii} the solid-
state exchange was not arfected by electronic defects introduced
b; iunizing irradiation prior to thermal treatment.

The proposed mechanism fox the;:mal'annealing and isotopic
exchange was:

1. Ligand-vacancy formation: : .

2~ - -
[Re X.] = [Rex, ] +X
L 1
2, Ligandﬁvacan:y migraticn: \\; . )
[Re x,17 + [Re' X_ 0] —= [Re X, O] + [Re' X.]

3. Nugleophilic substitution by radichalide:

fre X, Al + ™ -~ [Re X, *x13 ~

When suflfieient vibrational energy is available, a primary
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ligand vacancy which is esither already present in the conplex
or was Tormed by thermal disszociation, intexacts with the
nearast ligand of & neighbouring molecule, so that the vacancy
migrates. ﬁhen such a vacanoy migfatga near a dopant or recoil

atom, it will be £filled by That atom.
Despite the considerable amount of experimental data and
the varlious mechaniszms that have been proposed to explain them,

Maddock (1975k} has stated that there is still not & well-

defined machanism for exchange/annealing processes in the solid

state.

The study of exchange reactions between nomtal lattice
species has emexged as a new area of investigation where tew
information about exchange -mechanisms in the solid state® can be
obtained. Systems where thelexchanging atoms occupy normal
lattice positiens in the crystal in comparable concentrations
can he used to stﬁdy the exchange reactions on the assumption
that they are homogeneous reacticons taking place in the whole
crystal, hbisaduantages of doped systems, such as the great ’
disparity in conceniration between the reagtants and the doubt-
ful nature and location of cne of the reacting species,
disappear ipn the case of . exchangs between normal lattice

gcoupants. i . -

.
T 1

Nﬁx .

1.4=-4 Exchange between normal lattice speclies

Very few experiments have been reported so far on solid-

state lsotople exchange reactions between two norm%l lattice

specios. ’ .

The first attempt investigated the exchange botween

L)
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coprdinated and ionic halagen atoms in the solid phase inrcnm—
vounds such as bromopentammine camplggéa of rhodiwm and iridium
{Schmidt é Herr Lgﬁﬁ] anct iﬁ a series of dihalo-bis (ethyiene-
diamine) Co=-complexes {Schmidt & Rossler 1966). While the
halogen atdns exchange onlf vary slowly in the bromopentammineg
ccmplexes; the exchange takes place relatively rapidly in the
second seﬁies of conpounds. Irradiation of trans—[CG{enJE*Clzj
Cl with X or % ra;s inereased the rate of exchange. L1t vas
aslso discovered that the irradiated samples showed a more rapld
iécrease in exchange rate with increasing temperature_than.the
vhtreated sanples. These results suggested that exchange ﬁay
take place by species jumping into lattice defects.

No further experiments were carried DU..‘E until 1975 #h spite
of the hape that "“this information on the unexpectedly high
mob{lity in the lottice will throw some moare light on the
observed effects following nuclear transformations” {(Schmidt &
Herz 196%5). In that yeax, the Lazzarinis-{Lazzarini & Fantola-
Lazzarini 1975} irwvestigated the exchange between Co atoms ig
the f:;c:mpc:und [Co {HED}G]{CP EDTA],.4H 0. The isotopic exchange
cccurred simultanecusly with the debydration of fhg cﬁmﬁound.

The exchange could also be initigted thermally after y=irradiation

of the crystals and it was cobhserved that the exchange between the

e -
o

value with the inerease in

e

temperature, but it ceascd as soon as the anionic vacancies

Co atoms appreoached its equilibyrium

produced by irradiation were annealsd by the heating. The

Lazzarinis concluded that exchange took piace via vacancies
\'\ Ll
ratherthan by motion in a ring of two cobalt atams. .

Another compound investigated by the same authors {Lazzarini

-
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and Fantola-Lazzarini 1976} was [Co {Hgﬂjﬁ][éo glye, (NDEJE}E.

In this system, exchange begins with debydration and above

1307 it is correlated with the decomposition of the compound.
The isctopic exchance appeared to reach its equilibrium condition
under y-ray ixradiation, observations ﬁhat led the authors to
conglude that exchange under normal conditicns has a negligible -
‘probability of taking place., The exchange can only gccur if

the concentration of vagancies attains a certain value cor while
the crystal lLattice 1s highly excited by y-zay absorption ar is
undergoing transformations such_ as dehydration or deconposition.

An exmechonge reaction betwean the “hallium atoms in the

mixed=valence compound TL{I] Tl[III].Clg was reported by

) 3

Fernandez Valverde et al. (1978). They observed thal erfehing

the crystals before heating greatly acecelerated the exchange
process, but that it was oot affected by lonizing radiation. 1In

such a mixed-valence system exghange could be expected to cccur

v

by & purely electronic process induced by ilonizing radiation.
As 1his was noil observed experimentally the authors suggested

an exchange process invelving physical interchange of Tl atoms.

.

Thermal treatnent of g neutron-irradiated sample showed identical
bebavicour to that cohserved in the labelled system {(Fernandez

Valverde & Duplatre I977).

-

More recently the mixed—valenqg;system cagsium chloroanti-

nonate conplex b54 Sh{III) Sk{V) Cl12 - 2084 Eb{III) Clﬁ has

been studied {(MNyarkw 1978). Exchange between Sh{III} and Sb{V)

was ohserved in the tenmperature range 60° -~ 140%C., Gamma and

UV irradiation did not produce appreciable exchange bhet did

enhance the subsequent thermal exchange process. The possibility

>
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of inter-valence electron transfer piayving a part in the processes
leading to é#change in this system was suggested. Myarkue (1978)
also investigated the exchanoe batween Ni atoms in the compound
[ai (Hzﬂjﬁj[ﬂi {CN}4]. In this system exchange takes place at
reasonably low temperatures {ET—GDDC}. Samples heated in alr or
under vapuum displayved similax characteristics, showing na
sensitivity to the ambient atmosphere. Ingreasing doscs af y—
irradiation enhanced the post-irradiation exchange processes and
crushiﬁg the crystals bad no effest uporn exchange:

A diffusion process involving some movement of the épecies
in the compound was suggested to account for the obscerved
Exchaqge. Such a process would be enhanced b& the structural ‘
modifications th;;\.t ogcur during the debydration of the c:fmpound.

These are the few cases of sxchanags of noxrmal lattice
species in solids that have been reported to date. Although
S0 praéreas has'already been made, ‘there is a need for tore
studies on the wechanisms of such processes.

The present investigation, where the solid-state isotopic
exchange reactions between ngrmal lattice specles is studied,
was proposed with a view to obtaining more information on the

nature and mechanisms of this type of solid-state exchange

reaction.

if

N ]
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CHAFTER 2 — SQLTD-STATE EXCHANGE REACTIONS

2.1 Solid-sztate reactions

A solid-state chemical reaction cccurs when local transport

of matter is observed in crystalline phases. Solid-staie reac—
tigns may be classified as follows:
1. Homnéeneous reactions.
2. Reactions in single-phase inhomogensous systems.
3. Heterogeneous reactions,
A homogeneous reaction oocurs thrnugﬁ a local) rearramngement
of structural elencnts. Reactions in single-phase inhomogeneous
systems take place in phases where local, fluxes of the structural
elements coeul, leading to loeal vari#tions in cﬂmpositiep, while
heterngénenus reagtions are characterized by the cccurreéce of
Phase boundaries across which mass transport takes1place
{Schmalzried 1974). Isotopic exchange reactions between normal
lattice species belong to the class of homogene;us éclid-state
reactions. ' - |

The transport of matter in the solid is dependent upon the
eobility of the individual particles in-the lattice. In a
perfect crystal, motion af the individual particles from their
lattice sites cannot Uccu}; evary case ol mass transport in
solids is therefore directly dependept*Upﬂn deviation from ideal
erystalline arder. Codbsequently, wi:‘?é”n dealing with reactions in
solids, we are always concewned with the xo{? that the defects

rlay. 7The presence of defects confers on the crystal character-

4= . . . N
istics that make reaction possible.  These include the

passibility &f movement of atoms or ions resulting in the

*
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transpoxt of matter, localized regiens of effective electrical
charge and localized stress fields.

In gorder to understand any ehemical reaction in the solid
state, 1t 15 necessary to know about the nature and properties
of defects in solids. It is now therefore presented a classifi-
cation of those defects normally encountered in a crystal, a
description of their specific proparties and scme.techniques by
which they way be intfoguced into perfect crystals in the

laboratory.

-2.1-1 Defects 1n golids and their effects aon solid-state

reactions
Finite crystals at temperatures above 0K exhibit d%;ferent
Lypes of defects which can be described as follows:

1. Point defects

{i} Vacant lattice sites
{11} Interstitial atems or lons.

{iii) Impurity atomns or ions in proper lattice sites

or in interstitial positions,

2, Line defects

(i)  Bdge dislecations
(i) Serew dislocations

2. Elementary excitations -

(i) Free electrons AN :
(ii} Positive holes
{iii} Excitens

ToLEvd Fhonons ] N,

The solid surface itself can be included as a defrect bocause

+

its presence in a solid implies a discoptinuity in the material
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and electrical properties of the crystal., bMore complex defects

can always be analysed into combinations af these primary

defects. For examplé an anion vacancy can combine with a cation
_vacancy to foxm a Schotitky defect, while the association of a
vacancy with an interstitial fomms a Frenkel defact. Several
other defect camplexes, such as point defects associated with

dislecation lines, can also occur within a solid (Rees 1964a).
" -
The presence of point defects 1n a crystal cause distortion

of the crystalline structure in the immediate vicinity of the

defect. This change intreduces local stress fields aqd & loecal
redistribution of effective electrical charges. <Cation vacancies
carry negative charges and anion vacancies positive chgrges;
hence the resultant field of a defect is able to trap chdrge

carriers and any other mobile defects that have different charges

- [

from the normal lattice eccupants. It is through point defects,
in the abscnce of others, that the movement of atoms and ions
can take place in a crystal (Reaes 1964a) and this results in the
ne£‘transport nf_matter. -

Dislocations influence the creatien, annihilatioen, aggrega-

tion and asovenent of polnt defects and elementary excitations.

-

When they ogcur in ignic crystalé'they usually have a net charge

because of the different encrgies required to create anion and

S

cation vacancles. An excess of anigaxﬁacancies around a tdisloca—

tion will cause it to have a net positive charge, enabling it to

.

trap electrons; similarly dislocations carrving net negative

charges are expected to trap positive holes. N

5ites of lower potential energy are created along disloca-

tions duse to the digplacemncnt of atoms or ions from thelx



eguilibrium position, Consegquently there is a tendéncy towards
accumﬁlaﬂian af point defects in its neighbeurheod. Disloca-
ticns may alsc act as paths along which diffusion may easily
take place in a crystal (EHees 19645). -

The role of elementary Excitatiﬂnslin salid-state reactions
is related to,the transfer of charge, thermal energy and elec-
tronie excitation thfough the ecrystal. Charge can be transrferced
by means of electronsland positive hélesi These charge carriers
fﬂ;m complexes when they are trapped by point defects. Anr
glectron can readily be trapped 1n an anion vacancy forming an
F-centre; a positive chaxge can be trapped in a cétinn VACARCY
ch:-rming a8 V-centre (Spinks & Woods 1964?. Thermal energy, on th‘e
other hand, 1is transferred through the solid by means of ﬁhonons;
vhile electronic Excitati?ns travel by means of excitons,
{Maddock et al. 1063). ' '

Defects must be present’ in high l;lnncentratinns.if their
influence on solid-state reactions is to be measuredl There are
a number of convenient techniques bg which their concentraticn
may be increased above the thermal-equilibrium level. Ic'nizing; .

radiation may be used to generate free electrons or holes; ultra--

viclet light {~ 10 eV}, X—rays (10-100 KeV),y-rays (1.25 dMeV)
K

and high-eneray electrons (100 keV - 10 V) are all examples of,
m— =
ionizing radiation {Henderson 19?2Jn§h
In an lonic lattice the incident radiation strips a negative

icn off some electrons. . The lonized anionic species, now
positively charged and surrounded by positively—cha;ged nearast
neighbours, will be displaced inte ipterstitial sites by the' high

repulsive force. The stxipped electrons move through the crystal
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and may produge further [onization or may be trapped by anion
vacancies (Varley 1954},

The concentration of point defects increases rapidly with |
increasing temperature, It may be increased over its equilibriwe
value oy raﬁ%d eoocling or guenching from a high temperature.
Quenching is more likel; to produ;e vacancles tﬂan interstitials
as the energy reguired for the former is generally lower than
that for the latter (Henderson 1972).

Dislocatiopns may be introduced if atcidenES a&qu during
the orowth of o cry;tal gr 1f the crystal is crushed. Intex-
actions between dislogations will generate appreclable guantities

of lattice defects, vacancies and interstitials {(Billington &

Crawford 1961}, . ) . s

2.2 Isotopic exchange

An isotopic exchange is a spontansous and reciprocal sub-
stitution of an atom in-a molesular entity by ancther atom of the
same atomic number, arising from the same ar another molecular

entity,

+

A system labelled with a radicactive isotope .is considered

to he chemically homogeneous. fﬁen ir Fhe?initially labelled
species contains ¥ radicactive atoms and y inaﬂtive.isotnpiaf

o
atoms, and if after exchange x! radig&Ftive atoms exchange, 1t
can be congluded that ' inagtive atoms have also exchanged.
This ;pprcach has been successfully nsed, to investigate problems
of chemical bonding structure, reactlion mechanisms,\Ftc.
(Halssinsky 1964}. - )

As it is assumed that isotopes arc chemically identical,
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and singe the initial and final states of the exchanging system
are the same, then the variation of entalpy, &H, is nearlg FRIQ
for any isotofic excﬁange reaction. Howauér there iz a varia-
tion in the free energy of the system resulting from the
increased entropy due to the redistributian of the radicactive
indicator. The true energy of' the system decreases by an amount

calculated from the entropy change as follows:

-E.G = =« T A5
where 4G is the change in the free energy, and AS is the change
in the entrcpy.

All other free-energy changes should in principle be zera.,
IThis implies that the transfer of matter during the exnhaqge
PIGCEss is bidirectional and is therefore not associated with a
net chemical change.

Isotopic exchange xeactions often require an activation
eneray which is usually provided by thermal anitation; they may
be accelerated, however, by the action éf light, ionizing radia-
tion or cther means {Halssinsky 1964).

From the lkinetic polpnt of wiew, exchange reagtions can be
diwided iﬁto homogeneous aﬁd heterogenecus types, 1.2. exchange
reactions Dccurring betweeﬂ reactanté uniformly di§tributed in

2 single phase or in different phases, réspectively. Onply the

kkinetics of homogensous exehanoe reactions will be considered

here since the exghange between two normal lattice species 1n

solid state systems is of this type.

2.3 The kinectics”of homogeneous exchande reactions

When an exchange reacticn takes place in a homogencous system,
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1% does so between reactants that are wnifommly distributed in
the same phase and all conditions, except the distribution of
radigactive atoms beotween reactants, remain ceonstant during the

reaction. -

-

Homogenaowus eMchange reactlons are first-ordex with respect

te time, lrrespective of the mechanism by which they occur, the

number of exchangeable atoms in each specigs sa long as all show
L

o The same ehergy of actiuation, or the concentration of the radic-
active atoms used as Iipdicatvers., The reascn for this particu-
laxly simple result is that the somposition of the rxeacting systen
remains chemically unchanged throughout the reactieon (McKay 1938).

The Law for homogenesous exchange reagiions has the form
' - T
S In{1-F) = At {(z.1)

Lommenly kiiown as the McKa; equation (McEay 1238). The deriva-
tion of this law and the definition of F, the "fracticn of
exchange™ are given in Appendix 1.

i has the form:

A=R (%) (2.2)

where a and b are the concentrations of the exchanging speeies
and R i1s the rate of exchange. R depends on the order of the

reaction for each cowmponent of the system as follows:

LI

R=ka bﬁ‘x‘ - {2.3}
where k is the rate constant of the form

le. = u E_Ea"f T (2.4}

Y
where ¢ is a constant freguency term, E, is the encroy of .
L J

activation, k is Boltzmann's constant and T is the temperature.
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The exchange processes observed in seolid systoms usually
do not obey the simple rate law for exchange expressed by this
equation. A semi-legarithmic plot of {1-F) against t of the data
for an exchange isothermal usually does not cshow a straight line,
the exchangé progeeding more slowly at longer times. These
exchange- isothexmals! closely resemble the annealing isothermals-
bhtained for neutron-irradiated selid systems.

When considering a solid system, the possibility that there
may be one oI more reaction paths with different activation
energics and probabilities should be taken into agcount. Thus
path i, with frequency factor i, and activation eneray E i,

is suppoused to apply to a fraction pi.af the sites. For zach of

these sites the rate constant is ¢
_ —E'aj_."(ﬁ'r .
k; = ¥ e (2.5}
The total unexchanged fraction is then
- T
(1-F) = ¢ P. e i (2.6)

i L

The whole process is5 therefare the result of two or more

reactions in the solid, and it displays a spectrum of activation

N

energies and/or frequency factors. .

o

In practice it is not possible to establish both the dis-
tributions in E, and o fromw one set of kinetie data. Usually u
is faken as constant in which case eQEa;iun {2.5) becomes
~E,1/ «T -

k. = a
i u

(2.7)
The spectrum of acgtivation cnergies may ithen be found from -
equation {2.8) by numerical solutiom, fitting the data obtained

during the course of a reaction at different tines and different

tempelatures to the model described above. It mayv also be
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gxtracted from the shapes of the experamental curves themselves.
This methoed, which has been applied to many types of annealing
processes, is presented in the next section, together with a
treatment of the kinetics of processes with distributed energies
of activation.

z.4d Processes with distributed encrgles of activation or

frequency factois

Maddocl [1975a) has given a detailed'treatment-nf the kKinetics
of appealing processes with distributed energies of actlvation
or frequency factors. He has also analysed the merits of these
processes when applied to data from 'isothermal, isochronal or
other types of tréatment. . -

Analysis of the kinetie data on many kinds of annealing
reactions in terms of a single process, so that the rate law can
be expreséed as

dn . ¥,

el kn {2.8}

vhere nn is the nuwber of annealable gentres, k is the rate
constant and v is the order of reaction, -yields wvery high wvalues

~of v with doubtful physical significance. Hewewer, iIf a

"

spectruw of energles of activation is aésumed, more satisfactory
values of one or two for v will be obtaifed.

Although either or bath of u ané‘Ea nmay show a distributicn

Fa

of values it is not usually possible in practice to establish

them both from one set of kinetic data (Kimmel & Uhlmann L969).

Ll

In what follows, it will be assumed that the fréguency

. . .
factor is constant.and that there is only a distribution of

L

T T ——— e —
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activalion energies, since it has yet to be shown that experi-

nental data are better treated by another method.

2.5 First-prder processes with distributed energies of activation

In a single, first-order annealing process, with constant ¥
and E,, the number, n, of reactive entities and the rate of the

reaclion at time t can be expressed in terms of n the initial

number of reactlve entities. The unreacted fraction is given by

a’r

o ke

n =@ (2.9}
with k = ue-E‘?'fﬁT .
Then, n = ng exp [- u t.exp (~Ea/kT)] (2.10)
and dn _ _ . #
S {2.11)

so that dn .
SGp = Do v exp (-E./xT). exp [-vt exp (-E,/kT}] (2.12)

The spectrum of enerqgies of agtivation at time ¢ = @, can

be represented by a distribution function with derivatiwve

4

f'(E,) such as

dNg = £f({R,)dEa

where dN; 1s the initial number of wnreacted centres with energies

of activation lying between E, and 5, + dB_, znd N, = gmf*[Ea}dEﬂ.

“a
For such a spectrun one obtains R
AN o ‘\\; - '
at - - é Vexp(-B /kT}.expl-ut exp(~Ey/cT)].£Y{E, }JdE, (2.13}
and i
]
N = é exp[- vt exp(-E, /L) 1.£' (B )diE, . N (2.14)

.

For many purpeses, especially where a property prcpnrtfanal

to W is measured such as the retention (the fraction of reacted
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M . . . . o
centres, R =(l - ﬁ; 1y 1t L5 convenrent to normalize g £ (B, JdE,
to unity and obtain F'(E.}, the normalized distribution function.

The unreacted fraction, €, is then given hy

e .ﬂ — = il N
O =q. = §" o[- ot exp(-E/KT).F7(E, B, (2.13}
Siwmilarly -
dg _ 7 t(E.)d 6
il _g vexp(=E,/kT) exp[-yt exp{~Bo/¥T)].F*{E, )dE,. {2.16}

4

A2.5-1 Isocthermal annealing data

The experimental data from isothermal measurements yield

B(t). The annealing function, defined as

'_[25 (Ba.Tt) = exp[- Ut exp {-—-Eafl:T}], i 1{2.1?]

gives the fraction of unreacted species present at time t for
&

¢

given E#T T and YV . If we suppose now that ¢, T and v are
constant, the function @ will give the fracticon of unreacted

specles for different values of E,. Figu:e 2.1 shows the forn

19 -1

-

of ‘@ plotted as a functicn of E for v =10 Eﬁ is expressed -

in units of kT. The function has a peint of inflexion where

E,6 = E,, and BE. is a maximum.
Since [Eg 1, = {—E} , the entities with energy of activation
9.t KT E_ .

Eyn 2nneal the most guickly.

Futting [:_E

BE,

1]

o

o

+

K Tlnut. *$*

gives Eap

4 graphical representation of the progroess of the annealing
in terms of the mavement of the annealing funcetion across the
energy spectrum, expresszed in terms of @ and F‘{Ea} is represented

-

in figure Z.2. As t increases, the # function moves across the
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Fig. 2:1 The annealing functicn, @, for a firct-order pProsass
’ -
over the rongo of cncrgics of activation [lenu: + &kT.]
te [kTloue ~  2k¥ ] The tanount at the poeint of

il L
inflection is shown [Maddock 1975).

-
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Fig. 2.2 Meodification of FY(E,} as amnealing procceeds. The

crtoss-hatched area shows thé urannealed portion {(Maddock

1975]. : S .
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Ghneryy spécttum towards highex energiles. lIts position defines,
at a given iime t, the curve ﬁ{Ea)F'(Ea}; the unannealed fractian,

{mﬁ{Ea}F‘{Ea}dEa, is represented by the hatched area in the
figure., Tke portion of the initial spectrum to the left of §@
{l.e., at activation energies lower than anj has already been
annealed out while the portion to the right has vet to be
annealed.

FI{E.EL} can be extracted from the experimental data 9(t) by
me§n5 of the simple approximation suggestad by Vand (1043) and
extended by Primak {1955, 1960). It is aszumed that the anneal-—
ing funstion @ can ﬁe apprﬂximateé by a step (Heavisidé}
function located at E_5 = g Tlnyt §2] =-O,IEa < kTlnut; @ = 1,
E, > kIlnvt). This aﬁﬁraximation is valid enly if the sfectrum
of ensrgies of activation‘extends over an interwval of many KT,

and F'{E,} is constant, or nearly so, over the range of E.

wndergoing active annealing. - -

Then ) ’ -
==} 0 .
8{t) = .in' R (B, (B ,t)dB, = .E.' F'{E,}H{E,-E_o)dE, {2.18)
(=]
8(t) ={: FE{E, )dE_ i (2.1%9)
a0 .
and '3"% = - f-‘"(Ea}dEaﬂ . ' - (2.20)
dt
But an = xTlnut -
and Eao o %; . . X,
dt : s
t de
Therefure FriE_ ) = - ( =T )] at {2.21)
2 1 dé ) -
or Fr(E o) = = { T }.L'_':I_lnt . \'5 {z.22)
* de ‘
From plats of & against Int, the slopes EIH? s may he

. - - - - ——r

INSTITY (O L - PESO = hFuFFnﬁTmhf'JHUChEﬂR:${
1. P, E. & ' !
A r— T-~=m ...~ .m —Tmdaath . T aa O T

* _—
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measured at varigous walues of t and on different isothermals.
Hence values of FE(E_ . ) at different t and T may be obtained,
A plot .of these values of FU{E,,) against E_ =« T lnut will
giﬁé a reasonably good representation_pf the distribution of
activation énergies. P

However, to evaludte Eypone must know v . If a set of iso-
thermals has begen measured at small encugh intervals of
température (say, 4T = 0.1 T), many pairs of points (ty,T ],
{ty, Ty}, will be obtained for which F'{E#j has thé samez value.
If tﬁe values of & are nearly the same for cach member oflthé-'

palr and F1'[Ezlis not multivalued in Giwithin cne or two uniis

of KT around E,,, then : . '

(Inu + In t,} kT, = (lmv  + 1n tzj ETE L3
or Inv ={T, ln t, ~T; In tl)f(Tl-TE]. {2.23)

From several pairs of points a "best™ valuc of Yoean be defined.

Since ®T 1nv t = Eiq,

aint E .
{ ] = - 20 (2.24)
aT EacJ KIZ ! )

4

which relates t and T in the corresponding pairs {tl,Tl], {tB,TE},

. clc. N
' Loy 99 _ o I .
Also { =T ]len 1= F (Eog) {2.25)
. 4 . = K :
T [ T (3 In & }]Eac = KIPHES) (2.26)

showing that the slopes of the B-1p t plets are proporticnal to

T at corresponding points., .
\_' -
It follows from the above relatieons that a set of dsother-
- .

mals plotted as 8- 1lnt can be made to overlap on cne curve by
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appropriate displacement aleng Int axis. The earlier portions
of the isothermals at highex temperatures shauld have values of )
& which mﬁerlap the isotherm;ls of lower teﬁperature at lﬂﬁger'
times. The best value Ef U will giwve the best overlap between
successive IMsothemmal anneaiing cUuLVEs,

In this manner, FI{E,) may be deduced from the experimental )
gurves. These results mast, howeuef, be regarded as approximate
since the mathematlcal‘treatment involves appreximations and
because of experimental errors {(McKay 1971). In view of the
pr;cisicn of both the data and the resclution of the WVand-

Primak analyses (ca + 2 kT), "lines" in the spectrum of energies
of activation will only be resolved reliably when they are
separated by more than about 2 K T. A closely—-spaced line

spectrun cannot be distinguished from a continuous distribution

over the energy interval {Vargas & Maddook 19749).

2.5-.2 Isochronzl amnealipg data

[Ham——

The distribution funclion can also be obtained from iso-

Pt

chronal data. In this case the annealing is measured aftor a
fixed time interval at different temperatures. The experimental
data yields 8(T)y and can be treated in a sinilar fashion to the

isolhormal data.

The annesling functien is .
51 {ByT) = exp [-vt exp {:E&f KT )] ' (2.27)
and (2 g ™~ By, (2.28)
There is a point of inflexion in @ such that \ _
Em[l,F ut E)-:p{-an/ KT)] = 2T (2.29)

Avproxivating ag before gives

"
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5 = {j’m Ft{E,) B(Ea,T)GE, (2.20)

and therefore

. de @ d m E, d
. —_—— = L = TR, a .
ol T:: FY(E,) =% dE JI; F1(E,) 2 53 dE {2.31)
or 90z g, ) Bao 2.32
T " '
; - 1y 98
and Fr (Ej ) = { E;;.} JIaT (2.33)

14
>

. The resolution will he the same as for isothermal data but

= -

this method vifers some advantages in the fact that fewer
measuremnsnts are needed and in the fact that the structure of
the digtribution function F'(E,} is more apparent Iront the

8(T) - InT plots. . ¢

r

2.5-3 aApplicaticn of The model to annealing following nuclear

changes and to isotopic exchange in solids

The models propesed to fit the da;a obtained fron annealing
prcce;seé fﬁllnwing nucléar cha;ges, which were based on
correlated diffusion - controlled kinetie expréssioné and an
recrystallization laws, proved not to be.very successful
fHarbottle g Sutin 1559, Maddock & de Maine. 1956]).

Bettexr fits to the annealing data were obtained when spectra
of energies of activation were assumed for first-oxdex proces=es.

In spite of this, however, the:éﬁi5 some evidence suggesting

~

that the theory is not complete. The experiﬁental data show
that, for long annealiog times at cﬂnstaﬁi temperature, the
reaction slows down too much and, iﬂ.CDHEEQHEnCE, the best value

of the freguency Factor, Y, does net give a complete overlap of

adjacent isothermals. This suggests that it 1s no® only E, that
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varies but that some changes in U occur alseo, or FUY{E,) changes
on heating (Maddock 1975a}. Nevertheless with the Uand—Pr%mak
analysis a more guantitative expression can be given to the
influence of the different factors that affect the annealing
process. 1t has been shown that defects introduced by different
treatments of the neutron-irradiated erystals displace the F‘{Eai
distribution toward lower energles iCDstea & Negoescu 19635,
Costea & Podeanu 1968).
The experimental data for sxchange processes in the selid

. -
state have also been shown to be fitted best by a model assuming
a distzibution of activation energles for first-order processes.
It is already established that exchange reactions in doped
systems and annealing processes hoave similar kinetics. Thére is
little information at present on the kinetices of exchange betwe-;en
twm.normal lattice species; however, in the few cases reported to
date, the experimental data are fitted well by such a ncael.

It was found that for the TI(I}BTI{III)Clﬁ mixed-valence
system (Fernandez Valverde et al. 1978), the Kinetics of the
exchange between TL(Y) and T1(ILI} is compatible with three
first-oxder processes, each with differen? energy of actlvatiﬂn.
It was also observed that the fraction whic; exchanged via the
path of lowest energy of activation was @arked1y1increased on
grinding the crystals before heating. N

In the compounds [Ni{H,0). ][Ni(CN),} and Cs Sb(III)Sb(V}
c112n2c$35b(111}=:16 (Nyarku 1978), the cxperimental data were

better characterised by three chergles of activation Within

N
the N; cempound, it wasz observed that irradiation by gamma and

U photons lowared further the activation energieé of those
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processes which already had the lowest energies, and that thelr
proportion was increased. By contrast, crushing of the crystals
before heating altered the energics of the high-energy processes
in the Eb system, besides affecting the ﬁraporticns of all tha
reactions Yoing via paths of different energy.

El

>

- -
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CHAPTER 3 -~ EXFERIMENTAL METHODS

The compounds listed below were synthesised in order that
their suitabilities for use in studies of sclid-state isotopice
exchange reacticns between normal lattice species could be
determined. Such compounds need to gontain a given element
2ither in two different coordination sites ox in different oxi-’
‘dation states, or bBoth. There arc many references to this sort
of compound in the literature; see for example the review and
classification of the mixed-valence inorganic systems by kobip
and Day (1967).

The following compounds were choscons

(1) Hg [Eg EDT&].;HEG - mercury {IIj;ethylenediaminetetra—
— acetatﬂmefcurate (I} hydrated; .r
(ii) e {Pe (CN) MOJ. ®xH,0 - iron (IT)-pentacyancnitrosyl-
fexrate (ITL} hydrzated;
(iii) K Fe [Fe {CN},] . % H,0 - soluble Prussian Blue;
{iv) [Fe {Hzﬁ}ﬁ][Fe EDTA IHED}]3: % HoO~ hexaaquoiron (10 )-aquo-
ethylenediaminetetraacetatoferrate {III)monohydrated;

(v) [Cc [NH3}5 Cl] CIB - chlorcpentamminecobalt {III}’

chlorides

-

(vi} Cr, (C,0,),.-6H,0 —‘chramiug {III} oxalates:
a} [Cx (Hzﬂ}ﬁj[Cr {0204j3] -hexaaguochrcmium {TII}
. trioxalatochromate ﬁE{;};
b} f[cr [C304J{H20}4][Cr (0204}2 {Hzﬂjz} - monooxalate
tetraaguechromium {111} - dioxalatodiaguochro-
mate {IIL1}. : N -

Ihis chapteg deals with the methods of synthesis, labelling

and analysis, specification of the different treatments given to
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¢

the labelled samples and the counting techniques. I leave
the investigation of the suitability of these compounds for

gxchange studies until the next chapter.

3.1 Hg [Hg-EDTﬂ].:cHEG ~- meycury {I1} - ethylene diaminetetra-

acetatomercurate {IT} hvdrated

The possibility of synthesis of Hg [Hg EDTAG. xH_ O came
from the worle done by Brintzinger and Munkelt {1948} who

chtained the complex acids of Sr, Ba, Bl and Hg with BEDTA and

=

LY
some of its salts, where EDTA refers to ethylenediaminetetra-~

acetate.,

Z.1-1 - Preparation

. &
The preparative procedure used was based on the following

reactioit:

{CH4CO0) , Hg + H,[Hg EDTAY, 11,0 S5Hg [Hg EDTAJ.¥1,0 + 2 CHyCOOH

The coﬁplex_acid, éz[ﬂg EDTA].HEG, was obtained by the slow
addition of mercuric oxide to a hboiling solution of ethylene—
diaminetetracetic acid, following the method of Brintzinger and

Minkelt {19;18] . -

The compound Hg [Hg EDTA].XHED was prepared by the addition
of a swlution of mercuric acetate, gradually and with consta,.n‘t
stirring, io & suspension in water Of. the complex acid Hz[Hg
EDTA}.HED. After 30 min of stixring, the ré;ulting precipltate
was filtered, washed with water and drie& under wvacuum at room
temperature. The product was a fine-white erystalline powder -

insoluble In waticr.

This preparation was condocted at room temperature ta

? |Ma1 U1 0T FESQU - GERERGETICAZ B HUELEAREE‘!}
1, P. E. I

——— - . T m——T T g
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minimise exchange during the swnthesis of the compound.

L

3,1-2 Labelling
L 2 . ..
Hg fug EDTR].xHED was labelled with Hg in the catlionic

site of the compound. The radicisotope Eﬂaﬂg was supplied by

the mmersham Centre as mercuric acetate in agueous solution

4
'

.

containing 2.31 mg Hg/ml; it had an.ac%ivity of 2.053 mCi in a
total volume of leml. _This solution was diluted and a measured
volume was added to a solution of mercuric acetate. The rasult
was used in the preparation of the labelled compound, Cfollowing
the procedure deseribed in section 3.1-1, “The specific activity

_off the labelled compound was 0.05 pCi/mog.

3.1-3 Analysis - ) . e

The mercury content was determined vnlumet{ically by
tit;aticn with thioccyanate after destrugtion of the couplex
with concentrated acid {Hillebrand gt al. 1953, Bordeianu 1935}.

The percentage of Hg found was 55,36 + 0.34% indisﬁinguish—
able from the theoretical value of 53.30%, appropriatc to tﬁe
formula Ha [Hy EDTAT.2H,0.

A loss Df_weight corresponding to two molecules éf water

was abserved when a sample of the compound was gdried in a drv-

ing pistol, at 50°C, under vacuum.

"

The coppound was unstable agaiqft hiéh tenperature, chang-
ing coleour and starting to deconmpose when heated to 110%.

The contents of earbon, hydragen and nitroéen were detarminad
by micreoanalysis., The results agree well with the\theareticai i

values correspondiag to the formula Hg EHg EDTH].ZHED, &5 Shown
L

i the following table:
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Found {%) caled. (%)

] C - 16.73 16. 56
i H -~ .11 2.22
N - 3.89 . 3.86

3.2 Fe [Fe (CN}ENDE.}CHED ~ iron [ 11 )-pentacyancnitrosylferrate

fLIX)} hydrated

- "

3.2=1 Proenaration

. The compound Fe [Fe {CN}SND].:cHEG was first synthesised

. by Playfair (185Q) by adding a 2% solution of ferrous sulphate

to a 10% salution of a soluble nitroprussiate, with constant
stirring.

: @
The sane method, described by the fellowing equation was

used:
FE5Q4.?HZG + Naz[Fe{CH}END].EHzﬂ -_—r

—+ Fe [ Fe(CH) NO ] .3H, 0+ Ha 50, +H,0

The precipiiate was sceparated by filtration, washed with
water and dried vnder vacuunr at room temperature.

Fe[Fﬂ{CN}SND].xHEG is alpmwder with a-salmcn-pink calour.
It is almost insoluble in water. The colour of the compotnd
changes to green when exposed to sunligh;; [EE[&N}ENDJE_ changes
gradually to Berlin blue, HCN and NO dhder the action of direct

sﬁnlight {Swinehart 1967). In view of this, the preparations

were carried out in the dark.

3.2-2 Labellina o = \ -

The active compound was synthesised with 59Fe introduced
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into the cationic side.
59 \ , 59 .
Fe was supplied by 'the Amershan Centre, as Fecl3 in
0.1 M KHCl, containing 2.5 Hg Fe/ml and having an activity of

500 woi in a total wolume of 5 wrl. -

An aliqueot of 2 ml of the radicactive solution was diluted

to 50 ml with water and 5':";I}.'-‘G[III] was reduced to EQFG(II} by SOEF

gas buhbled through the sclution aé 1t was gradually heated 1o

-

boiling. The exgoess of 502 was removed by a strean of CDE and

the solution left to ceol in an atmosphexe of CO, (Vogel 1961 ).
59 . i . . Y
-7 Fe(Il) was then added to an inactive 2% solution of

ferrcus sulphate. - The labelled conpound was prepared from this

~following the procedure descxibed in section 2.2-1. The specific

activity of the labelled cempound was (0,02 pCi/mg. ¢
3.2-3 Analysis -

A sample was prepared for analysis by decomposion by fusion
with concentrated H25D4 and KHSO4. The iron content was then
detemminad volumetrically with potassiﬁm dichromate, after reduc-—

tion-of iron (IIX} to iron (I1) with stannous chloride solutien

(Vogel 1961).

n

The extent of hydratiom was determingd by the loss of weight
measured in samples heated either in an cven at lﬂﬂoc, or ‘in a
drying pistol at 85°C under vacuum. In each case the loss of .

welght corresponded to five noleculds. of water, in agreement with

.

Salvadeo {1959).
The contents of carbeon and nitrogen were determined by

microanalysis. The results agreed waell with the theoretical -

values corxrespording to the formula Fe[Fe{CN}END].SHED, as shown

l -
in the following table:-
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found (%) calod. (%)
Fe - 30.92 + 0.31 30.85
C - 16.82 16,60

i - 22.33 23.22

3.3 K Fa [Fe (CN)g]- xH,0 - soluble Prussian Blue .

3.3=1 Preparation

Spluble Frusstan blue was prepared by mizing 1:1 molarx
proportions of ferric chloride and patassium ferrocyanide oatda

aveorcding to the resstion:

fe Cl, . 6H,O + K, [Fe (CN}g . 3H0 —>

. E
— K Fe [Fe (CN).]. xH0 + 3 KCl

1

This substance is kndwn to have the approximate composition

K Fe [Fe {CN}B}.HéD though the water gontent is variable (Sharpe

+

19??).
The prﬂduct'nf the reaction was separated in a centrifuge
and then washed first with water and alechol containing & little

potassium chloride to aveid peplisation, and after with pure -
) -

aleohosr and ether. It was dried under vacuum at rooin tempera—

ture (Fenger gt al. 1970,

3.3=2 Labelling . N
H
Soluble Prussian blue was labelled in the cationic site with

Fe, supplied by the Amersham Centre as ferriec chloride in 0.1 M

HCL . \ .

»
L

A calculateéd portion of the active solution was added to an
r

inactive forric chleoride soluticn which was then mixed with
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potassiwn ferrogyanide in a 1:1 molar propertion. The precipi-

tate was then separated in a centrifuge and washed according to

-
the procedure described in section 3.3-1.

The specific activity of KEQFE[FQ{CN}ﬁ].xHéD was 0.0l uCi/mag.

2.3-3 Analysis .

- _—

The carhon and nitrogen contents were determined by micro-

analysis. .

The extent of hydfatiun was determined by the loss of weight
of a sample heated in an air cven at 100%C.
The results found agree with the composition K Fe[Fe(CN}EJ.
3320: )
found (%} caled. (%)

c - 19.73 1%.986
' N - 23.12 23.28
HED =’ lE.Gl‘ 14,97

2.4 [Fe(H;0}.] Fe EDTA (H,0)];.H,0 - hexaaquoiron (ITI} - aguoe-

athylenediaminetetraacetatoferrate {III) manchydrated;

3.4=1 Preparation .

PIeparatiDn of iron [III)~dguoethylenediaminetetraacetato-
ferrate (III) has usually proceeded via the complex acid d [Fe

EDTA {HBO}]’ hvdrogen aquoethyleneé}ﬁminetetraacé%atoferrate {III).

»

1
Lambert etal. {19632) prepared the cowmplex acid by treating
iruntIII} hydroxide with a slight excess over the stoichiocmetric

amount of ethylenediaminetetraacetic acsid (HHEDTA}: The mixture”

was heated, with constant stirring, for approximately one hour

until no residue remained. Uncomplexed free acid that precipitated
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when the selution cooled to room temperature was filtered from
the solutiem. Bright yellow erystals of H[Fe EDTA{(H,0)}]

were obtained aftér evaporation and the addition of acetone.
Lambert and collaboratoxs (1963) found that when an excess of

iron (III} hydroxide was used to prepare the complex acid, a

hrownish compound was obtained.’ -
Analysis of the brownish ecomnpound gave the following values
for carbon, hydrogen, nitrogen and irem: ¢ —~ 28,08%; H - 4.28%;

N~ 6£.47%; and Fe ~ 18.92%, indicating & ratio of Fe : EDTA : HEG

L

of 4:3:10. The theeretical wvalues for CuaoHogFe N:Os, are:
C - 28,41%; H -~ 4.45%; M - &.03% and Fe - 17V.01%,

Kemmard (1507} prepared the complex acid by refluxing equi-
mnlar.qgantities.ﬂf a slurry of freshly-precipitated ironp (ITI)
hydroxide with an agueous suspension of H4EOTA. TFurther evapora-
tion of the original reaction soloption yielded anber crystials,
Analysis of the pfoduct obtained gave € - 28.45%; H — 4.,42%;

W - 6.71% and Fe - 18.46%, The formula was written as [Fe{ﬂzcjﬁj
[Fe EDTA {Hzﬂjja'.ﬂzc, since no infrared peak assigned to an

uncomplexed” carboxilic acid could be found {Morris & Busch 1956).

Preparaticn The following procedure was adopted for the

synthesis of this compound since it did not need high temperatures

and allowed easy radicactive labelling.

A solution of the complex acid™|Fe EDTA{HED}], prepared
accarding to the method of Lambert et al. {1%63} deseribed above,

was used to saturate a column of anionic resin, Amberlite IRA-

401 (€i) in the farm R-[Fe EDTA {HEO}]f. The product Na[Fe EDLTA

{HEG}] suppliedrby BOH was also employed for this purpose.

INETITUVD QE PESQU FAB ENERGETICAS E NUCLE.&REE!
L= E. N
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The resin was caverfully washed witl water and then a

concentrated solution of ferric nitrate was percoclated through

it, the following reaction taking place:

Fe (KO,), + 3R- [Fe EDTA{H,0)]  —>

i—

A—_‘h [Fe (H0) 4] [Fe BDTA (H,0) ], + 3R ~ NO
[

an

3

The sluate yielded amber crystals after complete evapora-

tion in a freeze-drying system. This procedure worked especially
well with the labelled material, singe exchange in solution
.

between the twe iren species is not favoured under these

cenditions.

The ion-exchange tﬁbe was 27 cm leong and 2 cm in internai
diameter and it ceptained 70 ml of wéi resin., The exchgnge
capacity of the wet resin is 1.25 meg/ml (BDH 1977). Three graems
.of ferric nitrate (nonahydrated), disselved in the minimum
quantitﬁ of water, wexe employed in the prepiraticn-

The innréxchange o LUt , thé fiasks contalning solutians of

[Fe EDTA (HEG}]_, and the flasks contailning the final product,

were wrapped in aluminium foil 1o protect them from sunlight.’

]
»

This was necessary since the cemplex [Fe EDTA (H0}] undergoes
a light-indoced reducticon (Jones & Long, 1952, Lambert et .al.

1963).

3.4-2 Labelling

The labelled compound was prepared using the procaedure
daseribed in section 2.4-1, with the difference that nge{III},

. . - . . N -
supplied as fexric chleride in 0.1 M HCl sclution,-was added to

-«
the elwant to give EEQFE{HED}ﬁ][FE EDTA {Hzﬂ}]a.xrﬁﬂ. The



specific activity of the labelled compound was 0.032 Rt e

3.4-3 Apalvsis

The content of iron was determined wvolumetrically with
potassium dichromate, according te the standard analytical
procedure (Vogel 1961), after decompoesition of the complex with
concentrated- sulphuric acid. Iron (III) was reduced to iron
fII) with stannous chloride seclution. )

fmalysis of carbon, hydrogen aod nitrogen contents were
Earried out by the microanalvsis gxnﬁp of the Chenistry Dépar}-

ment, University of Cambridge. The results are shown balow,

together with the thecretical values for [FE(HEG}E][FE EDTA

(Hy0) 15 -Hp0: |
- ' found {%) caled. fﬁ}
Fe - . 17.80 + 0.35 17.62
c - 28.47 28.41 .
1 o 4.32 " 4,45

S 6.81 6.63

The infra-red spectra obtained by the potassium bromide disc
method did not show peaks at 1200 and 1758 cmfl assiqgned to an

unconplexed carboxilic acid (Kennard 1967}.

»
v

3.5 [Co (NHz)s C1] Cl; - chlorepentamninecobalt (III) chloride
. "Q'\\ » -

3.5-1 Preparation

Chloropentammineccobalt (ILL} chloride bas been prepared in
many different ways. YHrogensen (1898) began with shlorotetram—

mipecobalt (IIIY chioride to obtain the aquo-salt [CO {NH3]5

+

H_0]
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.Cla. He then treated this with concentrated bhydrochloric acid

to precipitate [Co {NHE}ECl]Clz‘

Biltz (1928) reported a metbod that began with cobalt (I1)
chloride and invelved preparation of a carbonatotetrammine salt

by ouidation in gir followed by reaction with amnonia and

hydrochloric acids ' . -

Willard and Hall (1922} dﬂueloéed a procedure using the
reaction of hydrogen percoxide with hexamminecobalt (IT1) chlorxide
ig the presence of amnoniuwm chleride. Thisz methed was later

modified by Schlessinger [1967).

Chloropentamminecobalt {ITI) chloride has alsoc been produced

by treating [Co {NH3]4{}i20j2] {NOg)g, [Co (NHg}, €1,] NO,, or

[Co {HH3 {HEG} C1]) [NDB} with encess agueous ammonia followed

}4
by hot hydrechloric acid {Schlessinger 1960).

2

Cther methods have proceeded via cobalt (IIT} complexes such

as [Co (N, ) 8O, T (KO,),, [Co (NH_ ) CO]NO,, or [Co (M} ILOJ(NC,)

these were heated with concentrated hydrochlorie acid to precipi -

"

tate [Co (WHz). C1] CL, (Basolo & Murmann 1953},

2

Preparation Chloropentamminecobalt [IIX) cﬁlcrid? was obtalned

from the Part IT Labkoratory of the Chemical Laboratories,

niversity of Coambridge. It was prepared‘via the fﬂllnwind Qross

reaction:

Ly 2+, (NHgY, CO_.L NHg oW "N
Co {1120}6 + 3 [Co {Nda:'sj -:::13] MO, +
02 " ) *
HZL .
+ == [Co (NH;).C1] €I,
A -
The method began with the preparation of [ﬁu{NHé}5¢031ﬂ03

by mixing & sblution of cobait (II) mitrate with a solution of
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ammonive carbonate and concentrated ammenia. & stream of alr

was bubbled through the mixture for 24 hours and the resulting

solution ceoled In an ige-bath. The product, [COENHB}SCDBJNDB‘

was collected as crystals and washed with a little ice-cold water,

-

folleowod by alcehel and ether., The pure crystals were then
dissolved in water at BD—QDGC, aﬁﬁ 5N hwdrochloric aciq added
until evolutien of carbon dioxide was almost complete. Follow-
ing -this, concent;ated hydrochloric acid was added, the sclution

Kept at EOYC for about 10 minutes, and then cooled in an ice-—

b

salt bath. Crystals of [Co (MNy)g Cl] Cl, separated out and
thase were filtered, washed with alcohol and ether and dried

in a vacuum desiccator at room temperatura. '

F
3.53=2 Labellina

Chlorepentammine cobalt {11I) chloride wasllabelled both
in the cationic and anioniec sites. The radicisotope 36Cl,
supplied by the Amersham Centre as a 0.1-0.3 M HC1l solution,
was used. It hgﬁ an acéivity af 100 pCl in a total volune of

1.1 ml and containing 7 mg C1/ml.

{i}) The compound was labelled inm the anionic site accord-

ing to the following procedure:

+

An aliquot of 0.3 ml of the radicactive soclution, containing

: . . 36 .
27.3 pCi of Cl, waz diluted fo 100 ml and percolated through

a column of anionic resin in the form R-Cl™., Amberlite IRA-40O

{ClL} was used in a column 15 cnm long and 1 cm internal diameter,

36 . . .
Cl was removed fxom the solution by an isctopic exchange
'\' -

reaction:

R_Cl + }13'5::1 — R cl” + Bol
p—
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After this, a solution of [CG (WHS Cl] Cl (2.5 g
digsolved in 650 ml water), was pexcolated through the labelled
resin.and 3ﬁC1 introduced into the inactive compound by the

exchange reaction: " .

- - 36
m_ 3801 4 [Co (NH,}_ClJCL, = ZR-Cl + [Co (NH3)g C1]

- -

This wethod of labelling was suggested by the work of
Peters and Flore (1974), who emploved the isotopic ion-exchange
technigue to remove traces of o radicaciive clemeiflt from a
solution By passing it through a column of resin previously
saturated with the same stable ion.

Tiae eluate was divided hetween four 550 ml round flasks .
and the solution inside was frozen Torming a thin layer %;ound
the figgk walls, The flaslks were then attached to a freeze-
drying systen.

The.selid compound [Co {#Hg) 51136 élz vwas obtained eilther
by completely freeze—drying th; solution or by precipitation of
the compound from the cocled soluticon following partial freeze-—

drying., The two preparations so obtained will be referred tao as

samnples A and B, respectively.

{11} Chlorine-26 was introduced into the complex [Cu {NH3}
Cl]2 using the method reported by Laurle and Monk (1965} as
follows: . .

About 3 g of aguopentamminecobalt (1XI)" chloride,
[CD {Nﬂ3}5 HEG]CLB, were dissolved in a oinimum voluse of water
at 86°¢C. Twenty pCi of EﬁCl were added and the temperature
kept stable for d hours. The chlorosalt was precipiaated By

the addition %f 100 ml of concentrated hydrochloric acid.



53

Any chlorine-36 cutside the complex ion was removed by
dissolving the active crystals in a minimum voluwie of water at
a59¢ follﬁwed by reprecipitétion after the"additian of a large
excess of concentrated hydrochloric 'aFid.

The starting-peint for the preparation of the aguopentam-
minecobalt (III) .chloride salt wa; aguopentamminecobalt (IIT)
perchlorate [CO{NHEJSHED}{C104]3. The perchlurate-was dissalved

in a little water and N-hydrochloric acid added. [CD{NHB}EHED]

Cl, was precipitated by cooling in an ice-bath with the additlon

! n
of concentrated hydrochloric acid. The crystals were filtered
and freed from perchlorate by washing with bydroechleric acid

diluted with water in the ratio 1l:1. Exgess acid was zemoved

by washing with alechol (Yrgensen ;EQB}- .

The pexchloxate salt was prepared by acidifying éarbanato-
pen%ammine:ﬂbalt {ITT} nitrate with 2M-perchloric acid and
heating -the solution to boiling. The perchlorate salé crystal-
lized on cocling. The product was purified by recxystallisatian
frém dilute perchloric acid and from water {(Rutenberg & Taubé

ﬂgszj. [Cq{NHE}ECGB]NDB was obtained from the Part II Laboratery

of the Chemical Laboratories, University of Cambridge.

-

3.5-3 Analysis "
A sample of chloropentamminecobalt {III) chloride was

analysed for hydrogen, nitrogen and gﬁiﬂrinc by the microagalyszis

group af the Chemical Laboratoxies. 7The resulis are shown below,

togethex with the theoretical values for [CG{RH3}5C11C1Z:

™, -

IMETITUTO CE PESOU FASENERGETICYE € NUCLEARES

[ 9. E ®, .
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~ found {%) calcd. (%)
H - 5.95 .04
M - 28,10 27 .96
<l - 42,11 42,47

3.6 Cry {CEDd)E.ﬁHED ~ chromium {(III) oxalate hexahydiated’

3.6-1 FPreparatian

Mathods of pxeparatipn of Cra {;204}3 - X HoQ from the
reaction of chrzﬂ?’ KECrD4 or Crls with ;xalic acid have bren
reported (Bothamley 1887, Werner 1888, Lapraik 1893). Different
hydxa%ea of chromium (III} oxalate have also beeﬁ synthasised
(Cmelins 1962). - s

Douvilld et al. {1942) reported they had preﬁaxed tﬁe
compound [Cr {HED]4][CI (?204}3] by passipng a hot solution of

oxalic acid gseveral times through a bed of freshly-precipitated

‘ehromic hydroxide.

Kawamura and Wada (1957) synthesised tée compaund1[Cr[Hgﬂ}5]
[CI{CED4]3] by passing potassium tricxalatochromiate through a
ﬁolumn of ecationic resin te remove potassium, and reacting the
rroduct with hexghuochrﬂmium sulphate in the presence of bariﬁm
hydroxide to precipitate‘the sulphate ions. The product was
unstable in seluticn since Dxalat; ians migrated to the cationic
side, giving the compound [Cr {Czqg?“{ﬂzﬂ]4l.[ﬂr'ICBO4}2{HEG}E},

a stable product.

Preparation a} A fast method for the preparation of the compound
'\I -
fer (HEDJGJECI £C204}3] was used to avoid decomposition while in

solution. The wmethod also allowed the labelling of the compound
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in only one site; it was based on the following reactions:

— - . 3_ )
BR_C1™ + Kg[Cr{Cp0,),] 3H,0 = Rg_[Cr{C,0,) ] + 3KCL

3~ _ -
Ry [Ce(C0,)5]7 + Cr(Cl0,],-611,0 =% 3R-ClO, +
+ fer(Hy0) J[or{C,u,)4]

Potassiwn triowalatechiomiate was percolated through a
colunn of anionie¢ resin, Amberlite IRA-40I (1) until complete
spturation in the form R3L[CrE¢204}3]3P'had occurred.

The resin wasz carefully washed and a concentrate solutign
of ch;omium perchlorate was percolated through It, ferming
[CI(H%OJﬁ][Cr{Cgﬂq}B] i the cluate. The solution was frozen’
immediately and then freeze=dried, forming very fine Llue
crysta}s.

The icn-exchange tube was 27 om long and of 2 o internal
diameter, containing 70 ml of wet resin [exchange capacity:
1.25 mEqﬁh;}. around 3.5 g ofchromium perchlorate dissolved
in the minimum quantity of water, were eﬁplayedrin the prepara-

ticm.

Potassium triexalatochromiate was prepared according to

the reaction {(Booth 1039):
K,Cr, 0, + THC0, + 2K, C\0, — 2K [Cr(C,0,),]. 31,0

 F .ﬁCI}z + qu,

]
‘Fotassium dichromate was added slowly, and with conslant

stirring, to a mixture of potassium oxalate monohwdrate and

oxalic acid dissolved in water. When the reactich. had ceased, -

3

the solntion wis evaporated nearly to dryness and allowed to

r
crystallise.
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bh The method of Douvillé e al. {1942) was employed in

trwing to obtain the compﬂund fCr(H 0]4][Cr(c

4

& hot solution of oxalic acid with freshly-precipitated chromic

204 3] by reacting.

hydroxide. The resultant soluticn Was evaporated to give a
preduct of syrupy consistency. The evaperation of the remain-
iftg solution was completed at'zoon temperature under vacuum, oT
by freeze-drying, when vinlet—greanrczystals of inﬁefinite shape

wate formed; this product was found to be [Cr{Czﬁd}(HEQ}4][Cr

(€500, (Hy0),].

3,.6-2 Labelling ; .

a) [Cr{HEDjﬁj[Cr{C204}31 was labelled in the cationic :

side with JlCr, received from the Amershan ‘Centre as Nazi}CrD4

in aquéaus solution with a total activity of 10 mCi in 2.1 mi
and: containing 24 g Cr/ml.

the volume of the radicactive solution was made up to 20
ml and chromium (VI) was reduced to chromium (IILI} by the
addition of 2 nl. of concentrated hydrnéh;nric acid and alcehol,
boiling the soclution untll it was colourless and no lohger
smelled of alcohol. .

Twa mCi of = Cr {1IX) were then added to a solution of

chromium perchlorate, used to abtain the labelled cumpcundt

51 -
r r [ [
[ Cr(Hzﬂjﬁ]LCr{C20433], by the procedure described in seetion

»

M . -
2.6-1, a). The labelled componnd was stored in a dewar flask
I

containing solid COa.

r .
b) The compound L_t:::{r:.jztild__}[Hzlfl’,'|d:!|:l:21:|[it:2l:‘14:|QI[HZ{ZQE:I was
labelled 1n the1Eatiunic side with 51Cr{III}, according to the

following procedurea:
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A dilute solution ¢agtaining 10 mCi of SlCr(III} wasg
percolated through a column of cationic resin (Amberlite IR-120
{H}) cvontaining 10 m! of the wet resin saturated in the ﬁB-C:3+
form. 51Cr{III) was Fixed in the resip by the isctopilc exchangse

reaction:

3+ 51 2+ - © 51, 3+ 3+
RB - Cr * Lr R3_ Cr + Cr

Then a solution of the inactive compound was pul in contact
. . S
witlh the labelled resin for one hour. Hence, I'1.21-{III]| was

introduced by another exchange reaction:

51, 3+ + -
R, = “7Cr [cr(czog}(n2014] = . -

34
—
Itg— Cr

« [Per(c,0,)(1,0),]"
)

This reaction was not very effective as it gave a product
with low specific activit?. Furthermore there was the possibility
. B4 , .
cf cation exchange between er Trom the resin with [Cr{CEU4}
+ L .
{Hgﬂj4] although the erroxr due to this reactlon was negligible
’ ) . - , +
because of the greater affinity of .the resin far C13 than for
[ex(c, 0, )10 %,
274 27 g
The salid compound cobtained arfter freeze-drying the labelled

solution was stored in a dewar flask containing sclid COs.

3.6-3 Analysis ' - .
The cunkent of chromiwe in bnth;;nmpounds was determined
by titraticn with standard ferrous soiution,iafter oxldation to
dichromate by boiling with excess ammonium per-sulphate in the
presence of silver nitrate as catalyst (Vogel 1961),
The carbon.and hydrogen contents were determined by Mmicro-

" T,
analysis. The results for [Cr{HEDjE}[CI{Czﬁ4}3] and
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[Crfczﬂqj[HED}4][Cr{CED4}é{HEO)2] were, raespectively:

found (%) caled. (&)

[cr(n0) lfer(c,0,),]

C - 15,32 15.13

H - . 2.64 2.54

cx - 21.83+0.27 2184
[CI{C204} (I—IED }4] [c:.-{czr:}4 }E{HED},E]
. C - 14.97 15.13

H - 2.57 2.54

Cr - 21.66+ 0,36 21,84,

Somg decomposition of [CI(Hzﬂ)ﬁ][CI(C204)3] to [Cr(9204]
{H20}4]fCI{C204}2[HED}2] night have occurred. To check this
the content of oxalate wa# determined in the anionic fraction
of the cempound [CIEH2036]£CI{FEG4}31. The separation of the
two chromium species was dane by cation exchange, accﬂ;ding 1o
the procedure deseribed in chapter 4, section 4.8-1.

The oxalate content was determined after decowmposing the
conplex with hot potassium hydroxide and filtering the
precipitated chromium (IIT} hydrokide. Tie filtrate was acidi-
fied, treated with exaessxstandard cerium (IV) solution, boiled,
and after cooling, baglk-titrated with standard fexrcus solutiﬂn-
(Hamm 21933, Vogel 1961). The analysis gave ?3-91£ of oxalate
in the andoniec fraction, which when compared with the theoretical
value of 55.45%, indicated that a migration of 1.54% of oxalate

: .. . e ~ .
to the cationlc side had occourred, corresponding to a deconposi-

tion of 8.33%.

r

The presence of oaxalate in the cationic side of the compound
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vas confirmed when part of the chromium witich had been fixed in
the resin was eluted with O.GS'N‘perchluric acid. Ir such a
low cancentration, perchisric aeid elutes only [Cr(c204}(ﬂzﬂj&]+
and not [CI{HEDJE]3+ {Kawamura & Wada 1957},

The opalate sontent was also determined in the anionilc
side of the second compound [CI{CED4}{HED}4][Cr{CED412{H26j2]
by the same procedure. The result was 37.03 + 0.7%, correspond-
ing to 2/3 of the total oxalate in the compound, hg
theoretical values are 36.97% for oxalate in the énicnic zide,

L}
and 55.45% for total oxalate In the compound.

3.7 Treatrents of the labeliled compounds

Samples of the labelled conpounds were treated in dfiferent
ways, as described below, in corder to induce exchange between

the isptopic spegies in the coopounds and to cbhbserve the

influgnece of dofects on the mechanisms of these reactions.

3.7-1 Ihefﬁal treotment

Thermal treatment was carried out im a thermostatically—
controlled oven. Each sanple was placed in a glass ampoules

and sealed wnder atmospheric pressure. Each was heated for

different times and ai different temperatures, the length of

+

time and range of temperature varving with the compound.

- »

3.7=-2 Gamma irradiation E

Samples of the different labelled compounds were sealed in
glass ampoules under atmospheric pressure and irxa??ated in the
Co=80 gamma scurce of the Chemical Laberatories at room tempera-

- :

ture. The source intensity was 7.2 x 10? rads per hour, but
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the *otal dose absorbed varied from compound to ceampound.

3.7¥=3 {Crushing
Crystals of the untreated labelled compounds were crushed

in an agate mortar into very fine powder.

3.8 Counting of activity

A Geiger-liguid counting tube (10 ml) was used foxr count-
ing the radimactivity.‘ By adding an adaptor with a quench unit
and a scaler, the apparatis provided a single-channel G-
counter system. A pawer-unit connected te the mains supplied

low O voltage to the adaptor. The high voltage was periocdically

L

chesked and awdjusted so that the counter was operatinag on the

. r #
plateau of the cogntinguratefvoltage charagteristic.

ﬁLiqﬁnis-ﬂf 10 m)l of the radicactiwve solutions were always
used for sounting, Corrections were made for the background
count, bt gencrally no corrections for decaﬁ Welrse NEecCessSary

because, in most cases measurenenis wers made with a short time

T

interval between the countings. Corrections for decay were

necessary only fer the chromium cxalates.
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CHAPTER 4 - THE SELECTICON OF SYSTEMS FOR STUDY

An exchange reacfion between two normal lattice entities in'
a solid compound is uwsually siudied in the following manner:

{i) an isctoplic lahkel is intrndub;d into one of the sites
of the compounds:

(1i) the excﬂange is then1allowgd to occur or is i;duced by
heating or other means;

{Ii) next the two exchanging specles are separated;

{(iv) finally the distribution of radieactivity at the end»
of the oparation is measured.

The transfer ;f radicactivity is generally follaowed by

[
-

measuring the fractinn of exuchange either as a functien of time
} 2

at a congtant temperature, or as a function of temperature for a

constant period of time. The kinestic parameters of the reaciion

can ke obtalned from these isothermal and isochronal curves,

The shapes of the experimental curves also contain informa-

tion about the frqcesses being studaed. Isochronal curves are
mare informative in this respect. They may show sither a steady
change with temperature or sloping regions fnllcwgd [a3%5 f%?t ar
nearly flat regions. This may indicate that different exchanae
processes begone ﬁctiue at successively higher temperatures. A
sloping region of the curve shows that the rate of cne or more
processes may be changing. In the sdﬁkeduent flat Tegion, na
1

Tfurther processes have vet become a§tiue or the Piocesses mway be
=0 fast that they are compiete during the Exchange peried. It
is often pessible to determipe the number of processés invelved

1

from an isochronal curve showing these characteristics. Further,
- +
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the relative activation energies can be found from such & curve
singe the tempexaturés at which each reactien becomes active is
well-deternined.

Isathermal curves are nol so infqrmative although informa-
tion about the kinetic parameters of the reaction can be obtained.

The influence of defects on the processes under investiga-
‘tion can be observed if samples of the labelled compounds are
subjected to such treatment as gammé—irradiatinn or orushing
before heating, the shapes of the experimenial curves and the

LY
kinetic parameters giving us same insight into the mechanisms

inwelved. The influence of other processes such as hydration,
dehydration and in some cases, decompoaifion, can zlse he '
informative. ) . 2

The progress of an gxchange reaction in the s¢lid-state can
only be follewed if the compound under investigation possesses
& certain number of characteristics. These characteristics,
together with the selection procedures emploved to choose

suitable cﬂmpﬂuﬁds for exchange studiegs are discuszed in the

next secticon. .

4.1 Selection procedures

Exchange studies betwesn two nermal lattice species bas to

be made in systems in which one kind ;f aton has been radio—
actively labelled and,: alfter Eeparifiun of the tuc species in
the freshlv-labelled material, no substantiQI exchange talkes
place. The compound must be siable cver a certain temperature

range and it should be possible to induce exchangdsyby one or norc

of the differerft treatments such as heating, gamma-irradiation,
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crusihiing of the crystals, ete.

The selected coupounds were synthesisced, labelled and
aralyscd as described in chapter 2. The cholce was influenced
by several f%ctors including the inte;est in studying systems
as yet unexplored, and the possibilities offered by different
compounds of investigating various aspects of tﬁé exchanaga
process, such as the exchange betwsen atoms having the same or
different oxidation states or between ligand-atoms and isotopic
atons outside “the coordination sphere., Othex factﬁrs taken into
account include the muclear properties of the radiolsoctope th;t
rwould be used for labelling, and, when available, data about the
thermal stability of the compound, the exchange in solution of’
the species ;ndef consideration, and such other information as
would indicate the suitability of the cystem for solid-state
exchange studies.

A practical selection procedure was adopted by which those
conpounds suitable for exchange investigations could be selected.
It was as follows:

(1)} The extent of exchange induced by the synithesis-
separation process was measuired before further treaéing the
sample. If the %ractinn of Exchange Was less than about 10%%

{in most cases}, the compound was retained fﬂr the ;ub50quenf
lests. .
A .

{ii) An attempt was made to induoce exchange by heating or
hyr crt-her treatment. Those cowmpounds 1n 1-;E?ich it was pot pc:s&;iblf;
to induce exchange were discartded.

N, -

{iii) A check was made to ensure that the treatment given
- : B

to the sample. did noi cauwse desompositien as well as exchange. -
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If the process of exchange could not be distinguished fxom that
of decomposition, the compound was not considered suitable. If
there was no considerable decomposition the compound was then

selected for further investigation. -

The application of this selsction procedure is presented in

sections 4.3 - 4.8, under the title of each campound investiga-

ted. In the next secticn the fraction of exchange 1s defined,

together with the correction applied to account for activity
inherent in the species that was initially inactive before treat-
n

ment. Some other swystems were discarded on the basis of the

above tests.

4.2 The fractiopn of exchange and correction for an apparant

zerg=time exchanoe

The fraction of exchange at time t In an homogeneous aexchange

reaction between reactants A and B, both containing a given

element ¥ that exchanges under a specified set of conditions,

and where B only Ls initially labelled, may be expreséed as

(see Appendix 1)

Sa .
F= g . {4.1]
Ny

where A is the species initially inactive, and 8, and 5, are

& fiy

the specific activities of A at time t'and at equilibrium -
respeciivaly. S - -

We define the specific activit? as the ﬁatiﬂ of radicactive
¥ atoms to the total number of X atons [(active plus inactiwve)} in

reactant A.  Expression {4.1) then becomes hY .

-

=
’ R (4.2}
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where »x and x are the mmbers of active X atoms contained in
==

species A at time t and at eguilibrium respectively. This may

alzo be written as

P o= ai - {4.3)

==

where a and a_ are the activities proportional to = and x

L==]

raapectively.

The fraction of exchange, F!', observed at time t after the
scparatian af species 4 and B, is egual to F when the separation
6f the two species is complete and no-exchﬁnge OCOULS duriﬁg .
separation. However, when the separation of the reactants is
incompiete or when the separation process itself induces_exchange,
these effects result in aﬁ Mapparent zero-time Exchange”.? The
eymnthesis of the compound itself can also cause this efféct.

Prestwood and Wabl (1949} demonstrated that the following
gorraction nay be nade for-an ;nccmplete, apparent, zerc-time
oxchange if the separaticn—indﬁced exchﬁnge andlthe'inccmpletew
separation effects are reproducible (see ﬂpp;endix 2 fcrl the
derivation):

. ) F._.S'Sc . Fi=F1,

5.+ 5o 1-Fr s

(4.4}

whare 5 and 5, are the specific activities of the chemical

fraction enriched in A and separated from the reaction mixture at
ﬁime t and time zers, respectively. ‘EF; is the equilibrium

specific activity of A, Ft andg F‘Q are the fr;ctions of exchange
observed after separation at times T and time zero, respeetively,

and expressed as ; ~

5 .
Ft = - 4.5
- Su:- { -’:I
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and Ft = — . . (4.6)

Bgquation (4.4) includes the corxrection for synthesis-induced

4

exchanne, because the fraction of X atowms initially in B, that

end up in A after the synhthesis of the cempound, are included in

the wmeasurement of Sﬂ.'
The distinction between incomplete separation and separation
and/or synthesis-induced exchange can only be made on the basis

of- further evidence, such as may be provided, for example, by
W
the presence of B in a precipitate of A.

\

The fraction of exchange obtained from the experimental data

was expressed as a percentage as follows:

... E{E} ,B') = F{I'} ; F!) X 100%, *

E

4.3 Hg[Hg EDTAY. x Ha0 - mercuxy {II} - ethylenediaminetetra-

acetétome:curate_ﬁII) hydrataed

The double mearcury salf, Hg[HgEDTHj]x}&U,.was chosen as 1t
allowed the studﬁ of the exchange betwern two isotopic species
lying ifn twe different coordination sites and having the same
cxidaficn s5tate, a siﬁuation that has bean explared anly cnce

"before {Myarku 1978}. Besides this, the radiocactive isutope

EDEHQ has advantadgeous nuclear properties (Lederer et al. 1967}):

e — YR

Radigactive Half-life Ma jor. radiations
1sotope approximate energies
. {MeV) and intensities

*

034 46.9 3 © BT 0.214 max

0,194, 0.264, 0,275
y  0.279 {77%)

-

Furthermore, the complex [HgIﬂDTA]E- has a high stability
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constant diminishing the likeliliocd of exchanoge in solution

(Kl = 21.8) {(Anderegg 1964}, !

4.%-1 Separation procedures

To scparate the species Moo frnm.[HglﬂID&]z_ in the
compound 2IDBHg [Hg EDTH].EHED, the cationic mercury was precipi-
tated by-the addition af 2 ml lM—scdiuﬁ hydroxide to a éuspensiﬂn
of ca. 20 m% of the compound in 2 ml of water. The precipitate
was separated hy centvifugation, washed twic; with water, and
all the supernatant liguids were combined and counted as complex
cmercury. The precipitate was dissolved with &¥-nitric acid and
counted as tae cationic mercury fractiom.

The mercury content of the cationie fraétion was deterinined
. . %
volumetfically with thiccyarate to checxk the selectivity of this
lethed of Séparatinn (Ilillebrand gt al. 1953). 99.5 + 0.6% of
the catiopic mercury was measured in the precipitated fraction and
the separation was considered campletﬁ within the experimental

v

CLTICr.

4,.3=2 Selesticon tests

(1) Zerg-time exchanae

The fragtion of exchange measurcd after the separation
2+ =- . -
of Hg and {Hg EDTA] and kefore any treatilent was given to the

sample wasi

" .
E'ﬂ = 100 + 2% :

4.2-3 Conclusion

The exchange between the two mezcury species in the compownd

203 . . . .
Ha[Hg EDTA].EHED gues to completion during the synthesis-

separalion processes; therefore no other experiment was done with



K=l

it, It was not possible to discover whether the exchange cccurred
during the synthesis or during the seEaration of the compound, o

both., As én other method aftsynthesis Qr separation was i
available this compound was discarded. .

-

4.4 Fe [Fe jCN]SNDJ.:xHEG = iron (I1) - pentacyanonitrosyl-

ferrate (IIIY hyvdrated

LY

The conpound Fe [Fﬁ {ﬂNJ5NO}.:{HBO was chosen because 1in

this system the progress of the exchangs between the two iron

»

species in the gationic and anionic sites might Ge followed not

a

anly by chemical aﬁalysis but also in situ by MBssbauer spectro-

'
.

. . . . 57
seopy using labhelling with *ra.

. 2
The ouclear properties of the radioisctope SgFe are also

favourable for ewchange studies {Lederer ot al. 1967):

Roadicactive Half-life Major redizticns
isotope - approximate enexgies [(Mel)
and intensitles
50 ‘ - o
Fe ) 48 .64 c} 1.57 max (0.38%},

0.475 max

y. 0.143 {0.8%),
0.102 (2.8%)
1.095 (55%)
1.292 (44%)

The chenical and physical properties of the-hitrﬂprusside

ion {pentacyancnitrosylferrate (I1I)) have been reviewed by
: ' 1
Swinehart (1967), whore the controversy about the oxidaticn state
. . o B .
of the iron in ENC}EFehD was discussed.

. N, :
Sharpe {1976} cancludes from his study of the chemistry of

-
cyane complexes of the transition metals that there is no

.

INSTITU D =E FESOU Sa5 ENERGETICASE NUCLEARES
i PE. M.

w—r
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nitrosopentacyanc complex of iron {IIT). Therefore, the formula
of the compound is better written as Fe ([II) [Fe {II}{C}I}SI\‘D].

X HE‘.G .

4,4=1 Separation procedures

The procedure of Cambl and Cleriei (1928} was usad to
_separate Fe®" from the complex [FEECNJSHDJE_. The oxide of ircnl
;as precipitated at low temperature with 2W-potassium hydroxide
(2 ml) in a sample of the compound (ca. 40 mg) suspendsd in
%ater {1 mi), and the precipitate sepaxateﬁ by centrifugation‘
and washed twice with water. The supernatant Iiquids contained
regenerated nitroprussiate; they were co@bined ana counted as

" gonplex iron. The astivity that remained in the cationic

-
fraction was alse ccunted when the precipitate had been dissolved

in hydreochleric acid. )

It was Necessary to check whether this procedure led to 5
complete separation of the twc.iron épecies; the irdn content of
the cationic fraction was therefore. determined volumetrically
with potassiwn dichromate [Vogel 1961). It was found that 100.5
i 0.7% of the iron in the cationlec fractlon was precipita¥ed,

indicating (within the experimental error} a complete separation

of the exchanging species.

4.4-2 Eplection tests

o, -
1
-~

. - . . - . 4
The digtribution of zadicactivity between Fe2 and

{1} Zero-time exchange

o . ,
ch{CN}ENO] was maasured im a sample of the cozmpound labelled

™ .
initially in the cationic side, afterx the separation of the two
-

species and before any further treatment.
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The percentage of exchange found was:
E,! = 1.8 + 0.28

This result was low enough %o warrant further investigation

of this couzpound. -

{ii} Sanple treatments -
a} Thermal treatment. Samples of approximately 40 wg
of the radicactive compound were sealed in glass ampoules and

. . : ’ o
heated jn an airr oven for 16 hours at temperatures, between 35 C

+ .

aﬁd 130°C. The fraction of exchange was then measured, with ihe
. results shown in Table 4,1 and pfesented graphically in Figure
4.1. Valuas have been corrected for the zero-time axchanae.
The experimental results show that exchange is barelw
L)

enhanced by inereasing the temperature until 120-130°C when

decomposition hegins.

b} Gamma irradiation. Irradiation with gamma rays
might cause exchange between the iron species, or it might
promote exchange an subsequent heating. To test this a bulk
sample of the labelled campeund, contained in a sealed glass
ampoule, was Lrradiated at room temperature with gamma ravs to
a total dose of 7.8 dMrads, The éxchang? percantage measured
after the irradiaticon and before heating was 1.9 + GLE%, showing
that the radiation by itsell did noEﬁ?nduce exchangs.

Samples of the irradiated material werg;théh sealed in
glaﬁslampaules and heated in an alr oven.ﬁor 16 hours at tempera-
tures hetween SBGC and 155°C. The fractiﬂns af exchange were

.

measured aind corrected for zexo-time exchanoes; the results are
- )

shown in Table 4.1 and represented graphically in Figure <.1

A\

7R
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Table 4.1 Isochronal heating of SQFe[Fe (GN}ENU].SHEG

Tima: 16 hours

Tanmperature Percentage of Unexchanged
Sample a wxchange fraection
T (%) . E (%) (100-E) (%)’
" a3 0.3 99,7
a0 0.2 99.8
Intxreated - .
100 0.6 S9.4
sample .
120 1.5 SB.5
130 2.3 97.7
- # =
20 0.1 9.9
eich 0.3 . = 1=
Gamma—
irradiated 106 . Q.7 99.3
sample _ 125 — 2.1 97.9
' 120 2.5 . 97.5
155 22,8 76.2
Y e
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“together wilh the values obtained for the untreated sample.
They show that the irradiation did not promote subsequent thermal
exchange. Agasin exchange was only observed when decomposition
set in. ' -

{iit} Crushing. A portion of the untreated labelled

compound was crushed in an agate mortar and a sample was heated

at 90YC fox 16 hours. The exchange percentages measured before

1

and after heating showed that exchange is neither promoted by
" L ]
Efushing nor does it facilitate subsegurent thermal exchange.
It is very likely that crushing failed to induce exchange

because the untreated compound was already powdery in pature.

Ll

4.4=-3 Conclusion . P
Since exchange could not be observed without decomposition,

no further experiments were pexiformed with the compound

Fe[Fe(CN) _NO]. x H,0.

e

4.5 KFe [Fe(CN).].xHy0 ~ soluble Prussian Blue .

2

Bxchange between the two iren species in soluble Prussian
Elue has already been cxplored to some extent {Thompson 1943},
It appears’ that there is -no isotopic exchange between the two
iron species in this compound, either in colloidal dispersiﬂﬁ or
in the solid state. Fenger and Maddock (1970) {Gynd na ¢xchange
induc?d by heating or gamma radiation in samples heated to 100°¢
or dosed with 10 Mrads of EDCn—radiatinn:_

In the present study we investigate whethex ¢{u5hing can

promote exchange. :



4.5-1 Separation procedures

e used the wethod of Fenger er al. (1970) to sefarate
the cati&ﬁic and aniénic ixgn species. It.consisted in the
precipitation of ferric hydroxide by the addition of IM -sodiun
hydroxide (5 ml) to a samplé of the compound (25 mg) suspcnded
in water (3 ml). JFerri; hydroxide was precipitated and was
coagulated by warming and sepaxatedlfxcm the supexﬁatant by
centrifugation. £; was washed twice with a 1% sodium chloride
solution made allkaline with a little scdium hydroxide. The
precipitate was then dissolved in hydrochloric acid and the
solution was counted as the cationic iron fragtion. The supec-
natant liguid, cembined together, ware counted as the complex-'

iron fraction. - a

The separation procedure was tested by determining the
proﬁortion of diron in the cationic fracticn volumetrically with
potassium dichromate after reduction of iron {(IIX) to iron {IL}
with stamnous chloride solution (Vogel 1961).

100.5 + 0.2% of the cationic ixon was precipitated this
ﬂgy suggesting that the separation of the iwe iron species was

complete within the experimental error.

4.5-2 Selection tests

{1} Zero-time exchange
The exchange percentage washmeasured in a sanple of

i
soluble Prussian Blue labelled in the catichic side, after the

synthesis-separation procedures and before any treatment was

given to tne sample; the result was aY

-

Eh, = 1.1 * 0.1%

p—r— =

TieTITUTO [ PESQU-GAS ENERGETICAS E NUCLEARES l
) LREN. !



showing, as expescted, that practically no exchange takes place

during the synthesis-decompgsition processes.

{ii) Sample treatments
a} Crushing. A portion of the labelled compound was

crushed in a mortar to a very fine powder and a sample was
sealed i a glaﬁﬁ‘ampoule and heated af 90°C for 16 hours, The
exchange percentage measured after this treatment, and corrected
for sero-time exchange, was 0.02%, showing that crushing failed
. Lo promote exchange. ﬂéain, it isrquite likely that this is due
to the fact that the untreated substance was already in the form
of very fine crystals so that crushing did net inéuce much of a
chatige, e

L8

Heating to highé& tenperatures, above lUUGC, leads to

decomposition with no possibility of analysis.

4.5-5 Conclusion

Since it was not possible te induce exchange with the sample
Ctreatments emplu?ed, no other experiﬁents were performed with
soluble Prussian Blue. -

4.6 [Fefﬂgﬁ}ﬁ][Fe EDTA (HEO}JE.H O - hexaaquoelron {(III) - aquo-

2

gthylencdiaminetetraacetatoferrate (III) monohydrated

The exchange process in the syii?m iren {III) - aquoethylene-

¢ £

diaminetetraaccetatoferrate (III} was investigated, both because
of the favourable nuclear properties of the isotope 59Fe and

because exchange of iron between the aguoferric and farries
Y

gthylensdiaminetetraacetate ions in solution was very slow {Jones

-

& Long 1952), so that chemical procedures of separation could he



used. The half-life of the exchange in solution varies from 0.5
tc 400 heours at high and low pH, respcctively.

The,éhoice of this conpound was further supported by the
possibility Gflstudying the exchange in situ by Missbauer spectro-
scopy after labelling with S?FE.

The Fe (II1) chelate contains sexadentate EDTA with a water
melecule coordinated to the metal In a Hiructure "leosely
describable as pentagondl bipyramidal" (Hoard et al. 1961a,b). The

- . s . . C g a2
dissociation constant of the ferric complex 1s about 10 {Jones

L
B Long 1952}, showing that the complex is very stable. Sclutions

of the Fe {II1} chelate are indefinitely stable in the dark, but
on expasure to sunlight a light-induced reduction te Fe (II)

chelate occurs (Jones & Long .l952). a

4.6—1 Separation procedures

The separation_of the cationic iron fraction from the anionic
complex in the compound [FG[HEU}ﬂ][Fe EDTA {HEUJJB.H;D was
achieved by ion-exchange. Eampleh of approximately 50 mg of the
compound, labelled initially in the caticnic side, were dissslved
in water and ﬁade up to 25 mi. An aliguet of 10 ml of this
soluticn was used Lo delermine Clae: Lotal activity of the sauple,
the other 15 ml heing transfexred to a 100-ml separatory funne%
containing 10 ml of cationic resin, Amberlite IR-120 (H) {Exch;nge
capacity of the wet resin: 1.9 m9qfhl?§¥ The mixturé was shalken
vigorously until the ambexr coloux of the saluflﬂn had faded to
a light wellow indicating the prasence in salution of the complex
acid H[Fe EDTA {HEO)]' The liguid phaée was separatéd, the resin
was cavtiously washed and ail the liguids wexe combined to ¢6unt

as the complex iroo.



&4

As a contxol, the irom content of the anionic fractiom was
determined, the fractlon first being concentrated te a small
volume and heated with concentrated sulphuric acld to destkoy
the complex. Iron was analysed volumetrically with standard
potassium dichromate afiter reduction of ferric iron to ferrous
iron with stannous chloride-soiut{on (Vooel 1961}. Theqresult
indicated that separation was complete: 99.8 + 0.3% of the iron
contained in the camplex side of the compound [FE(HEG}61
[Fe BDTA {HEDJJB.HED was recovered in the fraction separated

Trom the resin.

4.6~ Seplection tesis

{i) Zerc-time cxchange

L
-—The exchange 'percentages measured aftter the separation
r

. - . 59
of the anionic and cationic fracticns of the gouwpound [ FG{HED}E]

fFe EDTA {HED)]E.HED, snd before any further treatment was given

to the sémple Were;

1 ' .

Egy = 14.9 % 0.3%
and Et = 6.2 4+ 0.9%
oB -

vwhexre & and B refer %o the first and second preparations of the
labelled compound, respectively.
The lower zero-time exchange For sample B was probably due

tn the fact that the radisactive solution collected from the

columa of resin during the preparation of th? coﬁpound {chapter
3, sections 3.4-1 and 3.4-2) was immediately frozen and then

freeze-dried. The second method of preparation was also faster

) .
than the first ons.

-
The zero=time exchange was low encugh to allow the

u
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investigation of the exchange process in the solid state, so
the following treatments were oiven to the labelled samples to

try to induce exchange. -

{1i) Sample treatments
a} Thermal treatment. Sawples af approximately 50 g

?f both preparations of the labelled compound {samples A and B}
were sealed in glass ampoules and heated for 2.25 hours, at
120%. The exchange percentages dorrgcted Tor zerco-time exchange
were measured to he 4.3 + 0.7% and 4.9% fc; 4 and B respea%iuely.
The percentages of exchange were observed te increase with
temperature, so that it was necessary to analyse fhe thermal

stability of the compound in order to find out if the exchange
-,
process was being induced by decomposition.

(iii) Decompoasition aﬁalysiE
a} Thermcgravimetric analysis. A sample of [Fe {“20}5]
[F;.EDTH-EHQD]]EﬂHEG was examined thermogravimetrically, being .
heated at SGthin in a flux of niFrcgan, using a Stanton—
Redeoreft thermobalance. The compound lost weight from 279C to
120°C. Tts weight was then constapt until 140°C when a continﬁcus
weight loss beoan again, as shown in Figure 4.2, i

The loss of .17 mg, or 9.1% of the sample welght (1.87 mg)

ebserved from 27-120YC Gnrrespﬂndsﬁi? G.4 molecules of water.

This figure is consistent, within the experimental error, with
7, corresponding to the loss of tho six molecules of water of
the aguoferric ion [Fe{Hzﬂjﬁ]B+ rlus one mﬂlécule!sf water of
hydration. Ih%f partially-dehyvdrated product was stable from

o . .
120 to 140°C, beyond which it gradually began to lose the water



—_

1-80 -

1-80-

al

T

170

WEIGHT [m

1-60

86

' | ]
50 100 150 200

" TEMPERATURE [°C}

Fig. 4.2 The thermal decomposition eurve fox

' {F‘e[HEG}ﬁ][[;e EDTA (Hz0)],-Hp0.

a

[ INSTITUTO TEFEQU SAR ENERTETICHS £ UG CARES I
i, P E. M.



&7 ¢

molecules ceardinated to the metal in the complex [Fe EDTA (H,0)T

and to" decompose.

b) Spectrophotometric analysis. A spectrophotometric

analysis was c;rried out in order to determine the extent of
decomposition of [Fe (H,0}]. [F? EDTA (H,0}]5.Hp0 in samples of
known weight, each of Ghich had been treated for 2.25 hours in |
sealed glass ampoules at 12GDC, 130%¢, 145°C and 150°C. IThe
congentration of the complex in the sﬂlutinné made with the
heated sanples was determined by measuriég the optical abscrp- .
tien at 256 mp where [Fe BDTA {HEO}]_ has an absorption peak
{Reynolds &t al. 1961). The absorbance was measured with a
Unicam SPSOC0 LW sgectrophotometer Dﬁ the assuﬁptian that the
molecular extinction coefficients of [Fe EDTA {HED}]_ and |
[Fe [HED)G]B+ were 9420 and 3500 Mt em™1 respectively.

The percentage of decomposition was normalised tno thaﬁ of
an untreated sample of the same concentration. The results
showed thail there was no decompositien at.i1209C, 1.9% at 130°¢C,

3.1% at 140°C and 26.0% at 150°C.

4.6-3 Conglusgion
The exchange observed between the iron atoms in the cationic
e s9_ .
and anionic sides of the compound {7 Fe {HED]E][FG EDTA {HED]jB.
H 0 was faund to be induced by thermal treatment at temperatures

2 . -

up to 140°C and not causad by deanmposition; this compound was
»
therefore considered suitable for the study of the exchange

process in the solid state.

Oiher treatments, such as gamma-irradiation and crushing,
*
-

were also given to the sasmples in order to observe the influence
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of defects on the euchange process. The results obtailned from

thase experiments are presented in chapter 5. )

4.7 [co {NH3}5<:1]C12 - chloropentamminecobalt (III) chloride

Previous studies of exchange reactlions betwecn nocmal
lattice species in solids héve‘dealﬁ mainly with the central
atoms in complex salts. Another Iinteresting situation is presen-
ted by the exchange be£wéen Ligand atoms and atoms cutside the
caordinatien sphere. This can be explored using the compound

[Ce (NH3}5c1}c1 which is especially suitable in view of the

2 i
favourable nuclear characteristics for this kind of study

{Ledersrs et al. 1967) of the rodioactive isctope dﬁCl:

: #
Radi.oactive - Half-life Major radiations
".dsolope approximate gnergies
(Me¥} and intensities
*ey 3.08 X IDSy BT 0.714 max

¥ 8 X-rays Q.511
: . (0.003%, y5)

Chloropentamminecoﬁalt {I1I1} chloride forms red=-violet

rhomb-shaped crystals which decompose on heating with a ’stepi'

wise? lose of ammonia (Biltz 1913, Wendlandt 1258). Thoe campound

readily aquates in hot water, forming aquopertamminecobalt (111}
chloride {(Schlessinger 1967). The aquation half-life is arcound

100 heouxs at tenperatures of EE—EEQGL{ﬂr&hEI et .al. 1965},

)

4.F-1 Separation procedures K

. + —
Separation of the complex [Co ﬁNHB}SCljz cfrom the anionic
+ AN
chlorine in the compound [Co {NH3}5C1]212 was achieved by ion
-

exchange. Samples of ca. 25 &g sf’[Cu{NHB}Cl]Cl2 were each



dissolved in 25 ml ol watler and aliguats of 10 ml takem to
determine the total activity in the sample. The remaining 15 ml
of each sample were transferred to a 100-ml separatory funpel
containing 10 ml of cationic resin, Amberlite IR-120 (H). The
mixture was shaken until the solu%ion wa s colourless indicating
removal of [CD(NHB}SCI:]2+ from solution.” The liquid phase was
separated, the resin was carefully washed and all liguids were
combined for counting as the ;nionic fraction. The actiuity‘mf
the cationic side was obtained frem the difference between' the
.
total activity and that measured for the anicnic fraction.

To determine whether this procedure led to a ‘complete
sepatatiocn of the two species, the chlcride content of the
anionic fraction was é;términed by Volhard's method’ [Vogdt 1361).
The analysis showed that 99.8 + 0,4% of the chloride ﬁresent in
the anionic side of the compound [Co (NHE}Cl]Cl2 was gontained-

in the liguids separated from the resin.

4.7-2 Selegcticn tests

e aatr oI T L L

v

(1] Zero-time exchange

ae

The percentages af exchange were measured in samples A
and B (see chapter 3, secticon 3.5-2) of the ccmpound l;bullmé-in
the anionic side and in a1sample of the compound labelled in the
cationic sidg {sample C). These measurements,xmade after the
separatiog of the two species and h;%bre any further treatmen£

H
wag given to the samples, gawve the following results:

E,, = 10.3 % 0.8% E . :
1 . N
Elp = 2.0 + 0.9% . .

Bhe = O.L1 * 0.5%
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The different values for the zero-time exchange are probably
due to the differences ip the progedures used to obtaln the

labelled samples.

{ii) Sample treatments.
a) Thermal treaitment. Samples of approximately 25 mg

of the labelled compound were heated a£ constant temper;tures in
the range 0C-1§0°C for 1 hour and 10 minutes. This treatment
induced sone exchange between.the ehlorines present in the
cationic and arionic sides of [CU{NHB}CL]CIE and a thermogravi-
.metric analysis of the compound was done in order to determine
the highest temperature which could be used before decomposition

cet im.-
~

{iil) Docompositicon analysis. A sample of B.92 mg of
[CD{NH3}5C11C12 was analysed thermogravimetrically, being heated
at 5°C/mid in a flux of nitrogen and using an automatic thermo-

balance manufacturered by Stanton-Redoroft.

ad A

The thEImal.dECGmPGEitiun curve is shown in Figuxe 4.3. As
can be seen, ho loss of weight occurred until a tempezrature of
1?4DC was reached. Beyond this temperature the compound started
‘to lese welight and to decomposce.

This agrees with the result reported by WGndlanﬁt {1958}'whﬂ
obtained a temperature of 170°C. E%itz (1913) found that

chlerspentatminecobalt {IIY) chloride decomposes at 180-220%C.

4.7=-3 Conclusion

.o . . .
Sinee the thernogravimetric analysis showed that theze is no
B}SClJCIz was

considered suitable for the study of the soclid-state exchanoe

decomposition b#fore l?DOC,Lthe compound [CG{NH
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reaction between the chlorine atoms lying in the anionic and
cationic sides of the compound. Other treatments, such a=s gamma
irradistion and crushing, were also given to the labelled samples,
results of which are presented in chapter 6.

4.8 CIE{C204JB.6HQD = ghromiuvm {ILT) oxalate hexahydrated

A good choice for the study of the mechanisms by which
exebange reactions take place in the solid state is the chromium

(III) eoxalates, both because of the many possible complexes like

L]

+ - .
_[Cr{c204}(!{20}4] . [CI{CEDQ]E{HEO}E] and [c:r(czod}a] , and
bhecause of the advantag=ons nuclear properties of Sloxr (Lederer

gt al. 1967): | ' ' *

, . ' . . . <
Radipastive Half-life Hooor radiations
isotope approximate chergics {(MeV)
and intensities

$1Cr . 27.84d ¥ vx-rays, (.320 (9%)

e” 0315

Kawamura and Wada {1957} studied the.exﬂhange in sclution

between the chromiun atons in the ?Dmpcund [C:{C2G4}(HEG]4]

51
L Cr{C204}2{HEDj2]. They cbserved how the distribution of

cradicactivity éhanged with time and pH, indicating a transition

of oxalate from the anionic to the cationic part of the compound,
The formation of the dioxalatodiaguochromate (III) dion

from hexaguochromium (III)] and owxalate ions'wasﬂétudied by Hamm

andd Dﬁvis {1953} and the kinetics of aquation of the trisoxa-

latochromium (III} ion was studied by Khrishnamurty and Haxris

(1960). ' N

[
-

Cis—trans iscmerism is observed in the [Cr(C2@4}2[H20}2]'.
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ign. Tthe kinetics of iscmerization of the trans iscmer inte
the cis form, and of the racemizatiecn of the Dptically-act?ue
cis complex in aqueous solution, have both ﬁe&n investigated
(Hammm 1953, Hamm & Perkipms 1955, Hamm et al. 1961, Welch &

HMamm 1963]),

4.8-1 Separation procedures

The separation of the chremiwe (TIT) species in both the
compounds [Cr{HZO]é][Cr{CED433:| and [CE(CED4}{1120}4][{3:{{3204}2
(Héﬁjzj was achieved by ion—szxchange using the resin Ferolit-225
{H) chromatographic grade; the ion-exchange tube was 30 em Tong
and of 12 mm internal diameter. . :

Samples of apprﬂximately_BG mg oL [CI[HED}ﬁ}[Cr {C2D4}3],
and 150 mg of [Crfczﬂd}(Hzﬂjd][CI(Czﬂdjzfnzﬂ}z] were used in
each separation. A larger quantity of the second compound was
necessary due to its lower specific activity., The samples were

disselved in 50 ml of water and aliguots of 10 ml taken to

4

determine the total activity of each. The other 40 ml were - I
1

percolated through the column of resin. The eluate was collected

and the zesin carefully washed. The resulting sn%utiﬂn WAS ColN-

ecentrated to a volume of 25 ml, 10 ml of which was counted as

the anionic fraction.

The chromium content of the eluate was determined by titra;
tion with astandard ferrous solutianjhaftér qﬁidit;cn to :
dichromate by beoiling with excess ammond um persulphate in the
presence of silver nitrate as catalyst (Vogel 1961): this was to

N

check that the separaticon of the two chromiwn species was complete,

- . + -
The separation of [EI(C2G4}{HEO}4] from [Cr{CED4)2[HED}2]
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was found to be complete wien a 0.1-0.3% solution of the com-
pound was percolated at a rate no faster than 9.5 ml/minute
through the colunn. The separation of [Cr(HED]ﬁ]3+ Trom
[Cr[czﬂd}ﬂ]a- was Favouraed by the greaF-affinity of the resin

for [CI(HEG}6]3+.

£.8-2 Selection tests

(i} Zero-time exchange .
The measurements of the exchange percentages in the two
chromium {III} oxalates, both labelled in the cationic side, .

wera made after separation and before thermal treatment, and they

gave the following values:

B 9.2 + 0.5% { EElCr{HEG}ﬁ][CrECED4)3] N

ol

fi

and El, = 14.5 + 0.8% ([51CI{C20%}(HQD]4][CI{E204}2{HEG}2]].

These wvalues were considered low encounh to allow the exchange

reaction in the solid state to be studied. The following test

was therefore carried ocut:

+ 7 (1i) Sample treatments
8] Thermal treatment. Samples of both compounds were
sealed in glass ampoules and heated for 2 hours in an alr oven at
tenperatures between 30 and 1109C., It was observed that thermal
treatment induced exchange in both Egmpcunds and that the exchange
procass was related to the transformations ocoourring in the
compounds due to thermal treatment.
fili} Decomposition analysis AN
a) [CI[HEOJSJ[CI{CEGQ}B]' It was chserved that

heating induced the decompesition of [Cr{HEG}E][Cr[CED4}3] into
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ECr{CEDA}{HZGJQJECr{Czﬂéjz{HED}BJ. The extent of dECDmpDE%tiDH

was detexmined in samples of known weight, heated for 2 hours in

sgaled ampﬁulcs at s0%c and 10o°C.

The cationic and anionic fractionz of the compound were
*

first separated according to the method deseribed in section

£.8-1, using a cation-exmchange column of resin. Then the spacies:

. + i - \
[Cr{CED4][HQG}4] was eluted with G.DSIN HZ10, and the content

4
of chromium was determined in the eluate by titration with
potassium dichromate (Vogel 1961). The results cxpresscd as
percentages of decomposition were:
s0"¢ : 12.8 + 0.8 %
: 100°C 3 44.5 + 0.9 % .
The extent of decomposition was also detexmined by count%pg the
activity present in the specics EEICI{CQD4)[HEG}4]+ and comparing
it with the activity that should have been in the EEICI{HBD}ﬁ]3+

form if there bad been no decowpasition. The results expressed

a's percentage of decomposition, DE, were:

T (°C) 20 3z 50 64 74 90 100 110

D- (%) 11.6 11.8 12,7 12.7 29.1 30.4 35.4 74.Z2

-

It was observed that the compound [Cr{Hznjﬁ][Cr{Czﬂd}g] was
unstable when in contact with air. A sample that was left in an

opened vessel for 10 days showed 51.3% of decomposition.
o .

b} [C#{C204}[HQD}4][CI(C2?4}E(H2QJEJ. Ihis compound is

also not very stable, deconposing at temperatures around 809C

. POE. M

= e - - 3_
with the formation of [CI[C2G4}3] . !
CLeSILUO T JUEASENERSEL Ly, creg
L
. oo ]



4,.8-2 Canclusion

Considering that it was possible to follow the exchange
* reaction in the chromium oxalates in spite of the prccé;ses of
decomposition induced by thermal treatmené, furthex invest%ga—
tions were carried out an these compounds. These experiments

are described in chapter-7. . -

Fet

ey
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CHAPTER 5 - EXCHANGE STUDIES ON {Fe (H,0}. ][Fe EDTA (H,0)];.Hy0

In this chapter the expe£imenfal data resulting from the
s£udy ﬂf the exchange reaction betweeﬁ the iron atems lying in
the cationic and anienie sites of the éélid compound ESQFEEHEDJﬁ]
[Fe ECTA {HE{JJIB.HED is discussed. The data are treated
mathematically In order to define the mast probable numﬂér of
reactions, the energies of activation and the proportions of
every »xeaction cccﬁrring with different energies (see chapter 2,
section 2.3). .

- The transfer of radivacitivity induced by thermal treaiment
was Tollowed (234 meaﬁurﬁng the fraction of exchange, elther as a

functioh of temperature {(iscchronal} for a constant pericd of
. &

time {B.éS hrs), or as a function of time (up to 30 hrs at 100°C;
20 hrs at 115, IEDOC} at a constant temperature {isothermal).
All the samples were heated in sealed glass ampoules, with axcep-—
tion of cne experiment as discussed in the text.

The experimental resﬁlts afe exprassed in teims of the
percentage of exchange, corfectgd for the apparent zero-time
exchanoe {see scetion 4.2, chapter '4). The error stated is the

standard deviation from the mean value when more than one

determination wa=z carried out on a given sample.

5.1 Experimental results

.

*
5.1-1"' The effects of diffarent methods of preparation con the

exchangz reaction

The résults shtained from an isochronal heating of samples

A and B are shown in Tables-5.1 and 5.2, respectively, and
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Table 5.1 Isochronal heating of [EgFe{Hzﬁ}ﬁlf_ﬁ‘e EDTA {HEG}]E
.Hy0. Sample A. " Times 2 h 15 min
Temperature Percentage of Untexchanged
exchange fraction
T (Yc) ‘E -{%) (100-E} (%)
100G " .1 o8,
110 0.7 + 0.2 99,3+ 0.2
120 4.3 + 0.7 05.7 + 0.7
127 15.6 + 1.7 84.4 * 1.7
130 28.9 + 1.1 71.1 + 1.1
133 32.5 + 0.5 ' - 67.5 + 0.5
R )
140 35.1 2.5 64.9 ¥+ 2.5
150 49.9 + 0.2 50,1 + 0.2
ol -

99
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Table 5.2 Isochronal heating of [595*&(}120)5];‘:1?@ EDTA (Hp0) ] HpO

Sample B. Time: 2 h 15 min

Temperatuera Percentage of Unerchanned

exchange ’ fractian
T {“C) E (%) : (100-E} (%)
100 0.1 - 69,9
: , )

112 3.2 + 1.4 96.8 + 1.4
To120 4.9 95,1 .
125 9.3 + 1.2 © . 80.7 + 1.2
130 9.4 + 0.9 . - 90.6 + 0.9
135 . 20,7 £ 1.2° 79.3 4+ 1.2

— : : £
140 25.6 + 2.1 - 74.4 + 2.1
150 30.6 &0.4"

o -
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prasented graphically in F;gure 5.1 whaere the values resulting
from the analysis of the decomposition of the compound (see
chapter 4, section 4,.86-2) are alse plotted. It can be seen
that the different methods of preparati?n led to different
exchange isocchronal curves. Therefnre'all other experiments
were made using only one of the preparations: sample BE.

The resulis of the isothermal measurements on sawple B are

shown in Table 5.3 and Figure 5.2.

5}1u2 The effect of gamma=irradiation

o

A Bulk sample of the labelled compound was irradiated with
v rays up to a total dose of 5 Mrad. Since it was observed that

the irradiation by itsel# failed to induce exchange, portions of
the irradiated sample wére submitted te an isochronal tr;;tment.
The results are shown in Table 5.4 which also contains a column
showing the results for the untreated sample. In Figure 5.3 the
isqghrcnal CUTves fnr both the irradiated and the untrected
Famples are Exesented. T+ can be seen that the irradiation also
Failed to promocte a subsequent thermal exechange.

A spectrophotometric amalysis of the irradiated sample

shawed that no decompasition due te the irracdiation had accurrved.

5,1-% The effect of crushinn ’ .

A sample of the compound was crushed to a very fine powder
and the exchange followed by isochronol and %sntﬁérmal heating;.
The results for the iscchronal exchange experiments are presented
in Takle 5.5 which also includes the results for the untreatord

.

sapple, amnd the isocchronal curves are plotted in Figure 5.4.

Table 5.% shows the resulis for the isothermal-exchange
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Table 5.3 Isothermal heating of [EgFengﬂjﬁj[FeEDTﬂ{HEO}]B.HED

-Sample E,
Temperature Period of‘ . Percentage of Unexchanoged
heating - exchange fracticn

T (°C) -t (bours) - E (%) {100-E} (%)

- 0.3 90,7
5 T 5.6+ 2.4 od.4 + 2.4
10 12.0 + 0.5 88.0 + 0.5

100

15 14.5 + 1.5 85,5 + 1.5

20 162 83.8
30 : 22.1;' + 2.8 77.3 + E.BI

S . ) 2

2 3.2 95.4
5 12.9 + 1.1 87.1 1.1
110 10 27.6 + 144 72.4 + 1.4
’ 15 ) 33.7 + 2.3 66.3 + 2.3

20 43.4 S6.6

2 4.9 95.1
5 . 16.7 + 1.0 83.3 £ 1.0
120 10 31.8°+ 1,2 £8.2 + 1.2
15 a4%e + 2.1 55.1 + 2.1
20 51.2 * 3.7 . 43,8 + 3.7
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Table 5.4 Isochronal heating of [ Fe(Hp0),][Fe EDTA (1,0} ], .10
Gamma-irradiated sanple (5 Mrad), Sample B. Time: 2 h 15 min

The last column contains the unexchauged fxaction in the

a

unireated sample for comparison.

. ) Untreataed
T y-irradiated sample ~sample
Temperature Parcantage of Unexchanged Unexchanged
o exchange fraction fraction
T (TC) E (&)} {100-E} (%) . {100-8) (%)
“100 1.0 99.0 89,9
112 i.8 98.2 6.8 + 1.4
120 6.6 + 1.1 93.4 + 1.1 95.1 - .
125 L - : - 0,7 + 1.2
130 0.6 + 2.7 90.4 + 2.7 90.6 + 0.9
135 - - 79.3 + 1.2
140 22.5 75.2 74.4 + 2.1

150 o al.4 . 58.6 60.4
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X i y-irradiated sample (5 Mrad)

L : wntreated sanple



107

- 59
Table 5.5 Isochronal heating of [“Fe{H,0) ][Fe EDTA (B 0}], H,0
Sanple B. Crushed sample. Time: 2 h 15 min. The last
column cofntains the unexchanged fraction in the untreated

sample for comparison, -

rushed sample _Uns’:fpalteed
Tenparature Parcentage of Unexchanged - Unexchanged
exchange fraction fraction
T (9C) E (%) (100-E} (%) (100-B) (%)
a0 r-‘.I.I.ID Q6,0 - h
an 6.8 93.2 T -
100 11.0 + 1.2 80.0 + 1.2 99,9 !
110 12.0 * 0.7 88.0 + 0.7 &
112 - . | - . 96.8 + 1.4
115 19.4 *+ 1.0 80.6 + 1.0 -
120 30.3 + 1.7 - 6.7 + 1.7 - . 95.1
o125 - . - ' 90,7 1.2
130 234 ‘.64.6' 0.0 + 0.9
i35 - ' - 79:3 4 1.2
140  37.5 + 4.4 - 62,5 + 4.4 74.4 ¥ 2.1
15G 41.8 58,2 6. 4
“ ,

! . B SARER Y
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Table 5.6 Isothermal heatiog of ESQFE{HEG}G][FEEDTH[Lbﬂ}}g.HEU
Crushed sample. Sample BE. The last coluwnn cvontains the

unexchanged fraction in the untreated sample for ceomparison.

T Untreated

Crushed
ushed sample sample

Temperature Fericd of Percentage of Unexchanged Hnexchangad

) heating exchange fragtion fraction
T (“C) t {hours) B (%) {100-E) (%) {100-E} ()
i 2 11.0 89.0 99.7
) 5 36.5 + 1.5 63.5 + 1.5  04.4 + 2.4
10 47.2 + 0.5 52.8 + 0.5 88.0 + 0.5
100 i
. 15 47.3 52,7 -~ B5.5 + 1.5
' 20 | 46.0 i_{_? 54.0 + 1.7 §3.8
aQ T AT.T 52.3 77.3 + 2.8
2 0.3 + 1.8 G65.7 + 1.8 95.1
5 48,4 1_2:4 1.6 + 2.4 83.3 + 1.0
120 10 © 48,2 51,8 ‘68,2 + 1.2
15 48.5 5t.2 ;5.1.1 2.1
20 . 49,7 + 2.7 50,3 + 2.7 45.8 + 3.7
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experiments which are presented graphiecally in Figure 5.5. In
bath the table and the figure, thg results for the crushed
sample can be comparxed with those for the untreated sample.

It can b.e seen from these experimfents that g¢rushing the

crystals before heating enhanced the subsequent thermal exchange.

1

S.1-4 The effect of dehydration

Exchange had been observed in a range of teaperaturce where
dehydration also occurs; the fullewing experiments were therefore
ca}ried out to observe the iLnfluence of aehydratimn on thg .
.exchange hehaviour.

& sanple of the untreated compound was dehydrated by heat%ng
at QSDC under vacuuw. The Ffraction of exchange measured alter—

. g
wards, indicated that the dehydration by itself had no influence
on exchange.‘ The dehydrated sample was then submitted to an
iéuchrana¥ heating:1 Tﬁe results obtained "are shown in Table 5.7
where they can be compared with <hose for the untreated sample.

Ahother isochronal e%perimént was performed in-which
hydrated samples were heated in opened ampoules to observe the
effect of degydration during the isochromnal heating; in this
case the water liberated during dehydration could escape from
the ampovle. The results from this experiment are shown in Tlable_
5.8 where they can be compared with those for the hydrated
samples heated in sealed ampoules affh.with those for the
previously-dehydrated sample, The curves ar; plotted in Flguze
5.6.

It can be seen thal the resul;s-for the dehydrated sample

and for the hydrated samples heated in opened ampoules arce the -’
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. 59
Table 5.7 TIsochronal heating of ["'Fe (Hy0)y ][Fe EDTA (H,0}],
» HzQ0. Sanple B. Dehydrated sample. Time:2 h 15 min. The
last column contains the unexchanged fraction in the untreated

sample for comparison.

 Untreated |
= sample
Dehydrated sample (hydrated)
Temperatitse rPercent&ge of Unexchanged Unexchanged
axchange fractian fraction
T {°C) E (%) {1CGC-E)- (5} (100=Z) (%)
100 - - G9.0
110 0.1 99.9 ' -
112 - - ] 96,8 + 1.4
. , v
120 O.5 f9.5 - Q5.1
125 3.3 + 0.5 96.7 + 0.5 90.7 + 1.2
130° 4.1 95.9 90.6 + 0.0
138 4.2 + 0.6 95.7 + 0.6 - 79.3 + 1.2
. 140 . 8.1 % 1.8 81.9 * 1.8 C Fa.a x 2.1
150 24,7 + 2.8 75.2 + 2.8 60,4
M -
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Teblg 5.8 Cgochoenal heating of ["ch{II..,D}ﬁ][Fu EOTA {H,0)]4 - HoyOo  Unkroated sasple hedted I opened
ampesle.  Swople B, Times 2 L 15 mdn.  Fhe uneschanged fraction for the vntreated sample heated

in sealed ampaules and for tho 'prnvinuslybdehydratr:d sample are.alsc given for v::cmpa.:i 5OM.

Untreated sample (hydrated} Dehydrated

Cpened mgoule Lealod ampoule e - *
. Tecparatucn Forcentage of Tieseanged !.Inexcha.lnge:! l..]r.exchatnged
wrping fracticn fractian Iraction
.T ["c} B {f®] (1008} (f) {100=E] (3} {(100=E) {m}
jYnln] - - v 9.5 _ - L
IBL 0,2 95.5 ) - 99.9
112 - - 56.5 + 1.4 - #
Lz 0.5 5.5 5.1 §9.5
125 3.4+ 1.1 b v L. Wy x 1.2 96.7 % G.5
138 d.7 + 1.0 2.3 + 1.9 on.G -+ 0. 959
135 5.4 4 0,8 94.6 + 0.8 L7903 ¢ 1.2 95,7 * 0.6
130 H.a 91.6 Td.4d + 2.1 91,9 » 1.8 .
150 24.2 Crae 60.4 . ' 75.1 % 2.8
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game. These resulils are however lower than the ones for the

hvdrated samples heated inp sealed ampoules.

5.2 DMathematical treatment of -the experimental data

The experimental data were analysed using a computer. The
data deseribing the progress of tﬁe Teaction Dbt%ined at zeveral
times and temperatures wers fitted by a model in which one or
more reaction paths weve available with different activation
¢ngrgies and prebabilities (see chapter 2, 5e¢ticnI2.3}.

Bguation {2.6) was solved supposing ohe, two and three
-reactipn paths were avallable:

t-F= cpe™F . ' (2.6)
. i 1 .
f &+

The smallest nunber of reaction paths consistent with a good
fit to the experimental data was used.

Figure 5.7 shows a semi-logarithmic plet of the unexchanged

4

fraction agaipst time for the exchange isothermals, from which it

cal be secn that the transfer of radicactivity involves more
T

than one reaction path, a canclusiun already suggested by :EE
structured shape of the isochronal ecurve presentod in Figure 5.1,
The total unexéhanged fraction was taxen either from the
isochronal measurements or the isothermal measurenents or both.

The value of U for solid compounds 1s known to be = i0135-1
{Brown pt al. 1953). Different ual&gé of u varying betweaen lﬂg

:

and 1@16 were tried, the value giving the best fit to esach zet
of data belng chosen, .

- The resnlts of this mathematical txeatment apﬁlied to

untreated samples of A and B are shown in Takhle 5.%, The
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calculated and measured curves may be compared in Figures 5.8
{isochronal} and 5.9 {isothermal}.

Tabkle 5.10 preseuts the resulis of fhe mathematical treat-
ment applied to the isgchronal data aﬁ.xhe dehydrated and
untreated samples. It gan be seen that dehydratien changed not
ocnly the energies of activation aéd the proportiens exchanalng
by the different reaction paths, but alsg tﬁe number of paths
avallahle for exchange. These results are also plotlted in ﬁigure
5.10. ’ -

Table 5.11 shows the results of the mathematical treatmeﬁt
applied to the iscchronal data for the crushed. and untfeateﬁ
samples. It can be seen That crushing tllte -:;ry:_-:ta.ls befare heat-—
ing affg;ted the waluaes Sf the energies of activation ang the

proportions of the various reactiens. These results are plotted

in Figure 5.11.
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Table 5.10 The cesulty of the asthenatical amalysis foz Sample B of I:EgFE{”__,Q}&][FE EGTA {Hzﬂ)]a.}jzn

Delydrated somple. The ladk colunn contains the sesulis £of% the untroatod sample for comparisan.

Lahydzated sample Untreated sample
Isoohronal data Lapehironal data
Energy af Eagsgy of : - o
aclivation Preportian activatipn [ToPertion
_ R, (%) P {m) B, (%} F (5}
One reastion path 1,754 - iod.es . 1.725 10400 '
1564 1.73 1.67Q 38.34 2
Twe rpaction paths - - ] . ,
r 1.771 98.27 1.830 fr.e6
) 1,232 1.47
- Three reaction paths - ’ - 1.6748 40,77
B . 2.850 - ¥ ]
Frorqualy ractor : 2.5 ¥ 10'° ' z.n % 10°°

vis~l}
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Table 3,11 The results of the mathematical analysis for Sanple B of ngFu[Hgﬂ]ﬁ][FEEDTﬂ{E%D}]j-IEQ

Crushed sampie. The last colwmn contains tha cesalts for the untreated sample far eomparison.

Crushed somple ) Untreated sanple .
Isochronal data Iecehronal data
Efcray of . Enerpgy of
activation © o OROTLGR activation Propestion .
B,y L) -} E,faV) F (%} '
Gre roaction path L.720 100.00 1725 160,00
. ) - . e
' 1.575 35 O% 1.670 an, 14 '
Two rwactlon paths
- ’ 1.707 - k.31 - 1,830 Gl.B80
- . 1,432 6.08 1.532 L.a7
Throe rraction paths 1.588 1 0 ) O Y - F 400,77
. 1,804 63,91 - 2.850 57,76 .
Froquency factor - ) 2.5 % 10'° 2,5 X 10!? -
Y {s=1} .
i} 4
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CHAPTER G - EXCHANGE STUDYES ON [Co(NH,)_CL]Cl,

In this chbapter, we present the results and an analysls of
the exﬁeriments performed on the cnyp&und [CG{NHHJECi]Cl2 to
investigate the solid-state exchange ré&ctian betwesn the chlorine
atoms lying inside and cutside the coordination sphere.

Ectﬁ isochropal and isothermal exchange neasurenents were
made with samples of the conpound prepared in different ways,
labelled either inxthe catiunic or the aninnic sites. The period
of heating in the Isochronal measurements was 1 hour and 10
cminutes. The experimental results are expressed as parcentages
of exchange, corrected for apparcni zero-time aexchanges as
discussed in.chapter 4, section 4.2, The errors given inéthe
tables represent the standakd deviations from the mean values

when more than cile determination was carried out on a given

sample.

6.1 Experimental results,

i - 36
6.1-1 Exchange in [CG(NHE}ECl] Cl,

6.1-1.1 Isdgchronal treathment

Isochronal exchange measurements were performed on sample A
3 E ‘ .
af [CG{NHBJECl] ®Cl. The resultis obtained are shown in Table 6.1

and presented graphigally in Figure §,1. -

a

6.1-1.2 The effect of gamma-izradiation on the exchange reaction

A portion of sanple A was irradiated by y-ravs up to a total

dese of 10 Mrad. The percentage of exchange just after the

irradiation was measured, and it showed a value no bigager than
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Table 6,1 Isochronal heating of £CD{hﬂ3]5Cl]36Cl . Time: 1 h

2
10 min. Sample A.

Temperature Percentage of Unexchanged
" exchange fraction

T {°C). : T B (H) St {100-B} (&)

90 - , 1.7 ' 98,3

100 1.5 ' 98.5
110 . 2,3+ 0.9 97.7 + 0.9
120 5.7 & 2.0 94.3 + 2.0
130 .. 5.0+ 1,0 94:4 + 1.0
140 3.9 + 0.9 ) 90.1 + 0,9
. - )
150 10.5 + 1.4 89.5 + 1.4
160 17.8 & 1.6 B2.2 + 1.6

170 , 26.2 . ' 73.8

- \‘_ -
'}
A
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the apparent zero-time exchange, indicating that the irradiation
failed to induce exchange by itself.

Isocﬁronal measurements‘WEre also made on the irradi%ﬁed
sanple and the results are presented in Table 6.2 and in Figure
$.1 whare they can be compared with those for the untreated
sanple, As can be seen, the irradiation failed also to stimulate

subsegquent thermal exchange.

In order to d;termine whe?her v=irradiation induced decomEﬂd
sition, the concentration of solutions of irradiated anﬁ untreated
samples was compared by spectrophotometry. The optical absorp-
tion of the solutions was measured in the S5EQ-aop waveband Qﬂere

+ . 3 '
[CGENHBJECl}z has an absorption peaik. The analysis showed that

no decomposition had been induced.by a 10-Mrad y-dose. £

£.1=1.3 The effect of different methods of preparxation

Sample A was prepared by a method which resulted in the
campcundlbeing in fine powder form, Sample E‘was prepared using
a slightly different method (see éhaﬁter 3, section 3.5-2) in
order. to abtain a crystalline forn with larger esrystals,

Isochronal exchange measurements wWere made on an unFreated
portion of sample B, aid the experimnental results axre presented
in Table 6.3 and in FigurE 6.2, where they can be compared -with

the results for sample A. It can be seen that different prepara-

tions led to different results. N

£.1-1-4 The effect of crushing

Crystals of sanple B were crushed and submitted to isochr-
L

nal heating. The results of the measurements are shown in Table

6.4 and in Figure 6.3, A&s c¢an be seen, crushing the crystals

AT

Lo ek - _"LJ_;#J

Arrm—
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. 36
Table 6.2 Xsochrxonal heating of [CG[NHE}SCLJ Cl,. Sanple A.
Time; 1 h 10 min. <y-irradiated sample (10 Mrad). The
‘last columpn contains the unexchanged fraction in the

untreated samole for comparison,”

Untreated
y=irradiated sample sample
Temperature Percentage of Unexchanged Upnexchanged
T {“C) - exchange Traction fraction
E (%) (1L00~E) (%) FLOO=E) (%)
20 - - 98.3
100 2.4 97.06 Q8.8
110 ' 2.4 + 0.5 97,6 + 0.5 97.7 * 0.9
120 , - - 94.3 + 2.0
. 2
130 6,5 + 0.8 9%.5 + 0.8 94.4 + 1.0
140 10,4 + 1.2 89.6 + 1.2 90.1 + 0.9
150 _10.6 . 89.4 © B9.5 + 1.4
160 17.2° : an.8 2.2 + 1.6
170 - | - ‘ 73.8
S -



131

Table 6.3 Isochronal heating of [cD{NH3}551]36c1 Sample B.

5
Time: 1 h 10 min, The unexchanged fractions for sample A

are also given for comparison.

Sample B ' Sample A
Temperature ﬁercentage-af‘ Unexchanged " Unexchanged
exchange fraction fraction
“t {7¢) - LI (%) {106-E)} (%) (100-B) (R)
90 - - 95.3
100 0.3 + 0.1 99,7 + 0.1 9B.5
111G . - - 97.7 &+ Q.0
120 0.3 499.7 94,3 + 2.0
13?_ 1:3 . 8.7 - 94?4 :}1.9
140 2.5 + 0.5 97.5 * 0,5 90,1 * 0.9
-lSD 3.6 + 0.6 956.4 + 0.0 89.5 + 1.4
16G. .6 % 1.2 94.4 + 1.2 82.2 + 1.6
170 5.9 + 1.2 " 94.1 +1.2 73.8 L
180 T 10.3 + 1.7 89.7 % 1.7 ? -
- . .
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. 3a
Table 6.4 Isochronal heating of [CD(NHﬂ}ECl] Ci,. Crushed
sample. Sample B, Time: 1 h 10 min. The last column

contains the unexchanged fraction ain the uptreated sample

for comparison.

Crushed _S‘;mple I Untreated
i - sample
Temperature Perocentage of Unexchanged. Unexchanged
’ cxchange fracticn frocticn
T (°C) B (%) ) {100-E} (%) (10G~E} (%}
100 0.2 99.8 99.7 + 0.1
120 - - 99,7
130 1.2 g88.48 ' 98.7 '
140 - - 97.5 + 0.5
150 . 3.9 % 0.8 g6.1 + 0.8 96,4 + 0.6
160 5.6 94 .4 _ 9d.4 1.2
170 6.7 + 1.3 95.3 + 1.3 94,1 + 1.2
180 8.6 . . 914 89.7 + 1.7
AN
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before heating did net enhance the theimal exchange.

+

. 38 -
6,1-2 Exchange in [Co{NH, )" Cl]Cl,

6.1-2.1 Isothermal trestment .

The transfer of radicactivity was followed in a sample of
the compound labelled in the cationic site, in order to check that
exchange reactions were taking plage. The results from isothermal
measurements made at IEQDC with samples of the compound labelled
in the cationic side are presented in Table 6.5, and in the anieo-
nic side in Table $.6. The isothexmal curves are shown in Figure
6.4. These results confirm that the reaction obsexved was indecd

an exchange reaction.

§.1-2.2 The offact of exushing

The effect of crushing ﬂﬁ the exchange behaviour was also
tested in a sample of the ecompoundd labelled in the catfunic side.
Sanmples of the crushed crystals were heated at 150°C and 170°C
for 1L hour and 10 minutes, and the results are éresented in
Table 6.7 where they can belcompared bhaoth with tﬁnse for the
untreated sgmple and also with the results for the compound
labelled in the anionic side. These results confirm that crushing

had no effect on ewchange and also that-the followed reaction was

the same, no matter which site was labelled initially,
T, -

-

6.2 Mathematical treatment of the experimental data

The procedure described in chapter 5, section 5.2, was used
te analvse the iscchrenal and isothermal data abtéined Lfrom

samples A and B of the compound [CQ{NHB}ECl]Clz'
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Table 6.5 Isothemsal heating of [CDENH3]535C1}CLE.

Temperatura: 160°C.

Period of Percentage of Unexchanged
heating exchange - . fracticn
t {hours) E (%) (100-E) (%)
1 4.9 . 95.1 -
3 = 10.7 4 1.2 80,3 4 1.2 :
5 1.1 gg.9 . .
8 11.6 + 0.8 88,4 + 0.8
12 13.0 87.0 )
23 14.3 + 0.3 B5.7 + 0.3 .
2
S -
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Table 6.9 Isothermal heating of [CG{NH3]5C1]36C12.

Temperature: 160°%C.

Pariod of Percoentage of -  Unexchanged
heating exchange fraction
t {hours) E (%) . [LO0-E) (%)
1 ' 5.6 + 0.4 95,2 + 0.4
i, 10.3 89.7
5 11.2 + 0.7 B8B.7 + 0.7
4 12.2 8t.8
1z 12.9 + 1.5 36.1' ¥ 1.5
21 16.5 + 2.5 | B35 + 2.5 '
—— . ?
\; . .
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Talble &.7 Exchange measurements on a grushed sample of

3 .
[CG{NHB}E 6C1]CL2- The resulis for a crushed sampl% af

. A6 ) - .
[CG{NHBJECl] Cl, and fox the untreated samples of the

compound labelled in the cationic and in the anionic sides

are also given for comparison.

Sample

36
[Cafmm,) " cl]cl,

' 36
[Colnm,} 1T el

3*5

Temperature

T (~c)

150

170

150

170

Crushed
sample

Percentage of

exchangoe
E (%)

[ R L
0]

2
I+

i+

1.3

Uhtreated
sample

Percentage of
exchange

E (%)

v
o
I+
o
&
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.

The results of 1this analysis are presented in Table 6.8,

They show that the most probable number of reaction paths ’
available for the exchange process is from twe to three. This

il

i5 consistent with the shape of the semi—Lﬂgarithmic plot of Figurs
6.5 for the isothermal Exch;nge data which also suggests that
lnere than one reacticn path is available. -

Tigure 6.6 shows the caleulated and e%perimental i=sochronal

curves Tor samples A and B, and Figure 6.7 the calculated and

experinental isothermal cuxves for sample B.




141

Y
I . .
: fi-5a
SOT X 07T cO0 X 07 ’ BT ¥ 0T eUE X O TaRouy au\:u:cﬁm
. b
LAt FAFLo . FRTO6E aeEa”" T : ¥ Ga gL T
L5 TT 2501 - - Etg 8067 T sz B0 T miped UOTITUDI GDANL
anteE I TL°T a1 FL'T ATE"T N
. ) , .
L &R - geg'r a5 6B gee" 1 SI'96 BIRTT nnTa oL T
. \.\\ syivd uoTiousa om]
90 nT L L S 16°0T 429" T gty Z6E"T GaR o6t T :
GO0l EUTAN SO ORT gLt i a0 a0t . T6d" T o000l THO" T gqird weriswar acg
(%) 4 (a2} ¥ () o {as] "z {z) o {no) Vg CORE (no}) B3 .
wolidgdodg orRonTIOE wotarodong oo EaEwE soryrodos uagzEaliTe” uotiiodozg GO FRNATISN
FRAguosd Jo Abzauwg . 3 d 3o AGroug N d io Aoaaug ; 0ad Yo KGrnun
TR TRILEAHLAST . TlEp TEMISGInS] ) BIED TTUOIYDOST PIND [WMOIDOS T

‘ TOUQILIAST
- {mogwazien] v aTdwog

AﬂMHdUHWG:u g ardues

.Nﬂu_”an.ﬂﬁmrz”.ouu_ 0 g pur v sapdwed zory SrSATVRE TUSTLREENINE 2] Jo SsiInEad L gro ATONR
i
n

'ROETH 3 E MUCLEAmES

M.

“R I
= E

1

-F"[:lu

INSTITU ©




{ICD-E ) [%% ]

100

80

. | . TIME [hours]

Fig. 6.5 Ths exchange isothermals of
. - 36 .
[Cofmn ) Cl] cL, () (sample B] and
. 25 . o
[CD{NHBJS El]Clz (X]. Temperature: 160°C

\%& _ -

142



[100-F) [%]

13

100

.90

80

SAMPLE. A

70
. &

L ) M . 1 r
a0 110 130 150 170
TEMPERATURE 1°C ]
. : . . ' 13
Fig. 6.8 The exchange isochronals of [CD[NI-IEJSCIJ Cl,.

Samples A4 and B. Time: 1 h 10 min

Experimental curves:

Calcialated curves: ——————



El(%]

20

144

Eig.

g 10 15- 20
TEMPERATURE {*C ]

Cl,..

36
e,

6.7 The exchange isothermal of [EQ{HHEjSCl
Sample B. Teuperature: 160°C

Experimetital curve:

Calculated curve: —————— . . ‘



145

CHAPIER 7 — BXCHANGE STUDIES ON Cr{C,0,},.6H.D ) page
7.1 Experimental results ' 146

- N 51

7.1-1 Isochronal freatnent of [ ?I{Hzﬂ}ﬁ][ﬂr[ﬂzﬂ4)3] 1446

.12 Isochronal and isocthermal treatments of

[SICx{czﬂd}(H20]41[?r{czﬂ4}2{ﬂzojz]' 149

7.2 Mathematical analysis of the experimental data 145

N : )



146

) 56,0 )

CHAPTER 7 - BYXCHANGE STUDIES DN CIE(CED

This chapter caontains the results of the experimnents which

. , .
were performed on the chromium (III) oxalates, [ ICr{HEGJﬁ]
[ce{C, 0,),] and r5*1::::[-:: 0, {H D};][Erfc G, 1, {H,0),], to investi-

274’3 L 274/ %z 2 alaitaYipls
gate the exchange reactions between the chromium atoms Iying in
the cationic and anionie sites of the ecompounds. The data are
analysed by the nathematical methed dessribed in chapier 5
{based on equation {2.6}) on the assumption of one, two or three
reaction paths.

Izochronal measurements were made on both compounds, the
peric;ci of heating being two hours. Isethermal measurenents at
several different temperaturss ware also mads on sample%.ﬂf the

- 051 ' . :
compound [ CI{CEG4}EHBD}4}{Cr(CEG4]2{HEDJBJ. The experimental
results are expressed as partentages of exchange, having been
corrected for apparent zero-time exchanges {see chapter 4,

4

sectian 4.2).

The erroxrs stated are the standard deviations from the mean
values when wmore than one determination was carried out on a

given sample.

-

7.1 Oxperimental resules

¥.1-1 Isochronal treathent of [ElCr{HEG}E][Cr{CED4}Bj

In spite of the fact that decompositicn was cpserved in
this cowpound due to an increzase in temperature (see the decompa-
sition analysis, chapter 4, section 4.8—5}, isochronal measure-
menté were made on the sample to obhserve the exchaﬁge behaviour.

The results are presented in Table 7.1 and Figure 7.1
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Table 7.1 Isochronal heating of [JlCI{HaﬂjﬁjEcr(cgo¢]31'

Time: 2 hours.

Temperature Percentage of Unexchanged
exchange fraction
T (%) E (%) | (100-8) (B}
22 1.6 058.4
32 1.8 + 0.5 g8,2 + 0.5
50 6.8 + 1.2 93.2 + 1.2
G 5.3 + 0.8 0.7 + 0.8
74 _ 15.8 » T 84,2 .
1y, ' 23.5 % 2.5 76.5 £ 2.5,
o 100 | 44 .5 " 5.5.5
110 T 92.3 7.7
N .
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7.1~2 Isochronal and isothexmal treatments of | Cr(C204}{H2034]
[Cr(C,0,),(H,0),]

The results of the isochronal exchange measurements axe

shown in Table 7.2 and are plotted in_Fiéure 7.2,

Isothemal measurements were maéé at temperatures of EDGC,
40°¢, 46°¢ and 60°C, for periods of time ranging fram one ta
~eighty hours, These results are shown in Tables 7.3 to 7.0 and
are presented graphically in Figure 7.3

Isgthermal measuiehents were also made at room tenperature
(EOGC). The results are shown in Tables 7.7 and in Figure 7.4.

It can be seen that even at tenperaturas as low a5 room tempera-

ture, exchange takes place in this campound.

—— +

.

7.2 Mathematical analvsis of the experimental data

The experimental data for the two chromium oxalates were.
analysed acecording +to the procgedure deseribed in chapter 5,

gection 5.2. The results Ffor both compounds are displayed in

Table 7.8. .
The best fit to the iscechronal data for [31Cr(H20}5]
[Cr{Cpﬂdjg] was obtained on the assumpticn of two energics of
s - 51
activation. For the cqucund [ Cr{C204]{H204][Cr{C204}2{H2D}2],
both the isochronel and lsothermal data were fitted best on the
assumption of three energies of activation. The shapes of the
curves in Fipure 7.3, which shows a semi-logarithmic pleot of the
unexchanged fraction against time fox the exchange iscthermals
51 . ‘
on [ GI{CEGILH'{QO}LL][CEECED-’;};{HEDJE]’ suggest that more than

one reaction occours in the seolid,

In Figure 7.6 the calculated and the experimental

INSTITUTO LE PESOU 545 EXER JE FICAS E MUCLEARER
I P. E. M.
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. 51
Tahle 7.2 Isochronal heating of [ Cr(C204}{Hﬁ0}4][Cr{ng4}z

{HED}21, Time: 2 hours.

Tenperaturs Percentage of Unexchanged
gxchange fraction
T (9C) E {7} {100-E) {%)
El- . 0;4 . ge,6 . B
25 = 1.2 ) 98.8
27 1.2 98.8
30 4.5 95,5
35 3.0 ) 96.0
40 . 6.2 93.8
45 9.5 + 1.8 90.5 + 1.8
T 50 11.0 + 0.4 89.0 + 0.4
55 15.0 85.0
60 17.5 + 1.2 82.5 + 1,2
65 33.4 % 1.4 6.6 + 1.4
70 38.9 - 61.1
75 | 60.8 39.2
80 71.7 + 1.4 33.5:11-.4,‘
a0 78.8 1.2
100 "~ 95,1 1.9
. .
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Table 7.3 Isothermal heating of [51Cr{czﬁ4}(ﬂzﬂ}4][21 [0204}2

_ '{H20}21. Temperature: 30°C.

Pericd of Percentage of Unexchanged
heating exchange fraction
t (hours) B {%) {100-E} (%)
1 2.2 ' . o7.8
2 ' 3.'1 , ' 569
5 2.5 97 .5
7 2.8 + 0.7 97.2 + 0.7
10 4.8 + 1.0 95.4 + 1.0
Z0 4.2 £ 0.8 95.8 + 0.8 1
—— 20 6.2 03.8 &
40 6.6 93.4
L8 7.0 93,0
60 G.5 93:5
72 7.6 . h 92.4
AN



Table 7.4 Isothermal heating of [51Cr{C204}{H20}4][Cr(C2Q4}2

{H.0),]|. Temperature: 40%.
27 /2 B

Period of Parcentage af'
heating exchange
t {hours} E (%)
2 - 5.?
5 7.1 + 0.7
7 8.0
10 8.3 + 1.0
20 11.0
30 C14.0 % 1.2
= 40 14.4
50 14.0
GO AE.0
72 - 15 4
.

B4, 6

Unexchapged
fraction

{1C0-E) (%)
94.0

22.9 + 0.7 .
az2.0 |
91.7 + 1.0
89.C¢

86,0 + 1.2
B5.6

86.0

85.0

153
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Table 7.5 Isothertmal heating of [SICr{C2D4}{H20}4][Cr {c204}2

(HED)E]. Temﬁérature: 46°c,

Period of Percentage of Unexchanged
heating ) exchange fraction
t (hours} . E (%) {100-E) (%) -
LI 5.7 94.3
2 - - 6.& ) 43.9
3 B.9 1.1
7 9.0 £+ 1.0 91.0 + 1.0
20 ' 13.7 + 1.2 86.3 + 1.2
30 . 17.0 83.0 .
o 40 18.2 81.8
50 20,1 . 79.9
60 . - 22.1 _ B
7z Loz1.7] 78.3
AN
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Table 7.6 Isothermal heating of |:51t:1:{(32£:r‘1|.}|’_H2=‘..'I].|4]EC]:{PC,‘.,'{'.'I-{].},J

{HED}E]' Tempexature: ©O°C.

T

Peried of . Percentage of nexchanoed
heating exchange fragtlon
t (hours) ‘B (%) (100-E) (%) -
1 - 8.1 ' 91.9
5 14.8 + 1.4 85.2 + 1.4
10 21.8 + 1.2 78.2 + 1.2
20 23,7 + 1.8 76.3 + 1.8 -
- 30 26.9 73,1
50 _ 2.5 FOLE
LTI - - - < .
57 30.2 69.8 y
70 24.0 1 66.0
80 . 32,8 ,67.2
N,
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Table 7.7 Ysothermal heating-ﬂf [51CI{C204}{Hzﬂ}d][Cr(C204}E

{HED}E]' Temperature: ~ 20°C (roon temperaturel.

Periocd of Fercentage of Unexchanged
heating exchange Fraction
t {days} E (%) ) (1C0-E} {%)-
1.2 . 6.0 + 0.5 G94.0 + 0.5
rs 1
5.1 | 13.6 £ 1.1 6.4 + 1.1
20, 23.6 TH.d
33.2 25.4 + 0.5 74.6 + 0.5
45.2 25,7 | 74.3
o r
.,
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F - 51 -
isechronals for [ Cx{HED}ﬁj[Cr(C2O4}3] are compared. Figure
7.7 shows the calculated and experimental isechronal curves

' 51 ' ' N :
for the compound [ Cr{Czﬂd}{HEU14][Cr{czﬂ4}zfnzﬂjzj. Figure
7.8 shows the calculated and experimental Isothermal curves

for this compound.

 aa—
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CHAPTER & - DISCUSSTON AND. CONCLUSIONS

&.1 IMscussion of results

g8.1-1 {Fe (H 0} }{Fe EOTA (H,0}],.H 0.

Our experiments have ghown that exchange betwegen the iron

atoms in the Ecmpﬂung [Fe {HEO}G][FE EDTA {Hgﬂ}]B.HEU can be

followed in the temperature ranmge 10D to 150°C, at which tempera-
ture decomposition becomes serious (see decomnposition analysis,
chapter 4, scetion 4.6-2).

It ' was observed that different preparations of the compound

gave different exchange isochronals; the curves may be compared

i ©

in Figure 5.1, chapter 5. These differences, which have already

. -
.

been observed by other workers (Fernandez Valverde gg_éi, 197&,
Nyarlku 1278}, can ke atiributed to the density of defgcts, which
may vary from one pxeparaéion to another.

The influencé of the method of preparatien’ on the exchange
processes way also be seep in the mathematical apalysis of samples
A and B (Table 5.%; chapter 5). The anélysiﬁ applied to the set
of isochronal data gave 4 better fit with two energices of activa-
tion for sample A while three seemed better for sample B. The

values of the energies of activation and of the proportions of

il

the reactions were (from Table 5.9}: coon
Sample A . \h- Samplie é
E, {eV] P (%) E, {eV) P (%) .
1.532 1.47 )
; cpo42. 24
1.6558 50.22 1.678 40,77

2.941 49.78 2.850 57.76 \\

It ¢an be seen that the first reaction in sample B is haxdly

—— vy

TNsﬂTﬁ;‘ PfEGUF*RFN[P':ﬂ*ﬂEENUCLEhHEEE
1. 4 E. hio _J

Al
L]
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distinguishable from the second one. We can suppose that the

exchange data can be characterised with two ensrgies of activa-

tian.

[

Before we proceed on this discussion it should be mentioned
that we are dealing only with a very limited set of isgochronal
data from which we must determine a great many parameters.

Because of this there is some uncextainty in the values of the
higher energies of activation., This difficulty was relieved for
sanple B by incorporating isothermal data with the isochronal
data. The value of the higher enexgy of activation was thus

" determined more precisely:; 1ts value was 2.928 V.

Considering that the value 2.928 eV was the energy of the
secnndiyain‘reaction tn both samples A and B, and assum}né that
the enerﬁiEE of the first main reactions were the same in both
camples, it appears that the method of preparation mostly
alffected the propoértions of the two Ieacgiﬂns. In sample A there
was an increase in the prﬂp&rtiqn exchanging by the low-activation-
ehiergy process. It is mos% likely that a higher de#ect density. in
sample & favoured the exchange by this path.

The analysis of the.isoéherm%l data for sample B gave a
better fit with twe EnEnges of activation, showing no Improve-
ment in the fit;ing with three energies of agtivation, The -
analysis of the isaochronal plus isothermal data gave a better fit
with three encigies of actiua*.cicn?QN ’

LThe concoldance between the individpai valucs of the enerxgies
and proportions of the different reaptioné between one set of data

- “m ' \ A
and another is not so good, but this does not prevent us reaching

useful comclusions. From the results shown in Table 5.9, chapter
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5, it appears that the data are better fitted supposing the
existence of three different processes but that two energles of
activatiﬂé are anough to chéracterige the ﬁain procaesses.

Now, if we look at the experimental isochrenal curve for
sample B (shown in Figure 5.1, chapter 5) we ¢an see that three
successive exchange processes cccur as the temperature is raised.
The =loping portionsz of the curve tﬁat define regions of tempera-—

ture where exchange cocéurs at a measurable zate, give us an
insight into the sort of processes that might have induced
gxchange.

The sloping portion of the curve above 140°C can be r;lated
to decomposition. It has already been observed thal exchanga:
happens_simultaneously with the thermal decowmposition (mzzarini
& Laz=arini 1976). Some complexes, howewver, also show exchange
in a narrow range of temperature Jjust below the temperature of
decomposition. The second sloping portion of the isachronal
eurve Tor sample B is situated in such a region, and it suggests
that an exchange process 1s somehow correlated with the procéﬁs
qf dééompcsiticn. .

We propose the fellowing medel to account for such a
correlation:

Consider the process of decampmsitiﬂn of a complex anion &7

- . + . - X
giving cations e , and ligands ¥ s according to:

.

_ fast + _ slow .
A — ¥ ey —— irreversible products

.

In the reversible equilibrium represented by the first stage of

-

the above progess the products de not separate but remain in the

unit cell. Only a small fraction proceed to the irreversible
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decomposition step. But it can be also considered that at low
temperatures part of the ligands and Faticns can reaémbine again
fxequentlf, this stige of tﬁe process belng reversible. ﬁecause
this reverﬁéble reaction within the unit cell may incorporate
the other caticnic specles it may lead to exchange.

. =-E./eT .
Consider now the rate 'of -these processes, kK s ue _?X ; if

we suppose that the frequency factor is higher for exchange

than for decomposition: ( v ° PD} and that the energles of
activation, E5, are the same for both processes, then exchange
Will take place at a slightly lower temperature than decomposition.
This provides an explanation for the exchange reaction Ubs;rved
in a narrow range of temperature just below the temperature whexe
decampmfitican is obse_rved. - | a

The traditional methods of analysing the data {(i.e. 5uppcéu
ing the ensxgy for exchange is lower than for decompeosition, and
that the freguency factors are the same, UE = UD} do not provide
& satisfactory explanation for what is observad experimentally.
Exémining again the results of the mathematical ;nalysis ahown
in T;ble 5.2, chapter 5, which was made with these assumptions,
il can be seen thalt the calgulated energy of activation for the
third process seems to be too high compared with the energies of
the two first processes, We must doubt, with Maddock (1975a),
that the assumption V= cnnsfant, is not always-ualid.

The first sloping regicon of ;:; isochronal curve for sample
B (Figure 5.1, chapter 5) suggests that an exchange pProcess may
be related to the dehvdration of the compound. It is well-known

that the processes of hydration and dehydration can induce cither

annealing or exchange (Lazzarini & Fantola-Lazzarini 1975, 1976,
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Bolton & McCallum 1957; Shanlar et al. 1965). We tested this by
performing experiments with a sample of the compound that was
dehvdrated before the isochronal treatment. The results obtained
in this case can be compared with these for the untreated sample
‘{hydrated} in Table 5.7, chapter 5; it ¢an be seen that there is
mare'exchange in the hydrated sample than in thé debydrated one.
It seems that dehwydration converted the crystalline lattice into
a more densely packed‘sysfem where exchange could only take place
with greater difficulty.

fn interesting result was ocbtained when hyvdrated saumples
were heated in npened1ampoule5 (Fiouxe 5.8, chapter 5). Ihe
isochronal curve so cbtained overlaps the one for the dehydratﬁd
samplel Ihig sugoests that the dehwdration by itself was not

: .

responsible for the exchange observed. However, we can explain
the process as follows: when hydrated samples ware heated in
sealed ampoulas, the water liberated by dehydration was not
allowed to escape, and Equld ea;ily be reabsorbed by the hygro-
scopic product, Thus, 5u¢§essiue processes of hydr;ticn andgd
dehydration could Take place during the pericd of heating, so
that there was a continuous ?estructuring of the crystalline
lattice, makiné the movement of defects or atoms easier, and so
inducing the exchange reaction.

The results of the mathematical analysis applied to the set
of data Tor the dehydrated 5ample,k§hown in Table 5,10, chapter

-

5, confirm that the dehydration altered the characteristics of
the exchange process. The analysis gave a better fit with two
energlies of activation, showing nDJimprauement on*the fitting

with three energies of activation. The results were:
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Ea (eV] Po(R)
1.560 ' 1.73
1.77% aB, 27,

It can be seen that the first reaction is hardly separated from
the second cne, indicating that exchange in the dehydrated
sample i1s mainly a xesult of one process, while in tae Lydrated
sample the exchande process is better characterised with twe or
three energliaes of activation.

The cffect of defects on the exchange reactlion was also
investicated; thei; influence can be seen by conparing the iso-

chronals for the vutreated sample, Tfor a sanple that was gamma-

irradiated to a tetal dose of 5 Mrads, and for a sample‘;hat was

ground before he&tingl These isochronal curves are shown
respectively in Figures 5.3 and 5.4, chapter 5. It can he
observed that the Isochronal for the irradiated sample overlaps
that far the untreated sauplea, inpicating that ionising irradia—
tion bad no appreciable effect upon exch;nge. By contrast,
however, the effect of grinding was very marked (Figure 5.47).
Note that the sloping portions of the curve for the crushed
sanple were shifted te regions of lower tEmpe:aturé. as the
tenperature ot the step reflects the energy of activation we can
expect lower energles of activation than in the untreated sanple,

The results of the matheméticgﬁkanaiysis Df‘thﬁ st of iso-
chranal data for the crushed sample, shown inr Table 5.11,
confirmed this concluesion. The analysis gave a better fit with
three energies nof activation and the enexgies of £he three

processes were lower. There was also some- alteraticn in the

-
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proportions of the pracess, but one svill chsarved a lowcr pro-
portion exchanging by the lew activation energy process and a
higher propeortion exchanging by the highest ehnerdy rate, Hence
we must agree with Harbettle and Sutin (1959} that the presence
of defects facilitates exchange in the ;ﬂlid lowering the enexgies
of activation necessary for such processes. -

Since point defects that must have been inftroduced by the
ignising irradiation had no éffect upon exchange, the observed
effect of arushineg seems to be caused-by an enhancement in the
dislocation depsity and, perhaps, greater surface area of the
ground material.l It is known already that dislocatians play an
important role in many solid-state reactions., For exanple, it is
to be expected that diffusion or migration will prcceedﬂuore
rapidly along a dislocation line than through an undisturbed
part of &he eryatal. M disloeation can also act as a sink or
source of vacancies. Generally, one may expect that in equili-
briwn the density of vacancies will be greater in thle viginity
of a dislﬂcaticﬁ than in the rest o} the lattice (Billington &
Crawford 1961).

All thase faects suggest that1the exchange process lavolved
migration of atems and/or vacancies within the sa0lid, the reac-
tion occurring in the disardered Yeocions of the éxystal. These
Rovenents were helped Py Successiuahpracesses of hydration and
dehydration of the sample. )

The following conglusions can be drawn from the exchange

studies on the compound [Fe (Hzﬂjﬁ][Fe EDTA {HZDJ]B.HEG:

{i} The solid-state exchange reaction wmay be Interpreted using
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s model which assumes that the whole exchange process ls the
result of first-onder reactions showing a spectrum of ensrgles

of activation.

(ii} The exchange process observed in this particular system

appaars to be the result of three reactions.

{iii)} There is some experimental evidence te suggest that there

are changes in thee freguency factor, v, doring the heating.

{iv) Different preparations of the compound can lead to different
‘results: the proporticnsg of the exchange proceeding by the

different paths varied from preparation to preparation.

{v} vy-irradiation, which introduces peint-defects in the solid,
does nat pronote exchange and.failed to facilitate subseguent

thermal exchange.

{wi} The crushing of crystals, which increased the dislocation
density in the solid, did affect the subsequent thermal exchange
process, altering the energies of activation and the proportions

exchanging by the different pathways.

[

{wii) Deﬂydration of the compound alters the pathways for the .
process, making exchange more difficwlt while hydiation makes 1t

casiex.

{viii) The exchange appears to involve movement of atoms andfnr
. - . L . . .
vacahcies within the sollid, the reaction accurring in the dis-

crdered reglons of the crystal.

8.1-2 [Co (NH3}_ Cl]Cly

Experiments performed with sample B of the compound [Co(NH ).

136 : . X
Cl] Cls (prepared by precipitation from solution) showed that

i
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cxchange between the complex-bound CL atoms and fonic chlerine
was relatively smal£ in the ranage 100-180%C {Table 6.3, chapter
&)

Measurements made on sample A (prepared by complete freeze-
drying of a solution of [CG{NHBJECL]EGCLB; see chapter 3, section
%,.5-2) gave higher values for tﬁe percentages of exchange.

Figure 6.2, chapter &, shows the isochronal curves for both
preﬁarations where it can be seen that the differences between
the two samples were greater than the ciperimentai errors,

The results of +he mathematieal analysis applied to the set
of isochromal data foxr samples 4 and B [Table 6.8, chapter 6)
cnnfirm the exparimental evidence that the twe differcnt prepérau
ticons led to difjl_:erent parameters for exchange. The anflyses
gave the best fit with three energies of activaticon for both
samples. Although the values of the energies of activation
changed from one ;ample ta anocther their spacings, in 2V, appearad
constant, The proportions of the processes in both sanples were
substantially the sanme. '

Analysis of the isothermal data for sample B gave the best
it with two gnergies of activatian.

The results of the-.analysis of the isochronal and the iso-

thermal data for sample B are reproduced here (taken from Table

6.8); . . i
Isochronal data . _Isathermal data
Ea (a¥) P (%) By (eV) P ()
l.4423 1.71
T.l6 )
1.608 5.45 . 1,627 10,601
1.830 az2.84 1.822 849,30

It can be seen that the proportion exchanging by the lowesr ensrgy

BGESIT s -EARESI

e S LPoE 3
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route iz very low, L.71%, indicating that this first process is
of little iluportance. If we assume, then, that there are two
main progesses nccur}ing in the seolid, we can see that the walues
of the energieﬁ of activatian and of the proporticns of the
reagtions for both sets of data agree well.

The analysis of the sat of ilsochronal plus iscthermal data
gave a better it with three energiés of activaticn. These
results (Table 6.4, chapter 6},3150 show o low proportion, 2.028,
exchanging by the lower energy-of-activation-path, which agrees
with the analysis of the iscchional data taken alone. The
analysis of the isothermal data alone did not give this result,
but the set of iscthermal data may bave been tog small to

calculate so many parameters accurately. *

Comparing now the energies of activation for the isuchrun;l
and ilsochronal plus isothermal sets of data, we can see that
there 1s good agreement in their walues for the two first reac-
tions. The third values disagres, however. These may be
.inflqenced by the data for laonn exchange'times: after long
pericds.af heating the reaction proceeds very sloewly so that even
the best value of v does not give a complete owverlap of iso-
thermals at different temperaturss when plotted as B% vs lnt.
This indicates that there are also changes in the frequency
Tactor, v, accompanying the distri&ytinn of epergies of activa-
tion (Maddogk 197Eal}. . -

The experihents made ta investigate the inkiuenge of defects
on the snlid—state_exchange xeaction showed that trxeatments like
crushing and gamma-irradiation had no effect upen this exchangs.

It can be seen from Figure 6.3, chapter 6, that the isochronal
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euryve for the crushed sample overlaps that for the untreated
sarple. This indicates that dislogcatipbns, and an ingrease in
the surface area created by crushing the crystals, did not
affect the exchange reaction. The fallure of y-irradiation to
induce exchange and to promote the suésequent 2“hermal exchange
indieates that point defects do nat afée:t the exchange either.
Figure 6.1 shows the' isochronals for the irxradiated and the
untreated samples overlapping =ach olher.

The solid-state exchange reaction could be a result of loss

of ammonia leading to the formation of tetrammineccbalt [IIT)

chloride according to:

[ce ( NI, ) 3
-
This possibility was investigated by measuxing the exchange in

5

C.T.]P'ﬁClz — [ce (Nﬁajfﬁf:lz]m. + NH

a sarple af the compound labelled in the sationic side. The
overlap of the exchange iscothermals for samples of the cwmpouﬁd
labelled in the caticonic and in thé anionic sides {shown in
Figure 6.4, chapter 0} gave evidence that a true exchaﬁge reac—
tion was invalved. This was confirmed by the fact that a-
crushed sample of [Cq (NH3}536C11C12 showed the same exaﬁange
behaviour az a crushed sample of the cmmﬁﬂund labelled in the
jonic chlorine., These results are shown in Table .7, chaptex &,
Since zolid-state exchange was ﬂct affected by the defects
created by i;nising radiation or b?ﬁérushing the crystals, and
since 1t was not a resﬁlt of decnmpﬂsitiﬂn,‘it appeazrs that the
reaction must have proceeded wia ligand wvacancies. Such a

mechanism was proposed by Bell and collaberators [(19272) to account

for the solid-state exchange reactlon in hexahalo complexes of
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Re {(EV}, and it is formulated as follows:

1. Ligand-vacancy formation:
[co (), €1]°" —  [Co (W), O 17"+ cr”
2. Ligand-vacancy nigratiocn: g
[Co {(MNH,). CL:|2+ # [cot (Mi,) O ]3+ ﬁ _
[Co |_:I\.'PI3:15|:}]3+ + [Car (NHg) g c1}?*
3, Nucleophilic-substitutién by radiohalide:
[co (NH,), O ]3+ v %01 - fco (mmg). Blf':'c:1:|24" .

Apcaording to this mechanism, ligand vacancies present after
praparation of the compaund or formed by thermal treatment méy
interact with thé nearest ligands of the neighbouring mlecules
i1f sufficient wvibratiopal energy is available. This leads to thé
migraticon of the vacancies which will then be £illed when movine
close to dopant ions.

The difference between this mechanism and the customary
SDLidwstate transpart mechanism is that ligand-vacaney migvation
invelves only an Endividual part qf the anion instead of the
complete latt%ce constituent,

The following conclusions can be drawn from the analysis of

the experimental exchange data on the conpound [Co {NH3]5 Cl]ﬂloz

-

(1) 7The experimental data may be tharacterised by a model which
aszsunes the exchange process to be a result of first-order reac-

tions wath distributed @nergies of activation.

(i1} The transfer of activity within the solid appears to be the

result of three different processes.
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fiii} The analysis of the data sugoests that there are also
changes i the frequehcy factor, v, and not only in the epergie&

of activation on lLeating.

{iv) Dbifferent preparations can lead to different results: the

energies of activation of the processes ocourring in two samples

prepared by twe different methods differed between one sample

and the athex. -

{v} Pre-treatments of the sample by y-irradiation and crushing
failed to induce exchange ar to enhance the subssquent thermal

e:{change PIXocess.

{vi) The exchange reacticn appears to proceed via ligand-vacancy

uigration. . : ¢

8.1-3 Cx, (C,0,),.6H.0

The mathematical analysis applied to the isochronal data

: ) 51 -
obtained for the compound [T Cr (H,0) ]{Cr (C,0,),.] gave a better
fit with two enernies of activation, as shown in Table 7.8, )
chapter 7, where the results of the analysis applied to the
isochronal, lsothermmal and isochronal plus isnthe;mal data for

51 :
the compound [ Fr {Czﬂd}(Hé§}4]£Cr {Czﬂd}EEHEDJEJ are also shown.
The analysis gave better fits with three cenergies of activation
for the three sets of data.
Comparing the values of the energies of activation obtlained
from the analysis of the isochronal and the isothermal data, we
can see¢ that there is good agreement between them. The analysis

of the isochronal plus isothermal data however gavE a larger value

of uand larger walues of the energies of activation; nevertheless

4
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their spacing, in eV, is substantially the same.

It should be mentioned that, although we assumed a constant
value of v = 3.5 x 1016 when fitting the iscchromnal plus isq-
thermal data, we did in fact obzerve fhat a better fitting was
ohtained as bhigher wvalues of v were assumed, sudgesting that u

‘ ] . -
was actually larger. A frequency factor as high as 10 5 1 was-

Teparted by Fernandez Valverde et al. {1973). 0Odru and Vargas
{1971) found that their data on annealing of copper phtalo-
cvanine could only be Tfitted when very high fiequency faclors
were assumcd.

Such high frequency factors are mainly a conseguence of the
data for long times of isotharmal heating, since these results
are liable to larger errors than the data obtained for dhort
heating periods. It has also been ::-Ll.served that iscothermal data
can be fitted better with & combination of a high frequency
factor and higher energy-of-activation values (Fernandez Valvexde
et al. 1972). It is difficult to believe in the reality of such ‘
high values of u .

' Comparing now the proporticns of the exchange proceeding by
ihe different energy—ofuactivaticq paths, it can be seen that
undar isochrenal heating a higher propartion exchanges by the
second energy-of-activation rowute, and under isothermal heatin'gla
higher preportion exchanges by thqﬁ&ighgr énergg-of—actiuaticn
route. This last result applied to the set of icochronal plusg
isothermal data as well, We conclude that on heating, not onlw
the energies of aptivation, £y, or the fIEquency factors, v ,

5

but also the distribution function, F'(E;), might vary.

The experiments with the chremiwn (LIX) oxalates zhowed that
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heating induces the decomposition of [Cr [HéDjﬁj[Cr (C204}3]
inte [Cx (Czﬂd}[Hgajﬂ][Cr [C204}2_{HBD}2] and that this decom-
poses further on heating with the formation of [Cr {Cgﬂ4aﬂgﬂ
{see decomposition analysis, chapter 4, section 4.8-2), We
also cbsexrved that this thermal deccmposition was accompanied by
an exchange reactionh with the formation of the labelled anions
51 - 51 3

[T7Cx (C,0,),(H,0),] and [T Crx {c204)3} .

"Kishore and Venkateswarlu {1971}, in their study of the

b 51Cr in

thernal annealing and sclid-state isotopic exchangé a
potassiun trisoxalatocarowate (II1) trihydrate, observed alsc
the presence of ligand-deficient intermediate species such as
the unipeositive and uninegative chromium {III) oxalatoc species;
they prﬂpaseﬁ a étepwise mechanism for the conversion of Cr3+ ta
[Cx (C3G4}3}3_’ to explain b??h the annealing and the exchange
reactions. Such a mechanism accounts also for the sulidustate
exchange reaction observed in the compounds [ElCr [Hzﬂjﬁ][Cr
{C204}3] and [SICI [Czﬂdjjﬁzﬂ]d][Cr (C2D4]2[HEO}2], where the
exchanging species are present in macroscoplc conhcentrations.

The wmechanism proposed is expressed by the following seguence

of reactions:

cx(i0) "+ €,0,%7 [Cr(c,0,)(H,0),1" + 2,0 (1)

[Cr{Czﬂd}{H25}4]++ czof”_ﬁ [Ci(cgﬂ4}2(H20}2]_ + 21,0 (2)
N 4

[er(c,0,),(n,0),] + Czﬂf' — [c:(czud}a;]g’“ + 2H,0 (3}

In the experiments with the campnund'[51Cr{HED)ﬁ][Cf{CED4]3]
S _ C o .

l'l‘l- ~

he unipositive species [Cr{CED4}{HEG]4} was detected even at

lewy temperatures, while by 110°C reactien (1) was almost compléte.
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As the temperature increased the unipositive species was converted
into [CI{QEDQ}Z{HED}B] ; ac;oxdlng to_reactien (Z2). Thei§n1negar
tive speries was the more stable but at higher temperatures it
. e B . . .

was converted inte [CI{CEOQ}E] according to reactiom (3).

The last two reactions, (2] and {3}, azcount for the

- - Bl
. H_0
exchange observed in the compound [ Crﬂcgﬂd}{ o }d][Cr(C204)2
o -

(H,0),] ]

The following cenclusions can be drawn frouw the exchange

studies on the compounds [C:{HEDJE][CI(C20433] and [Cr{CED4}

(10}, JICx(€,0,),(H,0),]:

{i) The solid-state exchange data can be fitted by a model whach

L]

assumesz that the exchange process 1s a result of first-ordex

r A - - 4 . " ;
reactions with distrzibuted enexgies of activation.

(11} The exchange process observed in the chronium {(II11) oxalates,
'[Cr(H20{6]ECI[CZG4)3] and [CI(CED4}{HZD}4][CIECED4)2(H20}E], is

the resulit of two and three distinet reactions, respectively.

{i1i) The analysis of the data gave some. evidence ithat the
freguency factor, v , and the distribution funetion, FV({Eg},

might vary upcn leating. e,

{iv] Exchange ig pronoted by decomposition involving a stepwise

trapsfer of ligands.

an

8.2 General conelusions . -

The experiments showed that not all systems are suitable for

exchange studies. Some of the compounds selected fox investiga-
tion, had to Se discarded for several xeasons, such as rapid

exchange during the syniheslis—scparation stages as was observaed

- - bl e pr——- ——— ey
fTHSTrH-fﬁ“r Moer ByCRCYT L= HUGL BARES
. ' E bt !

[ o
A ]
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in the compound Hg[Hg EDTA].xHEG, ox becauwse of failure ia

induce exchange by diffezent treaiments given to the sample as
happened in the compounds FelPe {CN}5 ND].XHEG and K FE[FE {CN}G]
«¥il,0.  Systems such as the mixed-valencé double saltls of gold
containing [Au{III]Cl4]- and [Hu{I}ClE]“ (Robin & Day LI9G7), were
previously discarded hecause of tﬂe report of fast exchange in
solution (Turco & Sordillo 1955b}.

The experimental data gave gvidence of solid-state isotopic
exchange reactions cecurring in the compoupnds [Fe(HEG}ﬁl[Fe'EDTA
(HEDJJE.HED, [CO{NH3}5c1]c¢2 and in the ehromium (III) oxalates
[CI(HED}E]ECr{Czﬁﬂ]E] and [Cr{czﬂd}{n20}4][cI(0204jzfuéﬂ}zl,
wnere the exchanging species ceccupied two different lattice sites
and had_ﬁhe same oxidation state. In these =systemns the’exahang—
ing specles were cither ions on Drdj:_na.ry lattice sites and
complex, metal ions as in éhe compounds [FE{HEG]ﬁj[Fe ED%ﬁtHEO}JB

.H2G and Cr .GHEO, or ligands and outer-anions as in the

2(€30,)5

compound [Cof{NH Cl]Clz. Exchanges have already been zepoxted

3?5
. in mixed-valence systems {Fernandez'valUErde et al. 1978, Nyarku
1978) and in compounds where the exchanging atom cccupied two
different lattice sites and had different oxidation states
(Lazzarini & fantnla—Lazzarini 19%5, 1976Y.

The mechanisas propeosed to explain exchange taking place in
the solid-state seem to vary with the system studiéd. The effects
of the treatments applied to the ;:Eples a}sc véry Lrom system to
system (e.g. Lazzarini & Fantola-Lazzarini 1975, 1%76H: Fernandez
Valverde &t al. 1978). C;ushing the crystalg inereased the fraé-

tion able to exchange by tha lower energy of activation route in

the compound TI(I)5.T1({III)Cl, without changing the energies of
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activation (Fernandez Valverde et al. 1978}, while the same
treatment lowered the energies of activation of thé different
pathways in Fhe compaund EFe{HED}ﬁjiFe EDTA {HEU}]E'HED’ and
slightly altexed the preporticns of the different reactions.
Since exchange was enhanced in these two systems by crushing the
cxystals, it appears that the reaction took place enly in the
disordered regions of the crystal. This is supported by the
chservation that dehyﬂraticnrcanverted the compound [Fe[HEO}ﬁ]
[Fe EDTA jHBGJJB.HED into a more densely packed aﬂd uniform
system where exchange hardly took place (and proceeded by
practically only one pathway).

The migration of vacancies, proposed as a meﬁhanism To
explain_exchange-in the compound [CG(NH3}5C11Cl2: appesrs to
have talten place throughout the whole solid and net only in dis-
ordered regions, since crushing the crystgls did not affect the
exchange {sanple ﬂ}. Howeuer,ithe-fact that in another prepara-
ticn of the compound (saunple A}, the rate of exchange was higher
and the energies of activaticn of the differxent pathways were
lower than in sample B, suggests that the density of defects was
higher in sample A and that this promoted the migration and
" perhaps creation of vacancies. .

1n spite of the differences in exchange bghaviour ohsexnved
from conpound te compound, it is E&;sible te formulate some

general conclusions drawn from what sceems -to be common behaviour:

{1} The solid-state lsotoplc exchange between two normal lattice
speclies 15 well-described hy a model which assumes a set of first—
order processes with a spectrum of energies of activation. There

are some data suggesting that changes in the freguency factor, v,



184

and perbaps in the distribution functiom, F*{Ea), are also

necessary toe fit the experimental data accurately.

{(ii) w=irradiation, crushing and other treatmwents may favour
exchange and alter the energies of activation and/or the propor—

tions of the exchanges proceeding by the different paths.

{iai) Processes of hydration, dehydration and deccmposi%icn can

influence the exchanges.

\
-

These characteristics are‘alsﬂ common to exchange in "doped
systems" and to antealing reactions follawing nuclear transforma-—
tions in salids.

As far as Turther work is concerned it would be interesting
to investigate the effect of p:ushing.un a dehydrated s%mple of
[FG(HZOSE‘][FG EDTA {H:EOJ}B.HED, aitice 1t was observed that In this
compound the exchange reaction was favoured not only by crushing
but also by the successive processes of hydra}ion of the sample;
such an experiment may provide a way to observe the effect of
grushing alene upon exchange. Furthar,rin view of the fact that
the d'ehydrated sample Is a closcer-packed system, this experiment
would also ﬁrovide a way.to find out whethex crushing would be
as effective as it was for the untreated sample (hydrated) of the
compound .

The use of MUsshauer spectruscnpy-to observe exchange between
noxmal lattice species has vet tﬂ4§E made. Systems like Sn{SnEDTAT -
with the complex showing a reascnahiy high stability constant
(. = 1B.3; Bettari ot al. 1968), and other iron systems such as
[Fe {phen}EJ(FeCl4j2 or [Fe {dipy}SJ{Fe Cl,),, seem to be likely

candidates.



' ; 135

Moze studies invelving mixed-valence compounds and deuble
complexes are hecessary. A suitable mixed-valence system may be
H4C12{III}Cr{UI}DB where the two kinds of chromium atoms can be

separated with less than 1% exchange (Aten et al. 1953).

Double-casplexes containlng [Zn @DT&]Ej having a xeasonably high
stability constant (K = 16.3; Anderegg 1964}, or ECDEC204)3}3-
which shows no exchange in solution between the cobalt atoms in
the complek and in the hexaa%unccbalt {IT) ions (Barbieri ot al.
1957), appear to be good candidates for investigation.

At present there is only a little infnrmatién on the actualk
mechanizit of the exchange process in the solid-state. -Ihe
Tailure of ionizing radiation to haue-mﬁch effect suggests that'
eloctIonic pYocesses are not very important. The positive
effect of dislocations suggests that the EQChange in;alves
movenent of atoms and the need is now to devise experiments that
will rewveal scmetﬁing aboutl the nature of this wovement., Of the
systems sc far studied the [CD{NHE}SCIJCIE seems the easiest Lo
understand, but so far very little is known of systems of this
kind and one may enhguire whether all sech ligand exchanges

procead by a ligand-deficient species mechanism? This gquestion

is probably the easiest to answer in the near future.
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Appendix 1

The exchange law for homegenesous stable systems

Consider an exchange reaction hbetween reactants & and B in

which atoms of element ¥ are common to both species and are

exchangéd at a rate R.{Hyers & Preatwood 1451}. -

Lt
a he the total number of X atoms contained in reactant A
in the original reaction svstem {active plus inactive),
) e the total number of X atons contained in reactant B
in the original reaction system (active plus inactivel},
x be the nunber of active X atoms contained in A after
. ) F
—— o tame t,
y be the nunber of active X atoms cootained in B after
a time t. . \
iy . . . . .
Sﬂ = = 15 the Lraction of X ateoms in A that are active at time
t (specific activity}. i
EB = % is the fraction of X atoms in B that are acgtive at time
t "(specific aetivity). .
lLet F b the fraction of exchange, defined as ..
F = 5«‘1 - ss‘m = SE - SEQ (1 1}
" - . - -
Sﬁ Sﬁﬂ SE SBG
or B = - *o = - Yo [1 2}
X = g R 7N .
where subscripts O and = refer to t = 0 amed © = = , respectively,

The rate aof

incease in the number of radigactive X atoms in
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reactant 4 is given by .

OX _p ¥ g Xy g X (g _¥

dt'Rb{l' a.j Ra(l '.'::}
=R{Z-2) -
= R , . ,
- (ay - bx) . (1.3]

E E—{I—E} represcents the rate of appearance of radicactive

X atoms in A, sinee R is the rate of appearance of ¥ atoms in 4

ceming fiom B, % is the fraction of X atoms i B that are radio-

active, and {l-vg Y is the fraction of X atoms in A that are not
radivactive.

R ';5 (1H-E~ )} is the rate :.:.tf disappearance of radioac:give X
atoms £;;ﬁ A, '
" When exchange is complcete, and neglegting isctopic effects,
the fractions of active X atoms in 4 and in B_are the same, 50

that at equilibrium the distribution of the tracer between the

iwo reactants gives x = x . apd vy = % 3

oo e |
a - b ) .
* ' -
Yo = . BT (1.4)
and oy e x o=y o+ o {1.5)

If y in eguation (1.2} is eliminated by substitution from

equaticns (l.4) and (1.5), then i

. = H
ac o EE{axm*'b%m - ax - bx) .
R .
= 5 la ?}{x - xJ
and

- dw R {a+bH) : '
¥ o ab dt. . (1-&}

oa
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The integrated form of squation (1.6} is

- ln(x, — x) = E_iszEl 1+ + constant. - {1.7)

The constant of integration evaluated at t = 0 when x = o
gives - "

constant = = lon{x, - %5). . {1.8)

By substitution of eguation {(1.8) in (1.7}, and rearranqging:

_ - ab (% = ¥g} = (% = %)
Rt = - —=F [ ol
Ky — 3o
- albr
6T Rt = - PR In (1 - F) £1.9)
Y, . . . |
where F= 72, as defined in equation 1.2,

- ox®.— X
- o
If-A was initially inmactive, so that x; = 0, the frictien
of exchange'wnuld e

=
o= =, . .
e . (1.10)

Writing equation (1.9) as

a+h - -
- Rt | - }-ln{lTF} ‘ .
and making
. - a,{,b . L
% =R { b } {1.11}
we hinye
ln (1-F) = - it ' (1.22)

¢

which is commonly known as the McKay equation, where (1-F) is the

unexchanged fraction at time t.

-

R is the rate of exchange and depends on the order of the
reaction in terms of cach component of the system,

R =k at b ' | {1.13)

where Ik i1s the rate constant having the form:
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E—Ea{ «T

k=W {1.14)

where v i1s a frequency fagtor {g-l}, E; is the energy of
' 5

activation (eV), « is Boltzmann's constant (&8.6716 X 10 eUKhl}

and T is the temperature (). 1_-
From the McKay eguation {1.12), 4 f{and hence R} can be

determined from semi-logarithmic plots of (1-F) against.t which
are straight lines passing through unity.

Anothey useful parameter is the half-time of exchange, t%,
which is the time necessary for the fraction of exchange to

reach a value of one half., This can he determined from equation

(1.9), substituting 0.5 for F and ti, for t:

ab 0.603

R = 22 . o, | : s (1-15)
and ty = 9.693 . (1.16)
.. \
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Appendix 2

Corrections for incomplete separation of the reactants

and separation=induced exchanga

Prestwood and Wahl (1949) have shown that when the separation-

induced exchange and the incomplete~separation effects are

repraducible, the following simple relations are true:

¢

s - 5, Ft - Ef
Se=-Sg 1-Ft

F =

where § and S, are the specific activities of a chemical fraction
enriched in one of the exchanoe reactants separated at time T
and time zerc, respectively, and 5. i3 the equilibrium specific
agtivity of the reactant. T and Ef are the fractions &f. exchangs
neasured after separation at tinmes { and zero, respe¢tively.

Their proof was as follows:

Consider an exchange reaction between the molecular species
‘ﬂ #nﬁ B in which atoms of element X, common to both species, are
cexchanged,.  Consider now that after :che separation of & and B,
some of the X atoms that were in species B just prior to the
separation end up in species A after the separation, as a result
of separation-induced exchange, inconplete separation or both.

The specific activity is defined as the ratio of radicactive
X atems to the total number of X aﬁg&s in the same molecular
specios or chemical fx%éticn.
Let S5Sp be the specific activity of reactant A at time t and prior

to the separatiaﬁ, .
Spo De the specific activity of reactant A at time zero and

prier to the separation,
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Sy be the specific activity of reactant B at time t and
rpriur to the sepa;atiﬂn, ‘

Sp, Be the specific activity of xeactant B at time zero
and prior to the separation, ”

S5 be the equilibrium specific activity of A or B,

5 be the specilfic acfivity of the chemical Ffraction
enricheq_in A and separatéd from the reaétion mixture
at time t,

5, ba the specific activity of the chemical fraetion
snriched in &4 and separated from the reaction mi¥?uIE
at time iero,

a! be the atoms u]{" .element ¥ that were contained #in A

-— =aricr to the separation and that appear in the chemiecal
fra;tinn enriched in fi, and

b!' bs the atoms of element X that were contained in species
B prior to the 5eparati0n1and that appear in the
chemical fraction enriched in A.

F  is the fraction of exchange at time t prior to the

separation, aiven by

paos ~ Sho S = Spa
S .~ Sao 5_- Sgo

Ft is the fraction of exchange observed after separation

at time t, given by o, T
P o= S = Sag _ ]
5“} - SHG -

Ef 1s the fraction of exchange observed after separation

at time zZero, gliven by

1]
]
I
93}
T
o

1'- - — -y
"ET. ' T OEGMMPE AR EMCR T T r Tt | EARES l

LI .

- . - - -—_—
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We assume that at and b’ are independent of the time of
separation, i.e., that the separation-induced exchange and the

degree of separation of the reactants are reproducible. Then

ars, + bis -
= i B
S (2.1)
at+p?
LS + bts ' .- _ .
. SD = @ lﬁlg Eo a {3'23
al +
S_-s5 =2a'8, *bIS, ~ alsy - blsg _
at 4= hl - ) -
_ a'{5 «~54) * BI(5. -5g} {2' 3
ar 4kt .
Similarly, - ry
1(5 -5 + bt -
s, -8, =2 (52 ~Sa) (5, - Spo) (2.4)
af + bt
and
o~ 5 Sat(8, -54) * B -5) (2.5)
m= Sg a'(B, =Sas) +bI(S, —3po)
From the definition of F
o= Shn " Sa- Sy
and (S, - 84) = {1=-F)(5_~- S55) : . {2.7)
. . - .
(8 - 8g) = (1-F}(S_- S ). . (2.8)

Substitution of equations (2.7} and (2.8} in (2.5) gives

5, -5 _ {i-F)[a'(5_ - Sag} + bl{s5_ -
5.~ 5o at{s,~ 8, }+b¥(5, - S

Sgalls 1or.  (2.9)

B1:=:J
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Therefore

S.-5% . S -8,

1]

Frel -~ (2.10)

Alternatively from the definitions of F! and F4, we have

1 F‘I EDG . S - 4 -~
- — . {2.11)
’ sm - Sﬁiﬂ ' - -
1 =FBt= 2 T 5. ' , {2.12)
) Sm _ISP.LCI'
and .
- ) —
1 E = B P—) =1 - F . {2.13}
1-~ Fg 5, ~ 55
—— ) ) £
Hence
1 ~ Ft F' = ET
F =1 - = —_ {2.14})
1 - B 1- Ry -
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