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ABSTRACT

Graphite ferric chloride, CjpFeClj3, was pfepared
by heating anhydrous ferric chloride with graphite at 305°C,
The purified compound containing 53% ferric chloride was not
attacked by hot 6N hydrochloric acid or 6N sodium hydroxide
solutions, X-ray diffraction measurements gave a powder pat-
tern which was distinctly different from that of either gra-
phite or ferric chloride and from which it was apparent that
no free ferric chloride existed in the-coﬁbpund. ' The separa-
tion of the graphite layer-planes was increased ffom 3.36 to
9.hK by the interealation of the ferric chloride molecules.

Tests for exchange between CléFeCIj and Fe**t ion
were made using radioactive Fe59. 1In no instance was any
measurable exchange observed. The compqund was subjected to
neutron irradiation and the Szilard-Chalmers yield of sepa-
rable activity calculated and identified. The separated por-
tion contained less than 1% of the total activity and consis-
ﬁed of Fe59, P32 and $35, free of detectable radiation decom-
position products, The active Fe.portioﬁ was separated by
ether extraction,

The lack of exchange and the low Szilard-Chalmers
yield are both attributed to the formidable steric hindrance
effects which result from the configuration of the "stacked

layers" structure for graphite ferric chloride.
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Radiochemical Studlies on Graphite Ferric Chloride.

INTRODUCTION

Carbon itself is a refractory, non-volatile, insoluble
s0lld, and gives rise to lamellar compounds which are insol-
uble, non-volatile and often unstable solids about which
classical chemical methods gilve very littlé information. X-
ray studies have proved particularly fruitful, and most of
the information concerning the structure of solid carbon,
and its lamellar compounds has been determined from X-ray
‘diffraction measurements, . |

Carbon, in the form of diambnd, belonging to the cubic
system, was one of the earliest crystals to be>1nvest1gated
bj X-rays(2). The essential point of the space lattice
structure for diamond, is that evéry atom of carbon 1is surr-
ounded by four other atoms situated at the corners of a
regular tetrahedron. The distance between the centers of
two adjolning atoms 1s 1.54&3, which corresponds very close-
ly to the distance between two carbon atoms attached to each
-other by a single covalent bond in aliphatic organic comp-
ounds. This agreement, together with the fact that each
carbon atom in diamond has four others situated round it
at the corners of a regular tetrahedron, suggests thatmevefy
atom 1s joihéd to four others by covalent iinkages. Au
diemond crystal may then, be regarded as a macromolecule of
carbon. Its hardness can be ascribed to the strength of
the chemical bonding of the atoms and its uniformity .in all
directions throughout the crysfal.

(1)



The physical properties of the other allotropic form
of carbon vlze., graphite, of the hexagonal system, are
quite different from those of diamond. These differences
are found to correspond to 1mportant changes in the internal
structure of the crystal.

Although grephite 1s so obviously crystalline, its
opaque cha racter and the rarity of well develbped cryétals
restrict considera bly the crystallographlic information
which can be obteained by optica 1 methods. The lattice
s tructure whiéh first received wide acceptance was deduced
in 192/ by J.D. Bernal (1) and confirmed by C. Mauguin
(1926)(12) end by H. Ott (1928) (16).

‘The carbon atoms are arranged in flat layers each
having @ hexagonal honeycomb-like structure. These are
stacked parallel to each other in such a way that half
the atoms in one leyer lie normally sbove half the a toms
in the Iaver'beneath. Alternate layers lie, atom for atom
mormally asbove each others The carbon atdms in fhe 1&yers
are spaced center to center st a distance of 1l.415 A
compared with a spacing of 1.54 & in the diamond lattice.
The spacing between adjacent layer-planes of graphite 1s
3.36 k¥ « The carbon stoms within the layer-planes therefore
are bonded together by powerful covalent valency fofces,
more powerful tha n those 1n the diamond. The four valences
of each carbon atom are used to form bonds with 1its fhree
neighbors, and the glant layser molecule rescnates among
many va lence=bond structures in such a way that each

carbon=carbon bond schieves one-third double-bond charactere.



This arrangement corresponds very closely to the six- memb-
ered rings formed in benzene,'naphthalene and other aromatic
hydrocarbonse. Indeed, in his review of recent work on the
slmiliarity of the graphite electron structure with that of
aromatic compounds (6), Hofmann has stated, "No sharp bound-
ary is found. The intermedlary stages of gréphite nuclel in
coal end in varlous charcoa ls constitute a gradual cha nge
from aromatic compound to crystalline graphite'. However
the resonance system 1n the graphite layer—plahes is so deg-
enerate that odd electrons behave more like metallic electrons
and account for the electronic conductivity of graphite,
which with certa in pure specimens is twice that of mercury.
The electrical conductivity in a direction parallel to the
layer-planes is much greater than in a direction at right
engles to ite

The hexagona 1 layers of carbon molecules are separated
by a distanceﬁsp large (3.36 4 ) ﬁhat there can be no covalent
bonds between theﬁ, end the superimposed layér molecules are
held together only by weak van der Waals forces (17). The
layer-lattice set up for graphite accounts for the cleaVage
which occufs 8o easlly betwesn the separate layer-planes in
the crystal, end the use of graphite as & 1lubricant depends
on this abllity of one plane of atoms to slide easlily over

anothere
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Pigure 1. The arrangement of carbon atoms

in the graphite crystals
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The structure of the graphite crystal lattice appeared
to be definitely established until D.S. Laidler and A.
Tayler (10) in 1940 pointed out that this structure does
not account for some falnt lines which occcur in the X-ray
powder photographs of many specimens of graphite. Another
form of graphite present to about 107 1is suggested. Instead
of the slternate planes being normally above one another,
e third plene is inserted which 1ls symmetrically related

to the planes above and below.
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Figure 2. The two ways of stacking the hexagon

layer-planes in the graphite lattice.

The graphite lattice structure with its powerful covalent
bonds within the layer-plenes and the relafively weak bonding

forces between the layer-planes offers an explanation of



the interesting anisotropic properties both physical and
chemical, associated with graphite crystals., Observations
on the swelling of graphite electrodes and the intumescence
. of graphite, led to the dlscovery that certain molecules
and/or ions could penetréﬁe between the layer-planes of

the graphite lattice to form more or less stablé spructures,
This éweilihg, as pointed out by H. Thiele (33), occurs
with highly crystalline forms of graphite and occurs excl-

usively along the C axis of the hexagonal flsakes

Graphite Salts: The action of concentrated acids in the

presence of a sultable oxidlzing agent, has been shown.to
bring sbout the formation 68 blue graphite salts (7) (23).
Each hexagon layer-plane becomes a macro positive ion with
& charge equal and opposite to the number of negative ions
bonded to 1t. When graphite 1s treated with boiling sul-
furlc acid 1n the presence of a few drops of nitric acid,

the irldescent blue graphite bisulfate results.
Graphite + nH,S0, + n/20 - Graphite" (HSO,")n*3H,0

The compound containing the maximum amount of intercalated
bisulfa te ion and sulfuric acld corresponds to the ideal-~
ized stiochiometric‘cdﬁposition 024H804~2 32504 .

The addition of a smell quantity of water to the
sulfuric acid, even from exposure of the acid to the atmos-
phere brings sbout the decomposition of the‘blue graphite
into the original graphite. X=-ray examination of a speclmen

of graphite bisulfate suspended in pyrophosphoric acid

(6)



showed that the intercalation of the sulfuric a cid had
increased the inter layer-plane spacing of the graphite from
3.36 A to 7.98 A (19).

Besldes the bisulfate, graphite forms other similar
compounds. H.Le. Riley, in hils review of "Lamellar compounds
of carbon" (19) describes the graphite’saits nitrate, per-
chlorate,>biselenate, phosphate, pyrophospha te and arsenate,

all prepared and characterized by Rlidorff and Hofmann (23).

Graphite Monofluoride: (27) Graphite combines with fluorine

at one atmosphere pressure and a temperature of 420°C. to
form a grey hydrophobic solid the composition of which is
(CF). « The constant composition, the grey color and the loﬁ
electrical conductivity, which is only one-hundred-thousandth
that of graphite, all suggest that graphife mono- fluoride

is a chemical campound. The fluorine atoms are arranged

in six parallel planes between each pair of carbon layer-

pla nes which a re spgced at 8.17 A . Ridorff has recently
announced the preparation of a new graphite-fluorine com=-
pound (24) tetracarbon monofluoride (C,F), « The compound

i1s not a ttacked by dilute acids or alkali even on heating
although concentrated sulfuric acld above 100°C slowly dec~-

omposes 1ite

Brom-graphite: A pecular bromine adsorption complex of

graphite has been produced (21) by shaking a suspension
of graphite in cold concentrated sulfuric acid with bromine.

The graphite samples will take up roughly one atom of

(7)



bromine to each eight atoms of carbon and give it up again
completely on standing in the air. The X-ray analysis of

brom=-graphite showed a carbon layer-plane spacing of 7.05 A ..

Alkali-graphite: When graphite 1s heated with potassium,

rubidium or cesium iIn an evacuated tube, a blue-black
alkalli-graphite compound 1is produced. Shaking the compound
1n mercury converts it to graphite. It was also found that
the adsorption of potasslium vapor occured in a stepwise
manner, indicating the formatlion of more than one compound.
Schleede and Wellmann (28) determined from X-ray studies
that for the CgK compound, each potassium atom lay normally
over the center of every sccond carbon atom hexagon of the
basal planes. C,K has a layer of potassium atoms in every'
second inter-layer-plane space in the graphite lattice.
These substances were shown to be quite different from
ordinary alkali metal carbides because only hydrogen and

na trace of hydrccarbon was evolved when they reacted with
water. The heat of formation of CzX or CyxK using excess

~ potassium, was determined to be about 1500 cal./gm. atom

of carbon (4).

Graphltlc oxide: Samples of graphitic oxide have been pr-

epared by treating graphite that had been previously washed
wlth hydrochloric acid, with concentrated sulfuric acid

and nitric acid in the presence of potassium chlorate (26).
After the product has been dried under vacuum over potassium

pentoxide the acld groups can be determined by methylation

(8]
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and acetylation. However, in no case has a fixed stio?
chiemetrical relationship been found, as analyses for C:0
véries between 6:1 and 6:2.5. PFurther studies of the crystal
structﬁre have indicated that the carbon layers display a
hidroaroﬁatic character.

V_It is interesting to note the close parallelism between
thb chemistry of the graphite compounds that have been men-
tigned and that of the triarylmethyls (18)¢ This is indicated
byithe existence of the graphite salts, graphite monofluoride,
thé alkall graphites and graphite oxide, all of which appear
to;be definite compounds. The triarylmethyls also form
aliali salts, halides and peroxides and in general show the
same amphoterlc properties as do the hexagon layer=planes
of the graphite crystal lattice., This 1s not surprising,
for considering one carbon atom in a layer-plane, it will
be seen that 1ts three valency bonds are connscted each to
an aromatlic grouping of carbon atoms and that these three
bonds ére co=-planar, like those in triphenylmethyl. The
stablility of the triphenylmethyl free radical has been expl-
.a 1ned by assuming that the odd electron on the central
carbon a tom resonates among many of the aromatic carbon
atoms in the moleculee. This 1s a very similar type of

resonance to that occuring in graphitee.

Ae Graphite ferrlc chloride:

Perhaps the most interesting of the graphite
compounds reported to date, is the surprisingly sta ble

graphite ferric chloride, which app&®s to fall into =
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‘different category, as no similar compound is formed by the
friarylmethyls. |

Graphite ferric chloride was prepafed and characterized
by W. RUdorff and H, Schulz (25) in 1940 and is reviewed in the
U. S. publication F.I.A.T. (1948) (22).

When graphite is heated to 200°C, aﬁd above with two or
three times its own weight of.anhydrous fefric chloride in a
sealed tube, the amount of free ferric chloride decreéses. The
ferric chloride which does not react can be sublimed off or
extracted in dilute acid solutions, leaving an apparently
homogeneous green to matt black reaction product which has
increased in weight up to 200% of the weight of the original

graphite,
' Specimené.preparedlbetween 1805 and 300°C. contain
between 72% and 60% of ferric chloride, which is equivalent to
1 FeCl ; 5.5-9 C atoms, Using reaction temperatures betweén
325° and 400°C, the ferric chlbride content falls to between
37% and 31% i,e« 1 FeCl ¢ 23-29 C atoms, and between 400° and
500°C, the product contains only 5% ferric chloride, This is
completely expelled only at a temperature above 500°C,

At 309°C, the graphite ferric chloride complex showed a
pronounced intumescence accompanied by the evolution of FeCls
vapour, This phenomenon was repeated again at 4L09°C. and there
then remained a grey pulverulent substance which still
contained about 5% ferric chloride.

RUdorff and Schulz found that part of the ferric chloride
could be extracted from the complex with water or dilute'

acids or with alcohol, ether, benzene, etc. When extracted in



-(11) ‘
this way the graphite ferric chloride prepared below 309°C.
left a product containing about 56%'ferric chloride no matter
ﬁhat solvent was employéd and independently of the original
graphite crystal form. This value of 56% ferric chloride cor-
responds to about one molecule of FeCl3 to ten C atoms., Treated
in the same way a specimeh prepared between 310 and 40O degrees
centigfade'gave a product containing 31% ferric chloride or one
FeClj molecule to thirty C atoms., The ferric chloride remaining
in the complex after the extraction was found to be extra;rdi-
narily unreactive and specimens of the compound were scarcely
attacked by hot dilute acid or alkali, Reducing agents such as
hydrazine and splfurous acid were found to be without appreci-
able action, Oxidizing agents such as concentrated nitric acid
or not concentrated sulfuric acid however, decomposed the complex,

The properties of graphite ferric chloride and the
stepwise decrease in ferric chloride content, suggested the
existence of two compoﬁnds and this was confirmed by X-ray
diffraction measurements, AThe powder photographs of specimens
containing 56-7&% ferric chléride showed pronounced differ-
ences from those of specimens containing 30-37% of the
metallic salt, The diffraction patterhs were all distinctly
different from those of either graphite or ferric chloride.
Rildorff confirmed from X-ray diffraction measurements, that
the spacing between the layer-planes in the graphite“had
been increased from 3,36 to 9.4 i by the penetration of
ferric chloride molecules., This agreed with the increase
in volume of a single crystal to about 2.5 times observed

microscopically and from density measurements,



- It 1s known that anhydrbus ferric chiloride crystéllizes
in a layer lattice. The iron ions form a regular hexagonal
network above and below which there 1is a parallel triangular
net plane of chloride ions. The dimensional requirements
of these layer-planes along the C axis is about 5.8fA .

The guestion ariseé as to how far'the limits of the ferric
chloride content found by chemical analysis viz. 1 FeClg:‘
5.5¢ to 1 FeCljz: 9C can be correlated with the suggested
crystal structure for graphite ferric chloride. Rldorff
states that this requires an upper limit of 1:6.02~f6r tie
FeClB:C ratio, and that somewhgt‘higher value 1ls due poss-
1biy to caplllary condensatione The compound with the high-
est ferric chloride contaht probably has a hexagonal packing
of the férric lons, and when the excess of ferric chloride
is removed by washing theiferrié ions .take up a triangular'
packing l.e. one in which alternate ferric ions have been
eliminated from the hexagonal arrangement.. In the limiting
- case with thé removal-of half the ferric ions to form the

| triangular arrangemént, the ratio of FeCIB:C would become
1:12.04. 1In the ﬁork done by Ridorff and schulz'in 1940,
tﬁe ratio of 1:10.4 was reported for washed specimens of
graphite ferric chloride. One sample after being boilled

with 10% HpS0, for twenty-four hours gave the ratio 11.9.

Vapour:pressure measurements indicéted that the
ferric chloride taken up by the graphite in excess of
aﬁout 56% was loosély bound and probably only sérved,to £ill
holes In the large mesh network of the more firmly bound

ferric chloride moleculese.
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The effect of temperature on Graphite ferric chloride.

Figure 3. shows the change in the amount of inter=-
calated ferric chloride with temperature, as illustrated
by Rdorff. In the compound prepared below 309 C. the
ferric chloride has renetrated between all the layer-planes
of the graphite lattice. When fthis compound is heated to
309°C. and above there is a sudden evdlution of ferric
chloride as these mélecules are forced from between every
alternate»pair of layer-planeé of graphite. The dottsd lines
represent the purified compounds, 1)with ferric chloride
vetween a 11 the graphite layer-planes, and 2)with the

intercala tion of ferric chloride only hetween every

A
¢
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second pe&lr of layer-planes. It will be noted that between
200 and 309°C. temperature has no effect on the percentage
of ferric chloride held by the graphite in the purified
fully intercalated compound. The same is true for the
second compound bhetween the temperature of 309 and 40900.
Above 409° the percentage of ferric chloride drops again
leaving only about 5% PFigure 4. shows the layer=plane

sequence of the two compounds.
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Figure 4-

The layer-plane sequence of Graphite ferric chleride.

The particular stability of the graphite ferric
chloride compounds has necessitabed some explanation of
the type of bonding they exhibit. As has been mentionsd

previously, the strongly bonded carbon atom laysr-planes
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of the graphite lattice are held together only by weak

van der Waals forces. The extreme inactlvity exhibited

by graphite ferric chlobide, invwhich the graphite laver-
planes have been separated from 3.36 to 9.4 A , makes

it seem Quite unlikely thét the bonding of the ferric chloride
in the compound 1s ofvthevsame type. Ritdorff has found that

-ttt )
the magnetic moment of the fe icns in the compound is

the same as that of Te' ' in FeC 3 and concludes that co-
valent bonding of the Fe-C type is out of the guestion (22)._
He suggests instead, that there is a polarization of the
conductlivity elsactrons of the carbon layer-planes toward
the central layer of iron atoms but that these remain
essentlially ionic. One can then imagine some degree of
eleotrovaient bonding of the chlorine ions to the macro
positive ilon layer=-planes. |

| In view of the nature of the bonding of the ferric
ione and the configuration of atoms aboub them.ih the
graphite ferric chloride structure, it seemed that an in-
vestigation of the possibility of exchanging these lous
or of ejecting them from the lattice by Szilard Chalmers
reaction, would be of interéstvand perhaps further eluc-

idate the structure of the compound.



2e RADIOCHEMICAL THEQRX_ o . .

. Nuclear chemistry is a field of activity as old
as nuclear physics. The workers in the late nineties
made studies of the possible influence of chemical binding
on radioactive decay and searched among the elements for
those displaying radioactiveproperties, with the result
that a number of new elements were discovered, existing
only in radioactive forms. Nuclear sciencs remained pre-
dominantly in the hands of physicists, howsver, in spite
of the vast chemical implications of developments in
nuclear transmutation and artificial radiocactivity that
had made available radiocactive forms of all of the chemical
elements..

With the developments in "modern alchemy", born
with the emergence of the uranium~chaih-reactingApile,
chemists of the world began to play a more prominent role
in nuclear researche Today nuclear chemistry has achieved
gréater importance as a part of chemical science, rather
than as an operational appendage of nuclear physics.

The basic principles of radiochemistry haﬁe been
well worked out on the na turallonccuring radiocactive
elements by such ploneers as Heresy, Paneth, Fajans, Hahn
and others (5). With the extension of radiochemical tech-
vniques to,alllthe elements, the field of radiochemistry
expanded tremendously as chemists hastened to make use of
thls powerful new tool for researéh. The voluminous lit-

erature that has been compiled on radiochemical work



necessitates that this discussion be confined to only the
partlicularly relevant topics of exchange reactions and the

Szlilard-Chalmers reaction.
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A. Isotople Exchange Reactlonse.

Siace artificially produced radiocactive isotopes
have become readily avallable to scientific workers, a
great deal of information concerning the nature of chemical
linkages and the mechanism of reactions has been obtained
from a study of the exchange of isotopic atoms. The 1it-
erature of such researches has become gquite voluminocus
and 1t 1s not within the realm of this paper to more than
mentlon some general considerations.

The kinetlc mechanisms operating in systems at
equilibrium or in the steady state can be studled directly
by the use of isotopic labeling technlques. In typical
experiments on isotopic sxchange all participating molec=
ular speciles arse in elsmentic equilibrium and the ovefall
chemical compositlon of the gystem 1s maintalined invarilant
throughout the sxperimental period. One or more of the
reacting molecules 1is labellad by incorporation of a radio-
actlve 1isotope of a constituent atom and observations are
made on the rate at which isotopic sqguilibration iz attained.

The rate law for isotopic exchange reactions 1s
first=-order in the concentration of isotopic-lahellsd mol=-
ecules (15)e This gensralization is a consequence of the
requirement that the overall chemical composition of the
reacting syétem he maintained invariant. Thus, supposse
the exchange rsaction to be written in the form

' 1
AX + BX' = ax' + BX (1)
where the prime symbol refers to the isotopically labelled



(19)

atom. In such a reaction, there must exist some reversible
mechanism whereby the atomic partners are enabled to exch-i
ange positlons in the mdleoules AX and RXe. .Suppose this
mechanism dictates a rate of exchange R Which is any function
of the thermodynamic concéntrations and a system variable |
such as temperature. Then, the first-order law for the

exchange of isotope 1s

E oty B

where a 1s the concentration in moles per litre of molec~
ules/ax)+(Ax’) , b the concentration of molecules (Bx)+(8x’), x
the concentration of isotopic ﬁolecules (AX?') and y, the
concentration of isotopic moleoules (BX1). 'The generalilzed
equation involving polyatomic types AXn‘will be aménable

to the same treatment if the concentration of the reacting
species are expressed in gram atoms per.litre. This expr-
ession implles fhat, no matter what the overall rate of
exchange reaction may be, the rate of appearance of labelled
isotopes in the moleéules inltially unlabelled fdllpws a
first-order lawe |

From equation (2) it is easy to show that

— - & b gy - Xxe
Rt (a)+(b) ( / )

where t 1is the time and Xe is the concentration of isotope
In AX at equilibrium.

The requirements for an 1lsotopic exchange then are,
(l)the existence of some reversible equilibrium whereby |

the reacting molecular species may consummate the eschange,
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and (2) that no isotoplc differentiation can occur. It is
Important also to note that slde reactions due to radiation
~effects should be taken care of in control experiments at
different radidtion levels. |

A great number of experiments have been éarried
out by various workers seeking correspondences between types
of chemical bonding and the kinetics of isotopic exchange,
It is of interest to mention some of thess experiments here.

The great mass of informatlion gathered about the
structure of mélecules using méthods based on X-ray diffréction
elsctron=-diffraction, magnetié analysis, measurement of
electric moments, band spectrum analysis, etc., has been
remarkably well corfelated and systematized in terms of
the classificetion of chemica 1 bonds into covalent,electré—
valent and metallic types. Paullng has extended thls class-
1fication of chemical bond type (17) using a quantum mech-
anical approach based on the additivity of bond energles
calcuiated from atomic orbltal theory. |

To evaluate correlations between isotopic exchange
data and bond type, one should neglect systems in which
“ there exist_obvious_routes for exchange through ionic mech-
enisms. gystems involving couples such as Brp / Br Hg“'/
Hg£+, Fe(CN)g'/ Fe(CN)éF etc., have been observed to exhibit
rapld exchange through electron transfer, either through
an lonlzstion mechanism or through an intermediate complexe.
Howéver, useful information about such bdnds is infrequently

obtained from observations of éxchange rates.
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Other investigations involve systems for which reaction
mechanisms involving bond splitting and dissociation equil-
ibria other than those of ionization are requisite in pr-
oducing exchange. Bonds between atoms in molecules partic-
ipating in such exchanges were classified as "pure" covalent
or electrovalent or as a mixture of these two extreme types,
on the basis of nonJisotopic techniques. Then the criterion
‘based oh rapidity of exchange was appliéd'to ascertain wheth-
er any correspondence existed between degree of covalency
and rate of exchange.

In crystalline diphenyliodonium lodide it hes been
shown by X-ray anlysis (13) that two lodine bonds are co-
valent and one ionic. The X-ray'data are consistuent with
a scheme involving the two covalent bonds in the lodonium
ion with the ionic bond between the lodonium ion and the
iodide viz.'(06H5)2I+H I o When this substance is brought
intec sgueous sclution in the presence of labelled I and
then recrystallized from solution, labelled icdine i1s found
in the solid. This labelled iodine can be removed with
silver lon (as the hydroxide), the resulting (CgHs),IOH
containing no la belled iodine. Furthermore no exchange
can be detected'between the two i1iodine atoms of the diphenyl=-
iodonium iodide itself (9). | |

It has been showm by J.F. Flagg, that in cobéltous
cobalticyanide, there 1s no exchange between the cobalt
stoms (3)e Here the cobaltoﬁs atoms gre(obviously ionic
whereas the cobaltic atoms are assume% to be held mainly

by covalent bonds by analogy with other cobaltic complexes
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for which maénetic susceptibility data are available.

Another experiment illustrating good correlation
between covalensy and no exchange and between ionlc binding
and rapid exchange was carried out by F.A.Long in 1941 (11).
The research reported on the exchange between free oxalate
ions and bomplex oxalates of iron and cobalt. From measure=-
ments of ma gnetic susceptibility it appears that the bonds
between the central atom and the oxalate ions in the cobalt
complex are covalent whereas in the iron complex they are
mainly electrovalent. When these complexes are brought
into aqueocus solution aé the alka 11 salts in the presence
of free oxalate ions lesbelled with CM" 1t 1s found that ferric
trioxalate exchanges rapidly whereas the cobalt complex
shows no exchange. |

S« Ruben states that, "many examples may be cited
to support the nbtibn that electrovalent linkages lend them-
selves to rapid exchange and covalent linkages do not.
However the cogeny of examples such as those cited is weak-
ened by the fact that in practically all cases the exchange
1s observed in a polar solvent in which dissociation equil-
ibria operate and what is usually belng measured 1is merely
the tendency of lonic linkages to lonize. Tt is not diff-
icult to find systems 1n whilch the readiness of atoms to
exchange bears little relation to the assigned bond type".
(20). '

- There 1s no exchange between magnesium lons and the

magnesium porphyrin, chlorophyll, dissolved in an BO%Aggiione

ution. One may assume the central megnesium atom to be held
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primarily.by electrovalent linkage because of the high
degree of electropositive character of magnesium compared
to the coordinating nitrogen atoms of the pyrrole constit-
uents of chlorphylls Nor does exchange occur between Fe'**
and ferriheme, ferrihemoglobin, ferric pheophytin and ferric
" tetraphenylporphin, or between cu*tana cupric pheophytin
uslng various mixed sovents to effect a homogeneous system -
(20); In ferriheme or ferrihemoglobin, and presumably in

the other porphins cited, the magnetic data indicate mainly
electrovalent bonding. Yet no exchange occurs.

Another 1ntereéting experiment was carried out
using.the compound ferrouse,& -dipyridyl sulfate (C10H8N2)3-
FeSO4. The complex salt is known to be diamagnetic and
Pauling hasvconcluded that Ihe Fe-N bonds are therefore
mainly covalent. Nevertheless an exchange of about 25%
with Fe'* in aqueous solutlon was noted after two hours (20).

From a consideratlion of the dataxavailable at pres=-
ent 1t appears that there need be no systematic correlation
between covalency or electrovalency and rate of isotopicx
exchange. The factors which influence such exchange, 1l.e.
strength of bond, steric hindrance, solvent interactions,
equivalent states available, etc., are not yet clearly def-
ined or separable for either extreme type of bonding, let
alone for mixed types. Thefefore it is permissible only
to make the rather attenuated statement that any atom bound
in a molecule whether by a covalent or electrovalent bond,
will not exchange with similiar atoms in another molecular

species unless & mechanlism exists for bringing such atoms
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reversibly_into equivalent states.
It is becoming more apparent to investigators in
these researches, that structursal relations are Very important
and perhaps predominate over bond type in determining exchange
rate. In the porphin type structures already mentioned
it 1s necessary to break a "fused" ring, i.e. four bonds
must be broken simultaneously. Hence one may expect little
or no exchange because the "fused" ring structure does not

‘permit the escape of the central atom and the equilibrium

- 1nvolved 1s practically irreversible in favor of the bound

atomes TIh exchangeable compounds with a ring consisting

of separated molecules instead of a ?fused" ring type, there
exists the possibility of stepwise dissociation with equil-~
ibria involving ﬁolecular species in which the metal ion

is held by two or less bonds.

It has seemed of interest tb extend these lnvestig-
atlons to another "bound atom" type structure, namely,
gfaphite ferric chloride (CleeClB)n. X-ray studies have
shown that the Fe' & lons between the large layér-planés
of tightly bonded carbon atoms of the graphite lattice, form
a trilangular planar network above and below which there 1is
a parallel net plane of Cl1 ions. Ridorff (22) has féund
that the magnetic moment of the Fe+++ions in the compound
is unchanged with that of Fe+++ions in FeCl3 and suggests
that the bonding of the ferric chloride in the lattice is
thebresult of a polarization of the conductivity electrons

of the carbon layer-planes toward the central iron ions.
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This explanation seems valld, for it would be difficult
to account for the extreme inactivity exhibited by graphite
ferric chloride if one was to assume that the metallic
chloride was held by no more than the van der Waals forces
between the lattice layer-planes.

From a‘consideration of the configuration of
atoms around the Fe'"" ions in this "sandwich" structure for
(C12FeCl3) , it seemed unlikely that the iron ions in the
compound would exhibit any rapid exchange with Fe'*" ions
in a quéous solution. The series of experiments to be

described herein was done to determine whether such exch-

ange took pla ce under any of a variety of conditions.



(26)

B. The Szilard-Chalmers Reaction in the Chain Reacting Pile.

A well known field of nuclear chemistry based on
the special propertiles of recoil atoms is that of the Szilard-
Chalmers reacﬁiop, wherein the radioactive atoms from neutron
activation separate themselves from the bulk of material being
irradiated (36) (30).‘ The radiative capturs of a neutron
by a stable nucleus is.an‘important nuclear reaction, which
frequently gives rise to a useful radioisotope. Howsver, the
chemical identity of the active isotope with the unchanged
target element places serious limiﬁgtions‘on the specific
activities obtained by thls reaction. The Szilard-Chalmers
reaction, which effects separation of the acfivated atoms
from the target material by virtue of the gemma-ray recoil,
can be used to enhance the spegific activity of the active
material under favorable clrcumstances.

Three conditions have to be fulfilled to make a
Szllard-Chalmers chemical separation possible,(l)The radio-
active atom in the prbcess of its formation must be broken
loose from 1ts molecule and it must not recombine with the
molecular fragment from which it separated. (2) The element
must be capable of existence in at least two mutﬁally stable
and separable forms. (3) At least two of these forms must
show lack of rapid isotoplc exchange.

Most chemical bond energies are in the range of
‘1 to 5 eve (20-100k. cals. per mole). In any nuclear reaction
involving heavy particles either entering or leaving the nuc;

leus with energles in excess of 10 or 100 kev. the kinetic
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energy imparted to the residual nucleus far exceeds the mag-
nitude of bond energies. In the case of thermal-neutron
capture; where the Szilard-Chalmers method has its most imp-
 ortant epplications, the incident neutron does not Impart
nearly ehough energy to the nucleus to cause any bond rupture,
But neutron capturebby a nucleus 1s accompanied by the rel-
ease of 8 or 9 m.e.v. of evergy in the form of several ener=
getlc gamma quanta. The recoll energy thus imparted to the
capturing atom may be as much as one hundred times as great

as the energiles of the chemical bonds in which it participates.
Thus 1in most n, ¥ processes the probability of bond rupture

is very high.

The third conditlion for the operatlion of the Szilard-
Chalmerévmethod requires at least thét thermal exchange be
slow between the radicactive atoms in their new chemical
state and the lnactive atéms in the target compound. However,
the energetic recoil atoms may undergo exchange more réadily
than atoms with ordinary thermal energies. It is these ex~-
change reactions and other reactions of the high-energy recoil
atoms ("hot atoms") that determine to & large extent the sep-
eration efficiencies obtainsble in Szilard-Chalmers processes
(36); Recent attempts to enrich activities produced in the
high flux of the chain-reacting pile have shown the high
gamma and neutron radliation fields cause marked chemical
changes in the bombarded-compounds aside from the effects
of accompanying activation. That such reactions may yield
products éimiliar to those obtained in activation reactions

is to be expected, since both types are essentially a decomp-—



(28)

osition by excitation. But radiation decomposition can
yield small amounts of the chemical form in which’the act-
ivity 1s found, thus diluting the active lsotope. It is also
possible that the fadiation field will cause further chemical
reactioﬁs of the separable activs 1sotqpe which may change it.
to a form which 1is no longer sepsarable, or cause some of tﬂe
inltlially separated activity to be lost by a radiation-induced
back reaction. As suggested by R.R. Williams, the rate of
decomposition 1s undoubtedly related to different flux comp-
onents from those responsible for activation (36). Variatidns
among these compbnents must be elimiﬂaﬁed or measured before
a qﬁantitative'test of the proposed rate'eqﬁatiohs will be |
possible. Many wbrkers are engaged in a study.of ﬁhese proc-
esses and it is likely that much more than the present qualit-
ative data will soon be available. | |

The reactions which the "hot" atom or fragment will
undergo depend to-some'exﬁent on the nature of its environm=-
ent and in this connectlon the present research on the effect
of pile.irradiation on graphite ferric chloride (C12F6013).A
weas carfied oute | .

The lérgest amount of work in the field of Szilard-
Chalmers sepa rations has been done on halogeh compounds (29)
(32). Many different organic halides (including CoHsT, CHyI,
0Cl,, O2H,Cly, CpHsBr, C,HyBr,, CgHBr) have been'irradiateq

_ . . 38
and the products of nsutron capture reactions ( 1128,01 s

Br80, Br82) removed by various techniques. Se.iparations of

ha logens with 70 to 100 per cent yields have also been
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obtalned in neutron irradiations of solid or dissolved chlor-

ates, bromates, 1odates, perchloratesband periodates.

The bombardment of metal-organic compounds and
coﬁplex gsgalts 1s often useful fof Szilardlcbalmers separat-
i lons 1f the free metal ion does not exchange with the compound
and if the two are separable. Some of the compounds which
have been used successfully are: cacodylic acid (CH3)2AsOOH,
from Which As76 can be separated as silver arsenite in 95%
yield; copper salicylaldehyde o-phenylene diamine, from which
as much as 97% of the Cu64 activity can be removed as Cu++
ion; uranyl benzoylacetonate, U02(06H5COCHCOCH3)2,'from which
g239 activity has been extracted in about 10% yield. It has
“been suggested that metai lon complexes which exist in opt-
ically active forms and do not racemize rapidly may be gener=
ally sultable for Szllard-Chalmers processeé because the metal
ion in such a complex 1s not expected to exchange rapidly
with free metal ion in solution. Some complexes of this type
have been used sﬁccessfully, e.g. the triethylenedlamine
nitrates of iridium, platinum, rhodium, and cobalt.

Recent studies of the irradiation of thesse
cobalt complexes have shown the dependence of a successful
Szilard-Chalmers' reaction on .the configuration of the compl-
exing molecules éurrounding'thé central metallic atom. Pe
Slle and G. Xayas in 1948,'1rradiated in a neutron flux, the
three cobalticomplexes , hexamine cobalt III nitrate

Co(NH;)g (NO3),, tristhylenediamine cobalt ITT nitrate

Co(en)3 (N03)3 and diethylenetriamine cobalt ITI nitrate
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Co(tri), (NOB)B (31). They found for all three compounds,
that.isotobic exchange, within experimental errors, was nil.
The percent yields of separated activity, however, varied
greatly for the three compounds. From salt no. I, hexamine
cobalt III nitrate, they were able to extract 86% of the total
activity as the hydroxide. From salt no.II, wherse the ethy-
lenediamine molecules each take up two positions in the oct-
#hedral configuration of the cation, the amount of ﬁhe act-
ivity separated dropped to 75% of the totél In the case of
salt no.III, dlethylenetriamine cobalt III nitrate, the
ethylenetriamine molecules each cover three positions of the
octahedral afrangement around the central cobalt atom. Here
the Szilard-Chalmers separation was successful to the extent

of only 10%.

; .
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" Figure 5 - Steric hindrance in cobalt .complexes.

These somewhat conclusive results are explained by the authors
who state that when an activated recoiling atom of this type

is surrounded by a number of large interfering molsecules,
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that 1t 1s more 6r less improbable that there will follow
any bond rupture allowiﬁg the ejection of the "hot" atom
from the compound. It 1s assumed that, under the effect of
the shock, the coordinating chain enters into vibration and
absorbs sufficlent energy to prevent the reco6il atom from
leaving thé molscule. This steric effect results in the
production of an active compound with most of the A+l isot-
oplc atoms still bonded in the same position as the neutron
| capturing_atbm they replaced.

It i1s suggested that, ih the case of a coplanar mol=-
ecule, this steric effect would not be as pronounced, leading
to a fairly high yield of separated activity., It may be of
interest to mention that Szilard=Chalmers reaction on uranium
by means of uranylgﬂicyléldehyde o-phénylenediimine gives a
yleld of about 80% (14). The central atom of this compound
is enclosed in a large and coherent organic molecule and the
high yieldwis likely due to the probable éoplanarity of the
moleculs which enables the uranium atom to escape. -

Consider now the case of the very stable graphite ferr=-
ic chloride (CleeClB)n with the ferric chloride molecules
bound between the layer-planes of carbon atoms in the graphite
lattice. As has been suggested, the probabllity of any rapid
isotopic exchange between ferric lons in solution and the
iron exlsting as ferric chloride bound in the graphite lattics,
seems somewhat remote. It 1s therefore likely that any iron
activity separated by a Szilard-Chalmers process on this

compound could be obtained in high specific activitye.
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Howeﬁer the configuration of atoms surrounding each
iron atom 1In this "sandwich" structure, would very definitay
be expected to contribute to a large retention of the activ-
ity by recombination reactions, and result in a low yield of
separated activity follgwing neutron irradiation;

The success of a Szilard-Chalmers separation on
(012F8013)n was determined following irradiation of a dry
purified sample of the compound in Canada's National Research
"Council atomic plle. The results and discussion of these

experiments follow in the experimental section of this paper.
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3o RADTOCHEMICAT TECHNIQUES.

In radicactive tracer expserimsents, a radioactive
1sotope 1s used as an indicator to trace or follow the paEh
taken by the 1lnactive isotope. The radicactive isotope decays
with the emission of alpha, beta, or pamma rays, or possibly
positrons and these radiations can be measuréd with a suitable
instrument such as an ionization chamber or a Geiger ccuntere.
By taking suiltable precautions, thevmeasurements can be made
quantitative.

The decay of a radioactive substance follows the

exponential law -At
N = No€

where N 1s the number of unchanged atoms at time t, No is
the number present at t-0, and A is the decay constant. The

half-1ife t% of a radiocactive species is given by

ty = .Iaf

In practical work the number of atoms ¥ is not
directly evaluated, a nd even the rate of change dVdt ig
usually not measured absolutely. The usual procedure is to
determine the activity A, with A=CAN , The detectlon coeff-
lcient C, depends upon the nature and efficiency of the
recording instrument and the geometrical arrangement of sample
and detector. In cases where the decay of the radiocactive
specles 1is appreciable during the course of the experimeéent
it 1s necessary to correct for the resulting dscrease in act=
ivity before comparative determinations can be obtained,.

The limit of sensitivity of a Gelger=-Milller counter

is set by the background counting rate which must he subtrac=-
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ted to find the acti#ity of the sample. By sheathing the
enclosed counter with a few centimeters thickness of lead
most of the ionization from small amounts of actlvity present
as impurilties in construction materials, and from the épprec-
iable and Variable»amount of radon, thoron, and their decay
products containéd; in the air, can be eliminated. However
the cosmic-ray effect will still be significant and fesults
in a background counting rate of from 20-25 counts per min-
ute. |

Because radloactive deéay is a random process, ultimate
accuracy 1ln assay of radioactivity 1s limited by statistical
fluctuations inherent in counting data. This random phenom-
enon 1s subject to established methods of statistical analysis
which have been verified abundantly by experlment. The term
"standard deviation" aé used in the experimental section of
this thesis is equai to the square root of the number of
cognts obsgrved. The probable error, defined as the error
WhiCh is as likely to be exceeded as not, is 0.6745 timss
the standard deviation. Ip general, the counting is suff-
icient in duration to make.the standard deviation less than
errors from non-statistical sources such as sampling uncert-
ainties and uncontrollable chemical lossese | |

In the research to be described} only relative counts
from activities were required and many of the corrections
necessary to obtain an absolute count; such as external ab-
sorption loss, backscattering and sample geometry, were
eliminated‘by standardization of counting techniques. A com=-

plete descriptioh of the experimental methods followed in
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this research has been included in the experimental section
of the thesis. It hés seemed more convenient to leave any
discussion concerning the validity of counting rate results
and the justification of the manner of handling the required

correction problems until that more appropriate time.



EXPERIMENTAL .

le Preparation of Graphite Ferric Chloride, [clzpec13] oo

- In view of the nature of the experiments to be carr-
led out, it was decided that the fully intercalated graphite
ferric chloride kleeCIiln would be better suited to our
purpose than the second compound containing less ferriclchlor-
ide. Accordingly, 1t was the compound containing about 56%
ferric chlorilde which was prepared in all cases by keepilng
the reactilon temperature below 309’0. .

a.) Anhydrous Ferric Chloride: Dry Cl, was passed over C.P.

iron powder containéd in an electrically heated Pyrex tube
at 350°C. Beautiful hexagonal platelets of a decp red wine
color formed throughout the cool portion of the tube. Dry
aif was admitted during the cooling and the crystals were
removed and handled only in a dry box. To prepare the
active chloride, radioactive iron Wirg was ‘used together
with the powder,

be.) C1pFeCly: Acid purified, 200 mesh graphite, (3-66

Graphite powder-FisherScientific Co.) was mixed with three
times‘its weight of anhydrous ferric chloride, sealed 1n a
Carius bomb tube, and heated for twelve hours at 305°Coe

'fhe approximately 47% of the reaction product which is excess
ferric chloride was removed by successive refluxings with

. hot 6N HCl. After a total washing time of 36 hours a further
refluxing at. 100°C with a one gram sample gave no test for
Fe ' " twith NH,CNS or less than 4.3pgm. Fe as determined
radiometrically. 6N NaOH at 80°C showed no action on the

(36)
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graphlte.ferric chloride after purification. The compouvund
was stable in alr and decomposed at temperatures only above

309°C (with evolution of Fecl vapour) .

3
From the initial weight of graphite and final weight
of compound, the percentage cowmposition was determined and

found always to correspond to Cy,FeCl a compound containing

37
53% ferric chloride. According to Riidorff (22) this same
composition results throughout the preparation range 200 to
309°C. and independently of the original graphite crystal
form (8).

X-ray diffraction measurements on the 012F6013 powder,
made with a Phlllips-Geiger Counter X-ray Spectrometer and
using the 1.539 A Cu line, showed three'peaks at d=9.40,
4+66 and 3.13 £ .« The first of these has been Interpreted
by Rftdorff as the separation of the planes of carbon atoms.
His value was 9.4 ﬁ .

In the three tablss which follow, are set down the
numerical results from X-ray diffraction measursments on

graphite, anhydrous ferric chloride and C;,MeCl In sthe

column headed "degress" ls listed the glancing zngle, squal
to twlce the ©in the Bragy equation mA = 2d sin® | 7he
second column contains the valuss of d, the distances betwesn
reflecting atomic planes. The values Q/L»listed in the third
colunn, are the ratios of the intensity of the reflected beam
of X=-rays to the greatest intensity observed. The values

listed for anhydrous ferric chloride 1n Table II. have been

obtained from the literature. Tables I and ITT contain the
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values obtained for graphite and CipoFeCly from diffraction
measurements made In the laboratories of the British Colum-

bia Research Council, who so kindly permitted the use of their

X-ray Spectrometer.
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TABLE I

X-ray Diffraction Measurements on Graphite

Graphite 3.36 1.68 2.02

}Degrees (20) dA lZl’
24,0 3.701 0.13
26.5  3.36 1.0 =
41.2 2.187 0.1
4242 | 2.137 : 0.13
43.0 2.100  0.16
hlpe8 2.02 0.3
4640 1.969 0.12
5002 1.82 0.1
5445 1.68 0.7 %
56.2 1.63 0.09
6040 1.539 0.1
61.6 1.503  0.06
7.0 1.236 0.21
83.7 1.154 0.19

 85.0 1.139 0.06

8644 1.122 0.13
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TABLE ITI

X-ray Diffraction Measurements on Anhydrous

perric Chloride.

FeCl, 2,68 2.08 5.9

Degrees (20) . dA I/1.

15.0 5.90 0.32 %
17.4 5.10 0.05
18.5 | 4e79 0.06
19.8 4 .50 0.03
2944 | . 3.03 0.03
3344 2.68 1.00 *
3744 2.40 0.02
4345 2408 0.40 *
4642 1.96 0.03
52.1 | 1.75 -~ 0.30
5540 - 1467 0.06
5éo5. 1.63 0.16
63.5 | 1.46 0,06
70.1 1.34 0.05
80.5 1.19 0.03
87.2 1.12 0.05

x A.S.T.M.Philadelphia,Pa.,X-ray diffraction powder patterns
J.D.Hanawalt and co-workers,card index.
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TABLE TITT

X=-ray Diffraction Measurements on Graphite

Ferric Chloride ClZFe(H3 .

LA

9¢4 4L e66 3.13

012F9013

Degrees (29) di I/To

841 | 10.90 0.30

94 9440 0.64 *
11.8 - 7 49 0425
19.0 466 1.00 *
26.8 3.32. | 0.21
2845 3.126 0.81 *
3545 24524 0.09
4569 1.973 0.07
5242 1442 0.11
5541 1.663 ~0.09
58,8 1.567 | 0.10
‘63.6 1.464 0.08
68.1 1.374 0.12
8042 ’ 1.195 | 0.05

80.8 1.187 0405

81.8 1.175 0.09
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Plate I : X-Ray diff:actioﬁ patterns of

I - Graphite
II - Anhydrous Ferric Chloride
11T - Graphite Ferric Chloride.
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Plate I shows the comparison between the three X-raymw~
diffraction diagrams. I - graphite, II - anhydrous ferric

chloride and III - graphite ferric chloride (C FeClB).

12
It will be seen that the pattern for graphite ferric chlor-
ide 1s distinctly different from that of either gréphite |
or ferric chloride a nd it is_apparent‘that no free ferric
chloride exists in the compound.

The value obtained for the percentage ferric chloride
in ths.compound compares very well with the limiting value
of FeClj;C equallto 1:12.0/ required by the crystal struc-
ture as determined by Riidorff. Rigorously purified spec-
imens gave the consistent figure 53% ferric chloride, which
corresponds to a FeClj3:C ratio of 1:12.02. This figure
which 1s somewhat better than the value 1:11.9 reported
by Rlidorff (22) is probably due to the 1onger period of
acid;leach.purification employed in‘thié worke

In view of the experiments to follow, it was necessary
to determine to what degree of certainty the last traces
of free ferric chloride had been removed from the purified
C12FeC1

1). 5 gmse of C 2F8013 were purified by successive

1
refluxings in 6N. HCl for thirty-six hours. This specimen

was then treated to a further refluxing in 100mls. of 6N.

HC1l for six hours, and the acid extract tested for pettt

.with 1% NH4CNS solution. The NH4CNS reaction with Fe** ™
which 1s well adapted to spot tests has a sensitivity of

0.25 n.g.me Fo' "V and a concentration limit of 1 in 200,000,
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The acid extract solution was evaporated to 10 mls.
before testing. 1 ml. portions gave no coloration with
the reagent and were therefore aésumed to contain less
than 5 pe gme Fe'*" o Therefore the 100 ml. ecid extract
from the 5 gm. sample of CléFeClg could not have contained
more than 50 n. gm. ret'", or less than 10 e EMe re’ " per
gram of graphite ferric chloride tested.

2). A second test for completeness of removal of
free Fo' ' 'was made using radiocactive C1oFeCly. The active
Clee*Cl3 was measured at 229x103 counté per minute per

3 c.p.ms from 0.1820

gme which was equivalent to 229x10
gm. Fe . vThe sample was treaﬁed by the 36 hour washing
procedure and then examined as follows:
5 gms. Cl2Fe*013 refluxed with 100mls. 6N HC1l for
4 hours. '
The 100ml. acid solution was evaporated to 1lOml.
and tested for activity.
lml. acid extract soln. gave 440%21 c9unts/10 min.
=412 CoeDeMs
Background count = 44*2 G.D.m.
Probahle error 0.6745x 2= 11,35 CspeMe
Maximum sctivity due to Fe" " in extract = 2x1,35
Cepems/mle= 2.7x10 co.p.m. in total volume of extract.
229XlO3 c.p.m. are recorded from 0.1820 gm. Fe.
-~ Max, Fe in acid extract: 27 3 x 0.1820 =21.5 p.gm. from
229*16
5 gme (012F6013)

-.less than 43 Vegm. Fe extractable/gm. CleeCl3
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From a consideration of the above results it appeared
reasonably certain that we were dealing with,clgFeCIB,
and of sufficient purity to be suitable for use in the
foliowing experimentsvon exchange and the Szllard-Chalm-

ers reactlione.
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2+ Tests for Exchange between Graphite Ferric Chloride

and Ferric lon, using Radioactive Fesg.

012F601

3

The exchange‘experiments were performed by shaking
portions of finely powdered radio-active graphite ifon (59)
III chloride in solutions of inactive fefric lon of various
P.H.'s, temperatufes, and solvents. The reverse procedure,
using radioactive iron (59)III chloride solutions, was also
carrlied out in some cases. These mixtures were mechanically
shaken for various lengths of time, then separated by cent=-
rifuging., Aliquots were withdrawn and the specific activity
of the active components determined from the counting rate,
corrected for decaye. |

The conditions‘of the experiments were varied consider-
ably but the same generél procedure was followed in svery
case. Tests for exchange were carried out in acid media.

As well as ferric chloride, aqueous solutions of ferric
nitraté and ferric sulfate were mixed with the active compou-
nd. To test the effect of temperaturé on the rate of exchange
all the mixtures in agqueous media were shakeﬂ at temperatures
of both 20 and 80 C. The influenoé of solvent interaction

on the exchange was observed by carrying out experiments

using ferric chloride dissdved in ethanol, diethyl ether,
iso=-propyl ether, acetone and benzyl alcohol. 1In one exper-
iment using benzyl alcohol as the media, tests for exchange
between graphite ferric chloride and ferric lons were made

" at a temperature of 19000.
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Radiocactivity Measurements: Pure iron wire was activated

in the neutron flux of the Canadian N.R.C. pile at Chalk

River, Ontario. A mixture of the 47 day Fe59

emitting 0.26
and .0.46 Mev. beta's and 1.10 and 1.30 Mev. gamma's and the:
4 year Fe55 Which decays by K capture emitting 0.07 Mev X-
rays, was received with an activity of 0.059 mc. Fe59/gm.
plus about 0.29 mc. FeBs/gm. This was mixed with Fe powder
and converted to ferric chloride as already descfibed.

The decay curve (Fig. VI), over a five month period
is linear with a T3 of 47 days, indicating no need for a

55radiation.

correction for the weak Fe

Measurements were made with an "end on" GoMe self
quenching counter made by the U.B.C. Phjsics De:partment.

Tt had a 3mg./cm® window 2.0cm. in diameter, and a 150 volt
plateau which was flat within 1% statistical error and over
which the count increased 8%. (Fige. VII) The counter was
mounted on a lucite base and shiselded to a background count
of 42%2 counts per minute. The pulses were counted by a
Nuélear Instrument Co. Model 163 scéling unit. Response

was lihear'to 2% uﬁ to 3300 counts/minute.

Samples were counted on 1° diameter watch glasses,
placed in an easlly reproducible position about 3cm. below
the counter windowe The samples of graphite ferric chloride
compared were always less than 0.2 mg. per cm.2 and hence
no self absorption correctioﬁ was made in calculating spec-
1fic activity. The initial activity was 0.1 pc. per gm.
of compound, corrected only for background. The evaporated

ferric chloride solution_sémples however, were often thick
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enough to requife a self absorption correction. This-was
hendled in the usual fashion. Aliquots of 0.2, 0;4, 0.6
and 0.8 mle of solution were pipetted onto the watch glasses,
evaporated to dryness using an infra red lamp, and counted.
The measured activity per unit volume of sample in each case
was calculated:(apparent apecific activity), and plotted
against the actual volume of the sample used. From this
curve, extrapolated to zero volume (i.e. zero thickness of
sample) was obtained the true specific activity. The solut-
ions of radiocactive 1ron (59) III chloride used were prep-
ared from a standard O.4M solution of P.H., 1.0, The activ-
ity of this solution corrected as above and for background
was 580_dounts per minute per mge. of iron. Later measure-
ments of both solid and solution were corrected for decay
back to this time. |

Exchange Measurements: A 0.01 to 0.15 gm. sample of clgE@C13

was mechanidally shaken with 5ml. of a solution containing
ferric lon and centrifugede The specific activity of the
ﬁashed solid and of the solution'were determined ( and corr-
ected for background and decay, and in.the case of the evap-
orated solution aliquot, fof self absorption) as describedv
above. ,
The variations made in the conditions were:

1) P.H. ¢ 0.2 to 3.0

2) Temperature : 20 to 80°C. for water and to 190 for

benzyl alcohol.

- 3) Solveht for FeCly : water, ethanoi, acetone, diethyl

ether, isopropyl ether, benzyl alcchol.



4)
5)
ej

7)
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Anion : chloride, nitrate, sulfate.

Active iron in the dompound only or in the soiution
only.

Time of shaking.

Concentration of ferric ion and weight of compound.
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RESULTS AND DISCUSSION.

» The data obtained on the exchange of graphite ferric
chloride and ferric ions in acid solution, are presented in
Table I. The quantity%/t represents the specific activity
expressed in arbitrary units. I is the counting rate in
counts per minute corrected for decay, and ¢ is the number of
milligrams of iron.present in the sample of the graphite
ferric chloride being countede 1In cblumn 7 1s recorded the
specific actlvity of the original graphite iron (59)III
chloride, in column 8 1ts specific activity after remaining
for the.recorded length of time in the solution described,
and in the last column the specific activity calculated for
complete exchange.

The results of the experiments reported in Table I
show that no appreclable exchange takes plaoe betWeen_CizFé*-
013 and Fe*+rin acid solution within periocds of time up to "
twelve hours. Further observations on some of bhese reaction
mixtures were made‘after they had been shaken for ninety-
six hours, and again after standing ih the laboratory for
a period of four months. In all cases the exchange was
negligible. (Table II).

Reaction temperatures above room temperature wers .
obtaiﬁed bj connecting a hot water circulatory system to
the mechanlical shaker. Where tests for exchange were
made using an aqueous medium a maximum temperature of 80
was used. Table“III shows the results obtained from comp-

arisons at différént temperatures, of tests for exchange



~ Tests for Exchange between ClgFe*Clq and re'*tin Agqueous Acid Solution at 20 izo Ce

I /C

" Re

No. CjpFe*Cly  FeCl Conc. of P.H. Time of I/c 1/c
gms., soln."mls. FeClz M. Shaking (original) (obs. at time t) (ecalc.)
1.  0.025 5 0.01 1.1 4 min. 125949 1257:8 780
0.025 5 0.01 1.1 2 hfsf 125949 1251:10 780
3. 0.010 5 ' 0.05 3.0 1Bre  o60e10 1249:14 145
bo 0.010 5 0.05 3.0 8 hr?' 126010 1249112 145
50 0.025 5 0.10 1.2 fmine 9560410 1253114 176
6.0 0,025 5 0.10 1.2 2 hrs. 126010 1262210 176 - 13
7..  0.030 5 0.167 1.0 4omine | 1257:11 125410 131 |
8  0.030 5 04167 1.0 6 nrs.  1257:11 1251:11 131
9e 0.025 5 0425 1.0 4 min, 125518 1261+10 78
10.  0.025 5 0.25 1.0 12 hrs.  1255:8 126019 78
11. . 0.025 5 010 2.5 8 hrs.  1257:11 1259210 176
12  0.050 5 0.5 0.5 1 hr. 1250+10 1254210 78
13.  0.050 5 0.5 0.5 4 hrs, © 1250:10 1246210 78
l4e  0.100 5 0.78 0.2 4 min.  1258:8 1252+10 100
150 'o.ioo 5 0.78 - 0.2 4 hr. 125818 1254410 100
16.  0.100 5 0.78 0.2 10 hrs. 12588 1246412 100
17 0.150 5 1.0 0.5 4 min. 1252110 1260210 123
18 0,150 5 1.0 0.5 8 nrs.  1252:10 1248110 123

(0g)



c 1 /C

I/C I/C I/c I /c
Noe Composition P.H. (original) (after 4min. (after 96hrs. (after 4mo. (ecalc.)
shaking) shaking) contact) ,
1o 0.0lgm. Cq,F6Cly, 3.0 1260410 1262410 1248110 1252210 145
5mle O o5ﬁ FeCl3.
2. 0. 025gm. FeCl 1.2 126019 1253414 . 1255410 1259410 176
Smle OslM F8C13.
3¢ 0.025gme G, PECl3 1.0  1255:8 126110 1260110 1248410 78
5mlo 0025M %9013. ’
e O 05gm. cl F6013 0e5 1250+10 1259:10 1251410 1242410 78
5mle O %9013 . )
5 0. 10gm. Cy,FeCl. 0.2 125848 1252410 1239410 1247+10 100
5ml. 0.780f Feci
6. 125210 1260410 1245110 123

0.15gn. C1pFeCl, 0.5
5mle 1.0M “FeCl3.

1247110

Tests for Exchange between Clee Cl; and Fe in Acld

Solution at 20:&2 Ce

After 4 mlnutes, 96 hours and 4 monthse.

TABLE IT

(19)
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TABLE ITII

Effect of Temperature on Tests for Exchange between

4+t

*

in Various Acid Solutions.

CJDFele and Fe
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between graphite ferric chloride and ferric ion in solutions
of water, ethyl alcohol, acetone, diethyl ether, isopropyl
ether and benzyl alcohols The influence of both solvent
interaction and temperature appear fo be nil. Even atztemp-
erature of about 19000 with boiling benzyl alcchol no exch-
ange was observed after four hours refluxing.

To complete the rather strong evidence that no exch~

ange takes place between C FeCl3 anlee+++, one further

12
set of experiments was performed. In the expsesriments set
forth in tables I, II and IIT, gédioactive graphite iron
(59)III chloride was brought into contact with inactive
ferric iron in solution ahd after suitable periods of time
~the components weré separated and their specifilc activity
ascertained. In no instance was any appreciable activity -
detected in the inactive iron containing species nor was
theré any transfer of activity from the solid compound.

In the above experiments however, no account was
taken of the possibility of preferential adsorption of the
migrating active ions by the active compound. If exohangihg
active ions, trapped in the complex by capillary condensat=-
lon were not removed by washing the compound before counting,
there would of course be no decrease in the specific activity
- of the solid. Likewlse no increase in the activity of the
ferric ion solution would be observed. Therefore tests for
exchange between radiocactive iron (59)ITII chloride and in-
active graphite ferric chloride were carried out. The

results of these experiments are shown in table IV.



Tests for Exchange Retween 7o +++»and CyoFeCl,. in Agueous Acid
7

Solution at 20 £2°C.

TABLE IV.

* I 1/c Lt L/c
NOe. lg‘egig. PH Cl%?fs%13 (original) (after 4hrs.) (after 96hrs.) (after 4mo.) (ocalc.)
(Mo)
1. 0.4 1.0 0.150 582:6 584 +6 58046 5706 468
2. 0425 1.0 0.150 580+5 581+5 584+5 57815 417
3. 0,10 1.0 0.150 5816 58016 587+ 6 5856 292
Lo 0.08 1.0 04150 584 +6 57516 57846 570 +6 262
54 0.06 1.0 0.150 582:6 580+6 582té 576+6 220
6. 0.04 1.0 0.150 58016 57215 5725 569+ 6 170
7o 0.01 1.0 04150 57916 57546 57946 57446 54
8.4 0.005 1.0 0.150 5806 58146 580+6 57816 28

(Yg)
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As before, no measureable exchange was obser-
ved even after long perlods of time. The samples of inact-
ive graphite ferric chloride were easily washed clear of
any activity following separation from the radiocactive

ferric chloride solution.
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3. The Szilard Chalmers Reaction with Grephite Ferric

C hl or ide °
‘It has been shown that there 1s no measurable
exchange bsetween CqoFe Clb

solution. It is therefore likely that any iron activity

and ferric ion in surrounding

gseparated by a Szilardéckalmers process on the compound
could be obtained in high epecific activity. It is of int-
erest to note the success of a Szilard-Chalmers separation,
with regard to the structure of this compound.

Pure C12F6C13 was irradiated in the neutron'flﬁx
of the Canadlan N.R.C. pile at Chalk River, Ontario. . The
activity of the compound was measured, the separated portion
of activity removed 1n hot hydrochlorlc acid solution, and
the yield calculated.

1l.50gmse of Clee‘Cl powder (contaihing 0.27gm.

3
Fe) were activated:by 48 hours irradiation at about 3.9
.1012 n./cm.z/sec. A mixture of the 47 day Fe59 and 4 year
55

Fe”” was obtailned, but as well, the reactions'occﬁring on

'neutron irradiation of chlorine resulted in the product1on
135

6 36
reaction to produce the 10 year Cl emitting 0.66 Meve

of four other active isotopes. undergoes an (n,Y)

' , : 35 .
betal's, an (n,p) reaction producing 87 day S which
emits 0,17 Mev. beta's, and also an (n,&) reaction to 14.7
day P32 emitting 1.7 Mev. beta's. Cl3 also undergoes an

(n,¥) reaction to 0138

which has a 37 minute half 1ife and
decays with the emlssion of 1.1, 2:8 and 5,0 Mev. beta's

. and 1,65 and 2.15 Mev. gamma's.
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Because of‘its long half 1life, the 0136 radiocactivity
develéped is negligible when relatively short irradiation
periods are used. Short-lived 0138 decays in a day or 56,
Contamination by p32 is of the order of 1% of the total
835, in terms of beta particles emitted (35). The initial
activit& of the irradiated compound ﬁas estimated at 0.008
me . F659/gm., 0.027 mces Fo°°2/gme and 1.27 mce. 535/gm. The
separated portion of the-activity'from the Szilard-Chelmers
reacfion'Would then be expected fo be composed mainly of
these three radlioactive isotopes. Thé iron activitiescan
be separated bj a very efficlent and simple s3> extraction
procedure bassd on the’solvent extraction of ferric chleoride
(34)s In the experihents reported here, diethyl ether was
uéed as éolvent. The partition coefficient for extraction
of ferric ohloride'by diethyl ether from aqueous 6N hydr-"
chloric acid is about 100.

0.100 gm. of pile irradiated graphite ferric chloride
was réfiuxed with constant boiling (~6N) hydrochioric acid
for aix hoﬁrs and the aqueoﬁs solution separated by centrif-
) ﬁging. A few dropé of 30% hydrogen peroxide were-added;
to ensure that all the 1fon was present as ferric ion.. The
colorlasss aquéous solution was shaeken with successive 1/4
ﬁolumes of Qiethyl_ethep saturgted with hydrochioric acid,
and finally washed with an eqﬁall volume of solvent. The
ether extracts were then collectively stripped with distilled
water. The radioactivity of the resultant solutions was mea-

=sured’and the cOmﬁonents differentiated by adsorption meas-
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urements.
Figures VIII, IX and X give the absorption curves for
the aqueous residue SOIution, the stripped ether? and the
 water extract resﬁectiveiy. It 1s evident that no detect-
able amount of radiocactive iron remains'in the aqueous
residue, nor can the activity of 835 be detected in the
extracte ﬁpparently the P32_is present In a form which has
a small but measurablé partition coeffidieht, aé it is ext~-
ractable to sqﬁe extent. The small amount of §3° taken up
by the solvent (possibly as sulfur chloride) 1s not re-extr-
acted by distilled ﬁaﬁer. ' The chemical form of the‘s35 in.
the aqueous residue ig“presumably as F62(33504)30 In a
similiar type of solvent extnaqtion of irrédiated,FeClB,
M.B. Wil& (35) has reported 99.5% of the original 835 and
83% of the PBZ to be contained in the‘aqueoﬁs residue sol-
ution which 1s free of detectable Fes?. The stripped ether
35

portion contéined only the remaining 0;5% of the S and

‘0.0l% of the'PBz. All the original-Fé59 and the small amount
of remaining P32 was found in the water extract which was
free of detegtable<835 activity. | '

The total activity of the hydrochloric acid solution,
which had been refluxed for six hours with the 0.100 gm.
sample of irradiated C,,FeCly, was measured at 0.682% of
the activity of the untreated compound. No detectable act-
ivity was obtained in a further treatment with hot HC1
solution.

The very low energy of the beta particles from 835
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poses special problems as regards their quantitative detect-
ion., The low energy of the radiation makes the self-weaken-
ing effect a major one, Experiments'have shown that samples
of thickness 3 mgm./cm? will be weakened to the extent of
40% of the total activity (35). In activity measurements
of the various solutions involved, the self absorption
corrections were obtained in the same manner as already
discussed under exchange experimehts. The graphite ferric
chloride samples compared were always less than 0,2 mgm./cmz.
The activity of the irradiated Cj;pFeCl3 was compared

with the activity of hydrochloric acid solutioh containing
the separated isotopes, by absdrption measurements on the.‘
two. Both sampies measured were less than 0,2 mgm;/cmz.
Figure XI gives the absorption curves comparing I - irrad-
iated Cj12FeCl3 and II - evaporated acid extract Solutiono
It will be seen that the two absorption curves are ident-
ical.. From this iﬁ seems apparent that the component radio-
active isotopes exist in the activity separated by the
Szilard“Chaimers réaction in the same ratio as they are
present in the irradiated compound., A third series of
,absorption measurments .on the irradiated compound from which
the separated portion of activity_h&d been removed gave a
curve identical with the other two..

| It is apparent that some of the recoiling atoms of
both chlorine and iron have achieved bond rupture and
ejection from the ClgFeC13 lattice. However, the very low

fraction of the total activity separated in hot hydrochloric
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aclid, indicates that almost all the neutron capturing atoms
~are still firmly bound in the graphite compound. A serises
of experiments, designed to see whether or not changing the
method‘of recovering ﬁhe_separated activity would result in
a larger Szilard-Chalmers yield, was carried out. Samples
of the irradiated compound that were refluxed with ~6N HC1
.forAfour, eight and sixteen hours, relinguished no more of
their total activity than did a sample which was washed for
15 minutes in a solution of 4N HC1 at‘SOoC. The valuesfor
the percentage of @otal activity separated, which were
obtained from these experiments, were all wiﬁhin,thevfange
0,681 to 0.688%. It was noted, however, that if the irrad-
iated graphite ferric chloride was sﬁbjécted to a fine grin-
ding previous to the acid-leach'treatmeﬁt, ﬁhe fraction of
actlvity separated increased slightly. 'The percentage yield
was raised from about 0.684% to an average value of 0.727%
by grindiné the samples by hand in a mortar or between |
.grbuhd-glass plates. The use of a fine aluminum oxide"
grinding powder raised this value to 0.737%. The results
from these above experimeﬁts are listed 1n Table V.

fn all cases. the aqueous aclid solutions containing the
separated activity, were colorless and gave no test for.Fe”+
with NHACNS. It is therefore appareht that little or no
radiation deqomposition takes place as a result of the
irradiation of the dompound. It is unfortunate that the
small amount of 1fon_Separated_is not dqtectable by other than

radiochemical methods, as facilities for handling the large
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ITABLE V.

The Effect of Different Extractlon Methods on

the ¢ Szilard Chalmers Separation.

. Conditions for acid

extraction of separ-
able activity from

Initial

activity

of CjpFeCly HCl soln.
(Cepoms) (Cepems)

Separated

activity in

%szilard
Chalmers
separat-
iono

1,
2o
N
s

6o

Te

0.0827gm. in 4N HC1
at 80 C. Stirred in
blender for 15 min.

O.ZQOgm. in‘”GNHCl at
100 ¢. Refluxed for
4 hours.

0.200gm. in ~6N HC1
at 100°C. Refluxed
for 8 hours. '

0.1523gm. in ~6N HC1
at 100°C. Refluxed
fpr 16 hourse.

001094gm0 in V6N HC1
at 25°Ce Ground in
a mortar (approx. 1 hr.)

0:0482gme in ~ 6N HC1
at 100 C.

5 3

58.11x10° 39,610

13432105 92.4x10°

120 x107 82 ¥10°

p 3

87.06x10 596410

38.56510° 28.08x10°

5

11099X10 3

807510

Sample ground

between two ground-glass

plates before acid .
extraction, :

0.0530gm. in ~6N HC1l
at 100°C.
as in #6, but with fine
A1203 grinding powder.

3
13.187X105 9.72x10

Sample ground

0.681

0.688

0.683

0.582

0.728

0.7255

0.737
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,activities that would be necessary to make a quantitative
determination of the specific activities of iron and

sulfur, were not availables
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DISCUSSION of RESULTS.
It has been shown that the Szilard-Chalmers separ-

ation on C eCl_ 1is successful to less than 1%. As has been

127901,
alréady_suggested, this result does not appear too surprising
when one conslders the structure of the compound under diséus-
sion. Aboﬁe and~bei§w the planar ferric ion network there is
a parallel triangular net plane of chloride ions, and above
and below these planes of chloride lons there 1s a tightly
bonded hexagonal plane of carbon atoms. This arrangement
repeated through the latfice, sefves to produce formldable
stefic‘hindrance effects fof an étom of either iron or chlor-
ine which might 1eave the lattice. This has been shown in tes-
ts for exchange between the Fé”"ions bound in the. graphite
lattice and Fe = ions in surrounding solution. WNo measurable
exchange was}obsgrved even after 'a four month period.

' The retention by the Cj,FeCl3, of over 99% of the
activity deveioped by neutron irradiation may poésibly also
be explained‘by the prohounced ateric effect. Recombination'
 of "hot! fragments (in a so-calied reaction cage) would abpear
to be qﬁite probable in a solid material of this type. The
separation of activity which does result from fhe Szilarde-
Chalmers reaction (approx. 0,68%),.cannot be explained on
the basls of impurities in the Cy,FeDlz. It has been shown
that the purified compound éontained less than 4 p.gm. Fe/gm.
as free ferric chloride. This amount could only account for
6.3% of the fraction of activity that was separated, emen if

it were all extractable following irradiation.
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One tbeory which might explain the émall separation
of activity, is that it is bnly fhe edge atomsvin this "stacked
layers" structure which aré able to break away folloﬁing neutron
capture. This 1dea finds some support in the experimenté,which
showed.that gripding the powdered compound_tova finer size inc-
reaséd to some extent the fraction of activity‘separated. Thus
the percentage yield was raised frbm“0.684 té 0.737% presumably
,due>fo the breaking of the crystals -and exposure of new eﬁges
from which irradiatlion freed activé atoms were_ramoved'by the
hydrochloric acid solutions

It would be of interest to subject samples of 012F6013
of different particle size to neutrbn irradiation and compére
" the Szilard-Chalmers &ield. Also there is the possibility that
the irfadiation of the compound for & shorbter period or in a
lower neutron flux might lead to a more successful separation
6f,activity. Radiation experiments have shown that the estab-
_1ishmeht of a successful Szilard-Chalmers enricbmeﬁf réaction.
in experiments of low flux or short bombardment, does not ensure
its success wheﬁ 1onger or more intense bombardments afe

employed. It may be that in the case of G, FeCl some of

3?
the initially separated activity is lost by a radiation -
induced back reaction. This situation does not seem too0
likely, since the separable form represents a less complicated
breakdown product of the starting material. _The Szillard-

Chalmers enrichment experiments With antimony pentafluoride

(R.Re Williams (36) ) however, show this loss of activity ..
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wilithout apparent decoméoSition; The activity in the separ-

able form dropped from 60 to 5%.of the total after several hours
bdmbardment at constant pile power. Nevertheless, it seems
apparent that even undee more sultable conditions, a compound

of the graphite ferric chloride type'could not be expected to
give any appreciable separation of activity By a Szilard- o

Chalmers reaction.
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' SUGGESTIONS for FURTHER RESEARCH.

le It 1s probable that graphite ferric chloride and the
other graphite compounds described4represent only a few of
thg"stacked 1ayef" structureé which are capable of existance.
Riidorff has attempted the preparation of graphite compoﬁnds

of AsIz, SbIz, Bilz, As613, SbCly, BiCly, AlC1l3, CoClj and
CrClB,without result. (22) Therelis little doubt howéver,

" that further research will bring to light additional exampleé'
of molecules penetrating betWeen the layer planes of the

- graphite lattice to form more or less stable structures.

2. The idea that it is only a few exposed edge atoms that
are able to achieve‘bond rupture and subsequent.ejection from
the crystal lattice of 012F6013, could be investigated. The
neutron irradiation of samples of different particle size
(different fatio of edge atoms to total atoms) might possibly

lead to greater percentage yields of separated activity.

Je A further research concerning a study of radiation effects
on graphite ferric chloride would be of interest. The correl-
ation between flux intensity and period of bombardment and

fraction of activity separable, could be ascertained.



(67)

BIBLTIOGRAFPHY.

(1) 'Bernal,_JaD., Proce ROy, Soc. -Acvi 749  (1924)
(2) Bragg,; W.L., Proc. Roye. SoCs, A89 277 (1913)
(3) Flagg, J.F., J. AwChem. Soc. 63 577 (1941) -

(4) Fredenhagen, Cadenbach, and Suck,
Z. anorg. allg. Chem.
158 249 (1926)
178 353 (1929)

(5)‘ Hev’ésy, G., and Paneth, F., Manual bf Radioactivity,
Oxford University Press, (1938)

Hahn, 0., Applied Radiochemistry,
Cornell University Press, (1936)

(6) Hofman, U., Naturwissenshaften, 32 260 (1944)

(7) Hofman, U.s, and Frenzel, A., Z. Elektrochem.,
. 40 511 (1934)

(8) Hull, A.W.,- Phy. Rev., X = 661 (1917)

(9) Juliusberger, F., Topley, Bs, and Weiss, Je.,
Je Chem. SoCe,  p.1295 (1935)

(10) Laidlér, D.Se.; and Taylor, A., Nature,
- 146 130 (1940)

(11) Long, FeAe, JeAm. Chem. Soc., 63 1353 (1941)

(12) Manrguin, Ce; Bull. SOCo Franc. Mln., :
XLIX 32 (1926)

(13) Medlin, W.V., J. Am. Chem. Soc., 57 1026 (1935)

(14) Melander, L., Acta Chem. Scand., 1 169 (1947)
(15) McKay, H.A.C., Nature, 142 997 (1938)
(16) Oott, H.,, Ann. Physik., LXXXV(TV) 81 (1928)

(17) Pauling, L., The Nature of the Chemical Bond
Cornell University Prees, -2nd Edition,
(1948)

(18) Riley, H.L., Journ. Inst. Fuel, X ' 149 (1937)



(eg)

.(19) Riley, H.L.,  Fuel 24 8 (1945)

(20) Ruben, S., Kamen, M.D., Allen, M.B., and Nahinsky, P.
J. Ame. Chem. Soc., 64 2297 (1942)

(21) R#dorff, W., Z. anorg. Chem. 245 383 (1941)

(22) R#dorff, W., Field Information Agency, Technical(F.I.A.T)
Review of German Scilence 1939-46
Inorganic chemistry, Part I 239 (1948)

(23) Rfidorff, W. and Hofmann, H.,

Ze. anorg. Chem., 238 1 (1938)
(24) RU#dorff, W., and Ridorff, G.,
. . Chem, Ber., -8_9_ 413 (1947)
(25) Rf#tdorff, W., and Schulz, H.,
) Z. anorg. Chem., 245 121 {1940)
(26) Ruess, GeLs, Monatsheften, 76 381 (1947)
(27) Ruff, 0., and Brettschnelder, 0., :
Z+. anorg. Chem., 217 1 (1934)
(28) Schleede and Wellman,
Z. Physik, Chem. XVITI 1 (1932)
(29) Seaborgy G.T., Chem. Reve., 27 199 (1940)
(30) Stelgman, Je., Phy. Reve., 59 498 (1941)
(31) Sﬂe, P., and Kayas, Ce, :
Jour. Chem. Phys., 45 188 (1948)
(32) Szilard, L., and Chalmers, T.A.,
Nature, 134 482  (1934)
(33) Thiele, H.,, Kolloild-Z., 56 129 (1931)

(34) Welcher, F.S., Organic Analytical Reagents,Vol.l (1947)

(35) Wilk, M.B., Canadian Journal of Research, _
27 475 (1949)

(36) Williams, ReRe; J. Phy. Coll. Chem., 52 603 (1948)



