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I INTRODUCTION -

l.1 History of the Plutonium Problem

The first transuranium element was discovered in May,
1940 by MoMillan and Abelson (1), who found a radioactivity
with a 2.3 day half-life formed by irrediation of uranium
with neutrons, and emitting negative.ﬁtrays. After showing
thet it differed from urenium snd the fission products they
identified this activity as the daughter of 23 minute4f-ao—
tive ugsg which is formed by the radiative capture of neu-
trons by 0258. The new element therefore has an atomio nun-
ber one greater than that of uranium snd is element 93,

Their work on the tracer scale showed that element 93
has at least two oxldation states, and that oxidation to the
higher state requires more vigorous conditions than the ocor-
responding oxidetion of uranium. The new element was given
the name neptualum,

The next transuranium element discoversd was elsment
94, Late in 1940, Seaborg, MeMillan, Wahl, and Kennedy (2)
identified as element 94 the X-active element formed by the

decay of the intermediate neptunium produced by a d, 2n re-

action on Uzss.
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Element 94 was named plutonium. The 1sotope Q‘Pazsa is
an A~anitter with a half-life of about 115 years, Early

experiments with tracer amounts of Pnzaa

shovwed that the
element had at least two oxidation states, and that for
producing the higher oxidation state even more vigorous oxi-
dizing agents were required tham for the corresponding op-
eration with neptunium,

The isotope of plutonium whioh is of greatest impor-
tance is the long-lived <-smitter Puaag. the daughter of
2.3 day szsg. Consideration of the Bohr-Wheeler theory
of fission (3) and of certain empirical relations among
heavy nuclei by L. A. Turner (4) and others had suggested
that Pu®? would be & long-lived <-emltter snd that it
might be fissioneble be slow neutrons.

It had been found by the middle of 1940 that neutrons
were emitted in the process of fission of urenium (S$). Thus
at that time many of the prerequisites for a serious study
of the production of atomic energy were at hand.

The dramatie history of the development of the atomile
bomb has been desocribed in the now-famous Smyth report (6).

The Metallurgieal Projeot had as its objeot a method
for obtaining large quantities of pure Pu?S?, The first

aspesct of the problem was the development of a controllable



chain reactling structure which would produce Pu239 ina
matrix of uranium. The 8econd part of the problem was to
learn enough of the chemistry of plutonium to devise an
officient method of separating the Pua39 from uranium snd
highly radloactive fission produets and of produeing Pazsg
in e state of purity useful for military purposes.

These goals were achleved by 8 resesrch program in
which many of the chemical studlies were done with mioro-
scoplo and submicroscopic quantities of materiesl. In faot
it wes not until isuguet of 1942 (7) that the first pure come
pound of plutonium free from ocarrier material and other for-
eign metter wes prepared. Milligram qusntities did not bde-
come evailable until much later. Since early 1944 investi-
gations have been continued with inoreaslingly larger amcunts
of plutonium, until plutonium hes been brought from the realm
of little-known elements to a position where its chemical and

physical properties ere as well or better understood then

those of mahy other elements,

1.2 The Chemical Properties of Plutonium

Any reasonably complete discussion of the chemiecal
properties of plutonium would require volumes. The pur-
pose of this brief discussion 1s to summarize a few of the
more important properties of plutonium as they epply to a
study of the chelate compounds of plutonium, No attempt
will be made to make specific references to the original
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project reports in whioch the work wes desoribed, as this

has been done in the report of Thomas and Warner (8) and
will be covered completely in the forthooring volumes of
the Plutonium Project Reoord (9).

1.28.1 Oxidation states.

The dipositive state., Of the compounds of Pu(II),

Pu0 is the best known. It is readily soluble in dilute
HCl with the liberation of hydrogen, s0 apparently Pu(II)
is not steble in acld solution. The dipositive stete is
produced by metsllliec reduction of solid compounds of higher
oxidation states.

The tripositive state. Plutonium(III) in aqueous

solution hes a blue to violet color. The absorption speo-
trum of Pu{III) solutions has several absorption bands,

some of whioh are narrow. They are useful in identifying
the oxidation steate of plutonium in solution. The narrow
bends are similar to those found for elements containing
more than one 4f electron. The nerrow asbsorption bands of
the rare earths, for example, are due to elesctrons rearrang-
ing themselves 1in deap-lying subshells (4f). These transi-
tions are thus protescted from the ions' environment.

The general aqueous solution chemistry of Pu{IXII) 1is
quite similer to that of the rare earth lons. In some com~
pounds, FPu(III) hes an lonio radius about like that of er{11I).

The tetrapositive state. The color of aqueous solu-
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tions of Pu(IV) varies from green to brown, depending on
the anions present. The explanation of this in terms of
complex lon formation will be disoussed later. Ihe absorp-
tion peaks of Pu(IV) are sharp and narrow, and serve as a
means of identifying Pu{IV) in aqueous solution.

The chemistry of Pu{lV) is very similar to that of
U(IV), Ce{IV) and Th(IV), except in its oxidetion-redustion
properties, It 1a much more stable then U(IV), and its ion-
iec radius is slightly less than that of Ce{IV). The hydrox-
‘ide of Pu(IV) is amorphous aend extremely insoluble. It
shows no amphoteris properties. This hydroxide has a ten-

- deney to form a green solution conteining various sized ag-
gregates, some of whioch have been found to be of colloidal
dimensions. The hydroxides of Th(IV), U(IV) and Ce{IV) al-
80 exhibit this same phenomenon of dlspersiom into colloidal
particles. The polymeric form of the hydroxide of Pu(IV)
requires heating in concentrated acid for solution, and in
dilute aclids the transformation from collocidel to ionie form
is often very slow,

In certain medie Pu{IV) is the sasiest of the verious
oxidation states to maintain,

The pentepositive state. Only one compound of Pu(V),

believed to be potassium plutonite, has been desoribed, al-
though there is some evidence of PuFg compound. Pu(V) hase
been detected spectrophotometrically as an intermediate state
in the reduction of Pu(VI} with hydroxylammonium lon, SO5,
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and Hp. Apparently Pu(V) 1is unstable with respect to
Pu({II1X), Pu(IVv) and Pu{vI).
The hexupositive state, The compounds of Pu(VI) and

their aqueous solutions exhibit ecolors from pink through
orange to brown, and the aqueous solutions have the charac-
teristle sharp absorption bands im their spectra.

The agueous chemistry of Pu(Vl) 1s very similar to
that of U{VI), and the plutonyl and plutonate salts resemble
very closely the esorresponding urenyl and urenate compounds,
The ionie radius of Pu(VI) is only slightly smaller than
that of U(VI), and Pu{VI) exists as Puoz” fon $n the ab-
sence of oomplexing anlons.

There 18 no fluorescenoe corresponding to that exhibited
by the U0g** fom.

Higher oxidation states. There have been various at-

tempts to prepare plutonium of oxidation number greater

than six, but they have been unsucoessful.

1.2.2 Oxidation end reduction ¢f plutonium

Formal potentials between Pu(III), Pu{IV) end Pu(VI).
The determination of the potentials between various oxida-

tion states of plutonium was one of the important objeotives
in the research program on the chemistry of plutonium.

The vaerious potentials listed below are the best values
obtained from direoct cell measurements, polarographic deter-
minations, and spectrophotometrlic measurements of dispropor-

tionetion equilibria. All values are in 1 M acid at 28%¢.



HC1

-1.019
L. |

HHOz

Pu(III) -0.924 Pu(IV) -1.114 Pu(VI)
l -1.042 |

EOIO‘

Pu(IIX)_~0.95 Pu(IV) =1.087 Pu(VI
L A ! ,’

H2S0 ¢

The Pu(IV)-Pu{VI) eouple in 1 ¥ HyS04 18 estimated from
measurements of irreversible eells (10). There have been no
direct measurements in neutrel and alkaline solutions, in
which the relationships are nmuch more complicated.

Formal potentisls of the Pu(III)-Pu(IV) souple. The

potentials of the Pu(III)-Pu(IV) couple have been measured
under many conditions whioh are of general interest in the
chenmistry of plutonium. Reference to Table 1 will show the
evidence of complexing of Pu(IV) by various anions (10, 11).
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Table 1

Formel Potentials of the Pu(III)-FPu(IV)
Couple in Various Media at 2859C

Solution E.M.F,
1l M Bac, 1 M Nale -0,3598
0.3 M Hac, 0.1 ¥ Neie, 0.05 M NagSO4 -0.281
1 M HCl, 0.1 X HyPO, -0.80
0.05 M HpS0q, 9 M NHgF 1-0.87
0.02 M HgSOg4, 0.18 M HgC,0 0.18 M KgS0 ~-0,234
0.05 M Eg0p0,, 0.75 M Kabg 8., 0.05 u £258, -0.082

Disproportionation equilibria, In sclutions in which

there are no anions whioch will stabilize one oxldation state
of plutonium through complex formation, disproportionation
srjong the various oxidation states oocurs, as a confequence
of the fact that the potentials of the Pu(III)-Pu(IV)-Pu(VI)
oouples are 80 nearly equal in value. The existence of these
equilibria greatly complicates the aqueous solution chemistry
of plutonium.

The Pu{IV) ion iz relatively unstable., In dilute solu-
tions of HCl, ENOg or HCl04 it undergoes partial dispropor-
tionation into Pu(IIX) and Pu(Vi). In 0.5 M HCl, the value
of the equilibrium oonstant (in molar ccncentrations) 1is

03052 at re#om tempersture for the reaction
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Putd o 2H20 = Puog**t » 4H® ¢ 3e
Pu't 4 ZH30 = Pu0,* & 48* & 2e

In HpS804 solutions and in other media im which Pu(IV)
ies stabllized by complex formation the equilibrium constant
for the disproporticnation reaction becomes very amell,

The equilibria in the reaction
Pu(V) ¢ Pu(IV) =— Pu(III) $ Pu(VI)

have not been studled so thoroughly, and values of the equili-
brium constant renge from 5.4 to 8.8.

Oxidation-reduction recotions. Reference to the formal

potentials of couples of the various oxidation states of plu~
tonium will suggest what media might be necessary for various
oxidation redustion reactions.

For the oxidation of Pu(III) to Pu(IV), oxygen in the
presence of Hp80, is effective, as are concentrated HNO4,
Clg, and CrgOy~~ with HNOg. For the oxidation to Pu(VI), so-
dium bismuthete, BrOg~, Crp0y~~, Ag** and S505™", KinOg, Ce****s
and electrolytio oxidation have been used.

For the reduction of Pu(Vi) to Pu(IV), fuming with HpS04
is partiocularly effective. For the reduction of Pu(IV) to
Pu(III) nnsonf. Hy, and SOz have been used most extensively,
Other reductants whioh have had wide application in various
operatians are Fe*r, RBSNHZ‘, I, Hg0z, formic acid, and

formeldehyde.
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Stablilization in any partioular oxidation state is
often determined by the presence of complexing anions.
The kinetios of oxidation-reduction resotions have been

studied only rather superfiecially.

1.2.3 Ionie species and complex formation

Various methods, such as E. M. F. determinations, solu-
bility measurements, absorption spectra, and elestriocal trans-
ference experiments, have been used to determine the nature
of the ions of plutonium which exist in aqueous solution,

Jonie specles and complexes of Pu(III)., The absorption
spectra of Pu(III) in 1 M solutions of HCl, HNOy, HpSO4 and

HCl04 are olosely similar, suggesting that the same ionie spe-
oles, probably hydrated Pu***, is present. However, thers is
some evlidence from chemicel studlies and electrical migration
data for possible complexing of Pu(III) by HgSO,. E. M. F.
measurenents on the Pu{IIX)-Pu(lIV) oouple in H,504 do not shed
any light on this, because of the very strong ocomplexing of
Pu({IV) by sulfate ion.

Evidence of oomplexing by oxalate ion is observed in
the solution of the insoluble Pu(ITI) oxalate in saturated
K20g04 solution.

Jonie species and complexes of Pu(IV). Absorption speo-

trs and E. M. P. data have revealed no evidence of complex-
ing of Pu(IV) by HCl and HClO4.
Nitrete lon complexes Pu(IV) quite strongly. The exist-



tence of Pu(HOs)“‘ and Pu(NOz)p** ions has been shown by
absorption speotra measurements, and the complex anion

Pu(NOg)}q™", analogous to hexanitratocerate, has been found
from electricel migration experiments to exist in 8 to 10
M HROg.

E. M. F. measurements have indlcated the complexing aec-
tion of S04 ", and sbsorption spectra dsterminations have
been interpreted by assuming the existence of complex sulfated
eations. In 0.1 to 1.0 M HpyS04 solutions, electrical migra-
tion data have shown that Pu(IV) exists predominantly as an
anion,

The formation of oxalate complexes of Pu{IV) has been
shown by solubility studles of the oxalate in various oxalle
acid concentrations. Simllarly, there is evidence of & oi~
trate complex in the observation that Pu(IOs)‘ dissolves in
sodiun eitrate solution.

The asetate complex of Pu(lV) is apparently quite stable,
preventing the precipitation of the hydroxide at pH's as high
a8 5, as compared to precipitations at pH's below 3 in the ab-
sence of acetate. In 1 M acetate solutions at pH 3.5, Pu{IV)
exists as an anion, and when a Pu{lV) solution is treated with
exgess sodium acetate, the color changes from green or brown
to & purplish orenge.

Ionic species and gomplexes of Pu(VIi). There is no

speotrophotometric evidenoce for complex formation by Pu(VI)

in either HNOy or HClO4 at 1 M concentrations. However, in



9.4 M HROg some complex ion formation does ceour. There is
some complex lon formation in 1 M sto‘ and in HCl1 of ocon-
centrations as low as 0.5 M.

Ry anelogy with UOB" it was proposed that Pu(VI) would
probebly exist as PuOa**., The Pu(III)=-Pu(VI) and Pu(IV)-Pu(VI)
gouples have a fourth power hydrogen ion dependence, in accord-
anse with the reactions discussed in the section on dispropor-
tionation equilibria (1.2.2).

The existence of Pu0,*® 1s supported by a great mass of
obemicsl and physical evidence showing its similarity to UDgtt.
In oontrast to Pu(IV), PuOz** does not preoclpitate as
the hydroxide when its solutions are made basie. Plutonates
or polyplutonate double salts appeer when PuOg** solutions are
made basic with Ra0H. They precipitate more slowly and are
more soluble than the corresponding sz” sompound s.

The presence of & holding oxidant is usually negessary to

maintein plutonium in the hexavalent state.

1.3.4 The position of plutonium in the periodic table

Before the discovery of the transuranium elementes there
was considerable speculation sbout the possible eleotronie eon-
figurations of the elements beyond uranium (12). The faot
that not a great deal was known about the chemiocal properties
of the elements immedietely preceding uranium in the perlodioe
table added to the uncertainty.

After the disoovery of the trensurasnium elements through



elenent 96, enough chemloal informatioan about the heavy ele-
ments was scoumulated to make possible certain deductions
about the stomlic structures of the elements in this region of
the periodic table.

It haed been thought péssible that a trensition group
should appear in the neighborhocod of these elements. If a 64
transition group (similar to the $d group from hafnium to gold
and the 4d group from yttrium to silver) were being formed,
neptunium would be expeoted to resemble rhenium, and plutonium
might resemble osmium. However, neptunium a2ad plutonium are
much more eleotropositive than rhenium and oemium. There is
no evidenos for a volatile PuOy, in ocontrast with volatile 08~
mium and ruthenium oxides, end the oxidation state of elght
has never been deseribed for plutonium, 7Thus it seems likely
that the transition in the elements from 89 to 96 doces not in-
volve the simple filling of 84 orbitals,

There 1s considerable evidence that in thls transition
group the 5f shell 18 being filled, and that the serles begins
with actinium in the same sense that the rare earth series be-
gins with lanthanum (7). It has been called the "aotinide”
series, by analogy with the "lanthanide™ serles for the rare
earths.

The valence stastes of the elements from 89 through 96
ean be explained in the same manner as the valence states of
the rare earths (13). Thus 1t would be expected that ele~
mente 95 and 96 should exhibit very stable tripositive states,
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and that 96 should exist slmost exclusively in the triposi-
tive state, bscause with 1ts seven 5f electrons, its eleo-
tronie structure should be analogous to that of gedolinium,
whioh has seven 4f eleotrons. Chemical studies have shown
that the tripositive state 1s characteristic for element 96.
On this basis the names proposed for elements 95 and 96 are
taxerieium,” Am (by anelogy with europium) and "eurium,” Cm
(by analogy with gadolinium) (14).

Other evidence substantisting the hypothesis of an "ao-
tinide" series includes measurements of the magnetioc suscep-
$4bility of uranium and plutonlum, the sharpness of the &b-
gorption bends in the speotra of aqueous solutlons of these
ions, and evidence of a coordination number of eight for U(IV)
and Pu(IV).

The relationships may not be 80 sharply defined as in
the "lanthanide” serles, because the energy difference between
the 5f and 64 shslls is probebly very small, and changes in
environment and state of chemical combination might determine
the positions of the eleotrons with respeot to the 5f and 64
orblitals.

The emission speotrum of plutonium is too complex to be
of any value at present in determining the electronle oounfig=-

uration of piutonium.



1.3 Statement of the Problea

In conneotion with studlies on the general chemistry of
plutonium, a program was authorized for a study of the che-
late compounds of plutonium extractable into organie solvents,
If suitable organic reagents specific for plutonium could be
found, they might prove of value for such operations as ex-
traction, decontamination, concentration or purification of
plutonium.

Decontamination is the process of elimination of the
Bighly radioactive fission products which are formed along
with plutonium in the chain reascting pile. The chemlical ze-
peration of gram amounts of plutonium from ton amounts of
uranium is & complex problem, a3 the requirements for the de-
contemnination and purification of plutonlum from troublesome
elements are very rigid.

This theslis contains paert of the results of the studies

designed to find such orgenic reagents for plutonium.
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II THE NATURE OF CHELATE COMPOUNDS

2.1 HNomenclature

The term "chelete", proposed by Morgan and Drew (15)
to designate those ocyolioc structures formed by the union of
metallic atoms with organiec and inorganic molecules, is de-
rived from the Greek chele, whioh refers to the great olaw
of the lobster. The term is appiicable to these ring sys-
tems since the associating molecules are characterized by a
pincer-like struoture.

More generally, chelate rings refer to cyelic structures
whioh arise through intramolecular coordination in systems
containing a donor and accepior ocenter or through intermole-
eular c¢oordination in gystems capable of forming two or more
eoordinate links,

Examples of imtramolecular coordination are salloylalde-

hyde (I) and copper glycime (II):

: 0. .0
O—c-—-q 0=¢ o C=0
z AR
0 -H AN
cnfl \‘/2
RHp HoB
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Examples of the intermoleocular type are the dimers of
carboxylic acids (III) and the Verner complexes derived
from ethylenediamine (IV):

0—H--0 [ mH, 1"
R c/ \\c 4
-~ -R . |CH, ., _R _
\\ I ,Au Br
0 n—o/ ‘m\‘z T N\g
| M 1
III v

The oyclio structures may be formed by primary velences
{(those in which hydrogen 1s replaced by metal), by secondary
or ccordination valences, or by sombinations of the two. Re-=
agents capable of forming cycliec complex structures have been
oclassified as bidentate ("two-toothed"}, tridentate, quadriden-
trate, and so0 on, in whioh the functional groups may be aci-
die, coordinating, or both. Diehl (17) has published an ex-
gellent survey of chelate rings based on the above system of

classification.

8.8 Properties of Chelate Jompounds

The non-electrolyte ohelate compounds, those in which all
of the primary and secondary valences are satisfied to produce

a complex with a zero net charge, are of special interest in



analytieal chemistry. These are known a8 inner ocomplexes.
Suseh eompounds are usually highly eolored, are insoluble in
water and other polar solvente, and are quite soluble in non-
polar organlc solvents., These solubility properties lead to
unique uses in analytiocal chemistry. Thus, if an orgenic re-
agent is specifioc in forming & true inner complex of the ele~
ment in question, there are several advantages of extraction
methods over precipitation procedures. Solvent extraction of
ianer complexes can effect much greater separation of a major
element from minor amounts of impurities than is possible by
precipitation methods beoause two-phase extraction separates
elements without the presence of a solid phase capable of ad~
sorbing or occluding undesired ions. These factors make sol-
vent extraction of inner complexes particularly applicable to
the separstion, without carriers, of minor components from
large amounts of other metals not complexed by the chelating
reagent.

Actually, the search for a specific reagent 1s a rather
ambitious plan. Although a great deal of work has been done
in the preparation of chelate compounds and uporn thelr struc-
ture, there apparently is still no method for predloting the
specificity of a reagent for a partioular metal lon. We may
draw upon many generalizations that hawe accumulated first
from the vast amount of oclassiocal work on “erner complexes

and more recently from developments in studies on the nature



-19-

of the chemical bond in complex compounds.

However, the search for more or lesc specific reagents
8till nmust be conducted in the laboratory, using as & guide
sertain rules based on experimental results obtained in stu-
dies on all kinds of complex compounds. One author has been
led to state that "in extrapolating past experience---we must
be careful not to leave the laboratory long to theorize on

what we think should happen with an untried reagent" (18).

2.3 Yaotors Involved in the Formation
of Chelate Compounds

2.3.1 General sgonditions for complex formation

Complex formation depends on the nature of the acoeptor
and donor atoms and the types of bonds which may be formed
between them. The stereochemical factors are of prime im-
portance, too. The subtle relationships among these factors
are too complex to permit predietions of quantitative behavior,
80 the usual approach is to study the variables separately.

In addition to the structural relationships mentioned
above, there are also pecullar effects of hydrcgen ion concen-
tration whiech deteruine the speciflicity of reagents for cer-
tain scations. Yor example, diphenylthioocarbazone forms chlo-
roform~-goluble complexes with many metals, but by controlling
the hydrogen ion concentration of the mediuwm in which eomplex

formetion takes place, ‘he specificity of the reagent can



be improved (ref. 19a, p.91 ). Cupferron asnd 8-hydroxy-
quinoline are also examples of rather rabid complex-forming
reagents whose specificity ean be improved by proper control
of hydrogen lon concentration.

There are several reference books on the use of organie
reagents for metallle ions (19) which might serve as sourece
material for a study of the prodlex of finding new reagents
for metzllic lons. The work of Sldgwick (20,21) and of Pfei-
frfer (22,23,24) has opened the way for the systematic searech

for new organioc reagents for metzllic lons.

2.5.2 The cheuical bonds formed in complex compounds

The binding foreces in complex compounds mey be due to
electrostatliec attractlion for the surrounding ions or oriented
dipoles, or to true covalent binding, or to some combination
of these types. Pfeiffer (23) oontends that in inner ocomplex
compounds the primery and secondary valence bonds differ only
in the orlgin of the binding eleotron pair.

In Fe(Hz0)g*™*, Ni(HgO)g***, Ni(NHg),**, FeF,~~~ and
many similar complex ions, the bonds between the central atonms
and the surrounding molecules result inm & large part from ion-
dipole attraction. Eleotrostatic bonds might result from the
attraetion of an ion for the induced dipole of a polarizable
molecule..

Covalent bonds involve the sharing of electron-pairs be-

tween two atoms.. Such bonds may be formed by each atom fur-
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nishing one electron or by both electrons being furnished by
one atom (the domor) to fill a vacant orbital of the acceptor
atom. In most cases, the bonds are formed by "hybridization,”
which 18 a combination of 8 and p and other orbitals. The
application of meagnetic measurements to the study of complex
compounds is due largely to Pauling (25) and most of the re-
cent litersture on the subject is expressed in terms of atomio
orbitals and other characteristics of Pauling's nomenolature.
Kimball (26) hes summarized the possible bond types for
various ooordination numbers, giving electronic configurations,
geometriocal arrangements and relative bond strengths. Further

disoussion of these factors will be considered in Section 2.3.5.

2.3.3 Funotional groups in chelating agents

In the formetion of non-electrolyte complexes two kinds
of reactive groups are involved, aclidic groups and coordinating
groups.

Among the various functional groups which may unite with
metals by primary valence by replacing hydrogen by metal are
the following:

sarboxylie acid - COOH

sulfonic acid - SOgH

enolic or phenolic hydroxyl - C-OH
oxime-nitrone - = NOH

primery amino - -NHgp

secondary smino - = NH



The secondary valence groups, whioch oontaln so-called
donor atoms with an unshared pair of electrons, form coor-
dinate bonds by the donatlion of this unshared pair into va-
cant orbitals of the metal lon to form homopolar bonds., These

donor atoms are oontained in suoch groups ag the following:

primery amino - -HEz
secondary amino - =KH
tertiary amino - EN

oyelio tertlary amino - \:H
imino - =N~

oxime - INOH

alooholic hydroxyl -~ OH
carbonyl -~ C=0

thioether - «S-

These lists could be expanded, but with little point,
a8 nost of the known chelate rings involve combinations of
the funotional groups given above.

Most of the orgaenlec reagents kmown and commonly used
ere of the hidentate type, containing one acidic and one co-

ordinating {(or secondary valence) group.

2.3.4 The nature of the donor atom

In complexes containing the coordinate struoture A<BC,

in which B is the donor atom, the strength of the ccordinate
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bond can seldom be deterrined. :8 a rule we can discover
the affinity of particular donor atoms for particular acoep-
tor atome only in a qualitative way from a consideration of
the number and stability of the complexes formed by the two
kinds of atoms,

The nature of a substituent (C) on the donor atom may
modify the strength of the A< B link., This haes been noted
in the change of stability in the ammines of Cu(II), Co(II)
eand Ni(II) when the hydrogen of NH3 is replaced by hydro-
sarbon radicals (21), and in the base strengths of various
amines, In many organic compounds the effect of substitu-
ents on the donor atom appears to be due to the polarization
from the inductive effect (27) proposed by Ingold to explain
the effects of substituents on reactivities of organic oome
pounds, Orleman (28) has used the ldea of the inductive ef-
fect to explain the coordination effects noted in the extrae-
tion of plutonium nitrate from aqueous solutions by various
ethers and ketones.

The stability of the A« 3B link in the A<« BC complex ale
8o depends on the nature of the groups attached to A by aeci-
diec linkages. Spacu and Voioheasou (29), in studylhg the va-
por pressures of NH; over ammines of various cuprie salts,
found that the strength of the Cu<NHg bond was inversely
proportional to the base strength of the asnion of the salt

under otherwise comparable conditions, Calvin and Wilsom (30)



have reported that in the cupric chelate compounds with sub-
stituted salicylaldehydes and-#Ldiketones there is a direot
relationship between the stablility of the complex and the acid
strenglh of the reagent.

The generalizations observed in the study of non-chelate
somplex compounds cen be used as an approach in the study of
chelate compounds, but only to a limited extent. This 1is true
beocause in the polydentate organic reagente voth acidic and co-~
ordinating groups must be in the same molecule. For example,
the same substituent groups that increase acidity will decrease
the donor power of a donor group. In an orgenle resgent con-
taining both acidic and donor groups the proper balance between

these two opposing effects muet be attalned.

2.5.8 "The nature of the moceptor atom

Long before the eleotronic configurations of the ele-
mentes had been determined, 1t hed been observed from experi=
mental feots that the transition elements are most easily 1n-
troduced into ooi:plex compounds, even though many other ele-
ments also dlisplay complex~forming properties.

&idgwiok (20,2L) atte.pted to explalm complex formation
with the idea of the "effective atomic number" (E. A, N.) of
an element, which i1s the totsl number of electrons elther pos-

sessed completely by the astom or shared with other atoms in

covalent or coordinate bonds. Sidgwick postulated thet the
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tendency for ocomplex formation could be explained by assum-
ing that an ion tended to achieve the E. A. N. of the next
inert gas by galning electrons from a donor atom. Thus he
explained the formation of Ni(CO), on the basis that 2881,
with E. A. N. = 28 added 4 palirs of elestrons from CO nole~-
cules to form N1(00)4 with E. A. K. =« 38, the E. A. N. of
krypton. While Sldgwiock's idea would explain the formation
of many complex compounds, it had many shortcomings, espe~
cially in that it could not explain the valences of complex
ions of the transitioh metals. In the extremely stable acetyl-
acetonates of Mg, Zn, Al, and Th the £, A. N. is that of an
inert gas, but with Ni and Fe the acetylacetonates are stable
and seem to exist without respect to the E. A. N.

After more was known about the eleotronic structure of
the elements and after the guantum mechanical approach put
the nature of the covalent bond on & somewhat more rigorous
basis (25), it wes possible to explain differences in the
gomplexing properties of various ions (31,32). The modern
explanation for the oomplex-forming properties of the tran-
sition elements is that they have low-lying vacant orbitals
which oan form homopolar bonds by aceepting electron pairs,

The ooncept of hybrid bonds has been substantiated by
magnetic measurements, stereochemical evidence, and chemlcal

properties. Thus in Zn(cm)‘ = the sp3 bonds glve a tetra-

hedral configuration, N1(CN)g " wi¢h asp® bonds 18 square,
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and PA(Cl)g "% with dzsp5 bonds is octahedrel.

Selwood (33) has disoussed complex compounds quite tho-
roughly with respect to the use of magnetic measurements in
showing what orbitals are involved in the sotual structure
of complexes.

In complexes 1in which all of the bonds are not covalent
but in whioh some of the bonds may be partly ionic or elec-
trostatic, 1t has been found that the coordinating tendenoy
of the metal lons inereases with the charge density on the
central atom., That is, the bonde are stronger the greater
the charge and the lees the lonic radius of the central atom.

2.3.6 Riqﬁ formation

The possibllity of closed rings in coordination compounds
wae first suggested by Tsohugseff in 1907 (34) to explain the
behavior of metal ocompounds with biuret and similar substances,
verner (35) developed the idea immediately afterwards, and
since then many generalizations have been used to explaim the
stabllity of chelate compounds.

Ring formation generally increases the stability of oom-
plexes. For exauple, ethylenedlamine forms more stable com-
plexes than primary amines. Phenol is a weak complexing agent,
yet cetechol forms complexes with many lons. Oxaslate oom-

plexes are far more numerous and more stable than complexes

with monocarboxylic acids.

If there are no resonance possibilities, the most stable
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ringes sre those of five or six members, as might be expected
from strain theory. However, ohelate rings with as meny as
thirteen members have been desoribed (26). Pfeiffer (23) and
Sidgwiek (20) have classified the most common ring types ia
chelate compounds in whieh various ocombinations of C, N, O
and metal atoms are oconsidered.

In structures containing possibllities for resonsnce,
ring stability 1s greatly incressed. Thus chelate rings,
formed from (?-diketones,,ﬂ-keto esters and compounds in whiech
the ring includes part of an aromatlie structure may be stabi~
l1ized by resonance. A classic example of stablilizetion through
resonance is copper phthalocyanine, which is so stable that it
resists bolling HCl and molten caustic, and can be sublimed un-
changed at 580°C at reduced pressure in nitrogen atmosphere (37).

It has been suggested (38) in the case of nieckel dimethyl-
glyoxime that the electronic structure of the divelent nickel
is an eseential factor im esteblishing the resonance of the

whole complex. Similarly, it hes been proposed that organic



reagents which are specific for particulasr ione owe their
specificity to the electronic arrangerment in the central atom
and the partiocipation of the central atom in the resonance of

the whole complex.

2.5.7 The possible oomplexing properties of plutonium

If chemicel experience had shown that plutonium resembles
osmium and ruthenium (the transition elements in which the 54
and 44 orbitals, respectively, are being filled) we might ex~
pect plutonium to be an active oomplex former. However, it ap-
pears cuite certain that the transition group of whiech pluto-
niun is a member is formed by the fllling of Sf orbitals,

Therefore, it is not expected that plutonium should be
uniquely active in complex formation. The principal approach,
then, would be to determine the coordinstion number of Pu{III)
and Pu{IV) by the use of reagents known to complex many ele-
ments. Then, knowing the coordination number assooiated with
each valence state, the polydentate reagents tried should be
those which could lead to non-elestrolyte complexes soluble in
nonpolar solvents,

while Pu{VI) might form inner complexes, the necessity
of using "holding oxidants" to maintain the hexapositive state
nakes it impossible to use some organie reagents which are

sensitive to oxidation,



III BXPERIMENTAL METHODS AND TECHNIZUES

3.1 Extrections on the Traser Scale

In all of the exploratory experiments with traeer plu-
tonium, the experimental prooedure was essentially the sanme.
The agqueous solution oontaining tracer was buffered to the
desired pH with sodiun or ammonium acetate and acetic acid
in solutionse 0.1 to 1.0 M in total acetate, When only ap-
proximate valuesz of pH were desired, indicator paper ("Hy-
drion" paper, manufactured by Micro Essential Laboratory) was
used. PFor more precise values, glass electrode pH meters
(Beckman Model G, Leeds and Northrup Model 7661-A1) were used.

The usuel solvent was chloroform, since it has rather
sxceptional solvent properties for most true inner oomplexes.
In cases in which the organic reagent was relatively soluble
in water, the reagent was added to the buffered tracer solu-
tion. When the reagent was insoluble in water, it was con-
tained in the chloroform.

In all of the exploratory experiments reported, the
volume of the solvent layer was equal to that of the aqueocus
golution. The volumes were usually from 10 to 15 ml, and the
amounts of reagent were from 10 to 20 mg. The extractions
were garried out by agitating the two phases vigorously in

an ordinary separatory funnel.
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After separation of the phases, the agueous phase wase
evaporated to a s=mall volume for assay. For analysis of
the organic phase, the solvent was evaporated and the or-
ganio residue was destroyed with fuming HNOs end HCl04, and
taken up in water for assay.

In some casges, oarrier ions, known to react with the

chelating reagents under investigation, were added,

3.2 Extractions on the Mioro Soale

For operations with emounts of plutonium ranging from
50/03 to 2 or 3 mg, specially designed micro equipment had
to be used.

The pipets used were designed by R. R. Baldwin, and a
representative type is shown in Figure 1. The actual pipet
is of quartz (A) end is sealed into the sheath (B) with de-
Ehotinsky cement (E). To £ill the pipet the hole (C) is
sloged with the flnger tip while gentle suotion is obtalned
with a hypodermie syringe attached at (D). The liquid fills
the entire pipet. To empty the plpet, pressure is exerted
on the hypodermic syringe.

The pipets were calibrated "to contain" by weighing the
volume of meroury whiech they conteined. In order to effeoct
oonplete transfer of solution, two or three washes were ne-
gessary. Exeellént reproducibility ocould be obtained with
pipets with capacities from 1 to 300 miecroliters.



Fig. 1. Cross Section of Micro Pipet

Fig. 2. Micro Extraction apparatus



w;th amcunts of plutonium exceeding 100 ug, ssparatory
funnels oould not be used for two-phase extractions. There-
fore, a micro-extraction apparatus, adapted from a design by
Langham (39) was used. This apparatus i1s shown in FPigure 2.
The extraction thimble (C) ocontained about 1 ml of the aque-
ous solutlon or suspension to dbe extracted by chloroform.
-Ghloroforn {1l ml was introduced into the sidearm of the
thimble. For agitation of the two-phase system stopcoeks
D and B were opened, stopcock F was closed, and an inert gas
(helium or nitrogen) was introduced at E at a rate slow enough
to agitate the two phases in. the extraction thimble with the
desired vigor. Whan extraction was complete stopcock D was
closed and stopcoek ¥ was opened. Then the inert gas was in-
troduced very carefully at A. The heavier solvent layer was
foroed up the tube and drained into the receptacle G. The
flow of gas was stopped the instant the ohloroform-water ine
terfaoe reached the tip of the tube at H.

The water layer in C and the chloroform layer in G were

then analyzed in the usual manner.

3.3 Radloactive Assays

3.3.1 Plutonium assays

238

The alpha particles from Pu and Puz39 have ranges of

about 3.5 %0 4 om of air. This ocorresponds to & mess range
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of about 4.9 mg/em® in air, or of about 10 mg/em® for the
carriers ususlly used. Therefore, to avoid low results due
to self-absorption im the sample, very thin semples had to
be prepared for alpha counting.

For analyses on the treacer sosle, the samples were pre-
pared in the followlng wanner. The aqueous solution was

treated with Hzo8 or S0, to produce the fluoride~insoluble

2
Pu(III) or Pu(IV) state, Le*** ion was added as ocarrier and
LaFy precipitations were mede from solutions 1 to 5 M in HF.
The fluoride precipitations were done in specially prepared
Lusteroid centrifuge tubes with bottoms flattened to form a
smooth surfaece. The suspension was then centrifuged, the
supernatant poured off, the precipitate carefully washed with
a fine streem of water and centrifuged again., Vith proper
care, & uniformly thin La¥y precipitaete could be deposited on
the bottom of thes lusteroid tube., After the second centri-
fugation, the supernatant was poured off, and the precipitate
on the bottom of the tube oarefully dried by a gentle stream
of air while the tube was gently warmed above a hot plate.
After the precipitate had dried, the bottom of the tube was
eut off with a razor blade to form a very shallow cup with
walls about 1/32 to 1/18 of an inch high. This disc with its
Lays deposit of less than 1.5 ng/cn? was then used as the
sanuple for alpha-counting.

For assays on the mioro socale no Larb precipitations were



ugsed. Sultable sliquots of solutions were transferred with
mioro pipets to platinum foils and ocarefully evaporated to
produce a uniformly thin deposit. The margins of the plati-
num foll were coatad with Zapon lasquer to prevent the solu-
tion from eoreeping over the edges of the foil. Sometimes a
drop of ethylene glycol was added to aid in the slow evapora-
tion to a uniformly thin deposit. After the solution was eva-
porated to dryness, the foll was heated to a dull red heat to
get rid of orgsanic matter and volatile salts. This foil, with
its extremely thin deposit, was used es the sample for alpha-
eounting.

The alpha activities, if less then 3000 counts per minute,
were measured on a standard alpha counter (40), with a scale
of sixty four o¢irocuit and mechanical recorder. The geometry
of the counter, as determined by R. R. Baldwin, was 51.6%.

For activities greater tham 3000 counts per minute, and for
samples with a high J~activity, & methane chamber proportional
gounter, with a socale of one hundred twenty elght eircult was

used. The geometry of the proportionsl counter was 50% (41).

3.3.2 Other radicactive assays

In experiments dealing with radiosctivities of fission
products and consisting or,ﬁ~ and IZrays, samples for measure-
ment were prepared elther by evaporation of allquots on plati-

pum foils or small watch glasses, or by precipitation with
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carriers. Less care had to be taken in the preparation of
thin samples than in preparing plutonium samples, because of
the greater penetration of the‘f- and );rays.

The radiosctivities were measured on an electroscope or
a Gelger ocounter depending on their strength. The electro-
scope used was of the Lauritsen quartz fiber type with a 2.4
mg/enz aluninux window, The samples were measured by placing
them under the ionization chamber in & holder which kept them
in & reproducible position. The Geliger-Muller counter was of
the copper wall type with a mioca window 5.2 mg/cmg in thiock-

ness., A scale of sixty rouf circuit and mechanical recorder

were used,
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IV MATFRIALS USED

4.1 Plutonium

38

The supply of Pu2 was 1lsolated from ursnium metal bom-~

barded with deuterons at the Berkeley oyclotron,

Sclutions of pure Pu259

s isolated from pile uranium, were
obtained from the Clinton Laboratories. Dilute solutions of
Pu359’ used in tracer experiments, were obtained by process-
ing slugs of uranium subjected to slow neutron irradiation in

the Clinton pile,

4.2 Other Radlocactive Isotopes

In some of the studies on the specificity of organie
reagents, other radloactive isotopes were used. Solutions
of 24 day Th294 (UX;) were prepared by the ether extraotion
of uranyl nitrate. Other radioasctivities, including 33 yesar

ce2®?. 28 day celtl, 275 day cer*t, 57 aey Y'!
140

, 68 day zr9%

and 12.8 day Ba , were obteined from supplies of activities

which various members of the Ames project had isolated in

other studles.

4.3 Solvents

The ohloroform and carbon tetrachloride were reegent



Y

grade, obtained from General Chemical Company. All of the

other solvents used were obtained from Esstman Kodek Company.

4.4 Organioc iHeagents

The following compounds, which were used directly in
examinations for ocomplex formation, were obtained from East-
man Kodak Company: quinalizarin, benzoin, o{-benzoin oxime,
acetylacetone, benzoylacetone, dibenzoylmethane, -<-nitroso-
¢Lnaphthol.~j»n1trcso-p<rnaphthol, dinethylglyoxime, iso-
nitroscacetophenone, isatin, 8-hydroxyquinoline, 7-iodo-8-
hydroxyquinoline-$-sulfoniec ascid, diphenylthiocarbazone, di-~
phenylthiourea, <-picolinic acid (hydrochloride), diphenyl-~
ecarbazide, o-aminophenol, and anthranilic acid.

Trifluorcacetylacetone was obtained from M, Calvin, of
the University of Celifornia at Berkeley.,

All oximes were prepared by methods commonly knowm. The
monoimines of o-hydroxyaldehydes were prepared by refluxing
equivalents of the aldehyde and amine im ethanol (42).

All of the hyiroxamie aocids were prepared by general me-
thods adapted from that descoribed in "Organic Syntheses" (44):

R-C00-CpHs » NHgOH ¢ KON —» R-CONHOK e C,H5-OH ¢ HgO
R-CONHOK + CHzCOOH —» RCONHOH & CHxCOOK
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The dithiocarbamates were prepared by the method of
Delephine (45) using the general reaction:

8
H U

R-Bﬁg * %3 L 4 KH‘OH - R'HQ'S“KH* L ] 320

Di-substituted dithiocarbamates were prepared by a similar
reactlon using & secondary amine as starting materiel,

All amide oximes were prepsred by the sume general me-
thod, adapted from that of Tiemann and Kruger (46):

RHp
R-CN # NHo0H°HCl + NeOH — R~é=ROH + NaCl + Hp0

For the experiments with the diimines of o-hydroxyalde-
hydes, many of the dlimines were obtained from Dr. Harvey
Diehl, 1In the othcr cases, the diimines were prepared by re-
fluxing the aldehyde with the appropriate diamine in ethanol,
and the Sohiff's base orystellized from ethanol (47). For
the preparation of the o~hydroxyaldehydes not direotly obtain-
able, the method of Duff {48) was used. The synthesis con-
slsts essentially in ceusing hexamethylenetetramine and a phe-
nol to react in the presence of anhydrous glyecerol and glyocero-
boric aecid at a temperature of 150 to 160%c. The 9-~-hydroxyalde-
hyde in nearly pure form 1s obtained by steam distillation of
the acidifled reactlion mixture. The mechadlam suggested by
Duff is



s [ w s [ o
+ CpH. 4 +
~~ -2 612 \ ~CHg-N=CHg

I/ \I-OH T 7 N=0E

—_— l | _!Eferl I
% ~-CHz-N=CHg . ~CH"N-CHg ~ —CHO

Other miscellaneous compounds were prepared by methods
desoribed in the literature, and inocluded acetylacetone mono~
imide (49), salicylalphenylhydrazone, o-hydroxyacetophenone
samicarbazono,a(-azobanzene-{5-ketobutyrio acid (50}, Neme-

thyl salicylemide {51), and N,N'-diphenylformazylbenzene (52).



V THE CHELATE COMPOUNDS OF PLUTONIUM(IV)

5.1 Exploratory Experiments on the Traser Scele

$.1.1 Introduction

Most of the organic reagents commonly used for metal
ione are bidentate molecules, in consequence of the fact
that the oocordination number is generelly twice the primary
valence. Therefore, the most obvious approach to the pro-
blem of finding organic reagentes that complex plutonium is
to make use 0f the more active resgents known to complex
many ions, PFrom the data obteined in this way it should be
poseible to determine the coordination mumber of Pu(IV).
Then, knowing the coordination number of Pu{IV), a more
systematic study of group interasoctlons and the effect of che-
late ring size could be made to obtain more specifically the
requirements of organie reagents whioh will form chelate conm-

pounds with Pu(IV).

5.1.2 Exgeriments with bidentate roagents

All of the bidentate reagents, containing one donor and
one scidic group, which were examined for complexing activity
with Pu{IV) tracer were known to form true inner complexes
with some other elements. In all of the trascer experimeats

the proocedure was essentially that described in Sectlion 3.1.



Chlorofora was used as the solvent in all of the extreetlions
except Iin the experiments with quinalizarin, in whieh aniline
was used, and in those with trifluoroacetylacetone, in whieh
benzene was the solvent. The resultzs obtained in single ex-
traetions with a volume of solvent egual to that of the ague-

ous phase are summarized in Table 2.

Table 2

Behavior of Traeer Plutoniun(IV)
with Verious Bldentate Organie
Reagents in Acetute-Buffered Solutions

PH of Per Cent
Class of Agueous Pu Ex~
Compound Reagent Solution tracted
Bydroxy keto Quinalizarin (with 2.11 58,1
sompounds aniline) 3.80 70.3
4.63 94.8
5.54 95.%5
Benzoin 2 to 8 2.2
2«Hydroxybenzophenone 2.6 to 6.3 2.6
8.3 18.6
2-Hydroxy-S-methyl- 1.5 to 8.2 0.3
benzophenone 8.47 10.1
~ﬁ;31kxtonol Benzoylacetone 3.78 3.0
4.69 2.0
5.47 7.0
8.52 25.0
Dibenzoylmethane 1.80 0.7
4.80 1.5
4.80 11.0
5.70 36.0



Table 2 -« Continued

p—— e

PH of Per Cent
lass o Agueous Pu Ex-
ompound Reagent Solution tracted

Trifluoroacetylace~ 2.5 20
tone (wlith benzene) 3.5 36
4.5 87
5.0 86
5.6 o3

Oximes and Ni- o(-Nitroso-f- naphthol 2 to 8  <10.7
troso Compounds

,f-Nitroso-a(;naphthel 2 to 8 7.6
o-Hydroxyacetophenone 2t 4 <0.1
oxime 8 13.0

8 2.7
X -Benzoin Oxime 2 to 8 <3.7
Isonitrosocacetophenone 2.8 to 5.8 <1.9
8.45 44.2
Isatin- J-oxime 1.7 to 8.7 <2.5
Dimethylglyoxime 2t 8 <4.2
Acetylacetone dloxime 1.5 to 8.0 «1.8
| Monoimines Acetylacetone monoinide 1.8 to 5,3 «1.0
Salicylelmethylimine 4 to 8 <B.4
Salioylalethylimine 4 to 8 <6.0
Salicylal—[?ihydroxy- 4.9 to 6.6 <1.0
ethy%J7—1mine
Salliecylal phenylimine 2 to 8 £{7.8
Salleylal=-/2-~hydroxy- 5.68 42.95
phenyl/-imine = oils 408

6.44 49.2
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Table 8 - Continued

PH of Per Cent

Class of Agqueous Pu Ex~
Compound Reagent Solution tracted

o-Hydroxyazo  2-Hydroxy-S-methyl- 3.3 to 5.8 1.0
Tompounds azobenzene

l-Benzeneazo-2-hy- 2.95 to 8.70 <1

droxynaphthalene
p-Nitrobenzeneazore~- 2 to 6 <B.4
sorcinol 8 14.0
Hydroxsmio Benzohydroxamie 1.88 to 5.20 <21.8
Aeids agid 5,69 29.4
6.02 42.1
.40 41.9
6.72 48.7
7.6} 65.8
8.02 60.0
o-Hydroxbenzohydro- 0.98 to 5.97 <3,6
amio aoid
<~Furohydroxamie 3.28 to 8.72 <5.9
acld 7.92 18.0

Dithiocard8. Ammonium phenyldi- 3.75 to 8.18 1.0

mates thicoarbamate

Ammonium morpholine- 1.55 to 5.48 <1.1

dithio--sarbamate 8.38 43.8

Potassium pentamethyl~ 4.00 7.4

enedithicoarbamate 4,95 7.1
5.95 7.4
7.07 14.1
8.95 8.8
8.97 7.7

Potassium N,N-éi- 4.15 0.9

ethyldithiccarbamate 5.05 1.8
6.08 16.9
7.07 6.0
8.03 2.8
9.01 7.2




Teble 2 ~ Continued

PH of Per Cent
Class of Aqueous Pu Ex-
gompound Reagent Solution tracted
Amide Oximes Benzamide oxide 3.00 to 8,08 2.5
Phenylacetanide oxime 3.12 11.5
4.30 6.8
5.00 8.3
6,10 21.6
7.00 8.9
7.95 11.6
Miscellaneous Diphenylthiocarbazone 4 to 10 <1l.0
Bidentate
Reagents syn.-Diphenylthiourea 2 to 8 <4.,8
K~Picolinic acid 2 to 8 <1.0
Diphenyloarbazide 4.55 to 6.94 <6.7
Salieylalphenylhy- 3.04 to 7.08 <1
drazone '
e-Hydroxyacetophenone 2 2.1
semicarbezide 4 5.5
6 14.1
8 15.9
8-Hydroxyquinoline 3.00 2.8
4.04 2.3
5.00 5.8
5.90 19.7
.86 38.9
8.10 51.3
O-Aminophenol 1 2.6
é 4.3
9 14.3
Anthranilio acld 3.9 to 6.1 <8.3

K-Methylsalioylamide 1.84 to 8.42 8.8



Table 2 - continued

pH of Per Cent
Class of Aqueous Pu Ex-
Compound Reagent Scolution traoted
X =Azobenzene~/~keto 3.20 to 5,55 <1.0
butyrie acid
N,N'-Diphenylform- l1.82 to 5.92 <l.2

azylbenzene

From the results listed in Table 2 there appears to be
definite evidence of complexing of Pu(IV) by quinalizarin,
the F-diketones, benzohydroxamie acid, 8-hydroxyquinoline,
and salioylal-/E-hydroxyphenyl/-imine.

$.1.3 HBExperiments with quadridentate reagents

It was evident from the results of the experiments with
bidentate reagents that the coordination number of Pu(lV) is
eight. Therefore, it appeared worthwhile to investigate the
properties of quedridentate reagents containing two acldle
groups and two ocoordinating groups per molecule. If proper re-
activity and spatial relationships could be found, guadriden-
tate might be more likely to complex Pu{IV) then bidentate rea-
gents.,

Negative results were obtained with the ethylenediinines
of o-hydroxyaeetophenone &nd acetylacetone at pH's from 2 to 8.

Exploratory experiments with disalleylalethylenediimine, how-
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ever, gave prouising results. The generalized structurs for
such compounds would be represented in the figure below, where

M represents a quadrivalent metsl.

H H

(

- O =N - (Gﬂg) -N=2(0 -
rj o L Y ) m
- h “, 0 -
V4 P N

The results of a series of experiments designed to determine

the effect of changing the =ize of ring II are given below.

Table 3

Behavior of Tracer Plutonium(IV) with Derivatives
" of Salleylaldehyde in scetate-Buffered Solutions

pH of Aqueous Per Cent Pu

Addendum Solution Extragted
Hydrazine 2 to 8 <{9.4
- Methylenediimine 2 to 8 < 3.1
Ethylenediimine 4.59 20.5
5.00 76.6
5.52 93.0
6.01 98.6
Trinethylenediimine 4.38 25.0
4,90 12.5
5.40 1.3
o-Phenylenediinmine 4 22.5

6 14.0
8 3.5
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The results shown in Table 3 indlcate that ohelation is
accomplished most easily with the ethylenediimine, so the next
efforts were direoted toward finding derivatives of disalicyl-
alethylenediimine which complex Pu{IV) at pH's below that at
which the hydroxide precipitates. The results of seversl such

experiments are summerized in Table 4.

Table 4

Extraction of Plutonium(IV) Tracer by Chloroform
and Schiff's Bases of Ethylenedianine

PE of Per Cent
Aqueous Pu Ex-
Parent Aldehyde Solution  traoted
2~Hydroxy-3-methoxybenzaldehyde 2 0.3
4 54.4
] 14.0
8 1.5
2-Hydroxy-5-methylbenzaldehyde 3.20 11.8
4.25 22.8
4.82 31.3
5.38 57.0
5.68 87.0
6.09 97.4
2,3-Dihydroxy~-6-phenylbenzaldehyde 1.12 0
2.895 43,8
4.00 56.8
5.12 59.1
5.85 67.
5.98 86.0




Table 4 - Continued

pH of Per Cent
Agqueous Pu Ex-
Parent Aldehyde Solution tracted
2-Hydroxy-3-nitrobenzaldehyde 3.38 4.1
3.98 5.2
4.50 1.7
4.92 2.8
5.39 2.0
5.95 11.8
2-Hydroxy~-3-bromobenzaldehyde 2.61 28,8
3.20 49.%5
3.48 47.2
35.88 26.0
$.05 20.2
5.30 34.2
5.80 39,7
8.30 75.5
2-HBydroxy~3-bromo-5~tert.-butyl- 1.98 0.8
benzaldehyde 3.128 36.0
3.32 40.4
3.59 71.0
3.98 39.5
4.53 43.0
5.09 49.0
5.19 54.0
5.50 65.0
5.90 84.0
S. 92.0
2-Hydroxy-5-chlorobenzaldehyde 2.33 26.2
3.30 85.5
3.69 85.95
4. 20 50.8
4.55 42.8
5.02 47.0
5.3 58.0
6.15 82,0




Table 4 - Continued

e —

pH of Per Cent
Aqueous Pu Ex-

Parent Aldehyde Solution tragted
2-Hydroxy-3-chlorobenzaldehyde 2.29 25.4
2.88 82.0
3.36 69.5
4.42 57.2
5.45 75.6

8.00 71.4
8~-Hydroxy-3,8~diohlorobenzaldehydes 2.48 54.4
3.28 83.9
3.92 60.0
4.5%5 3.8
5.00 83.0
5.85 71.0
Z«Hydroxy-3-chloro-5-tert,.-butyl- 2.08 59.0
benzaldehyde 2.7% 97.1
3.62 99.5
4.12 99.4
4.81 97.1
5.68 94.0
2~Hydroxy~3-1sopropyl-5-chloro- 3.61 46.0
é-methylbenzaldehyde 4.70 81.0
5.23 89.0
5.82 89,0
2-Hydroxy-3,5-dimethylbenzaldehyde 2.72 50.7
3.90 81.8
4.38 45.5
5.00 61.7
5.48 71.4
5.98 8518
2-Hydroxy~3-chloro-4-tert.-butyl- 2.23 §8.2
benzaldehyde 2.91 83.3
5.85 71.8
4.59 52.4
5.16 75.6

5.75 92.6




Table 4 -~ Contlnued

PH of Per Cent
Agqueous Pu Exe
Parent nldehyds Solution traoted
2-Hydroxy-5-tert.-butylbenzal- 2.89 41.0
dehyde 4.52 89.0
5.186 91.4
5.43 91.C
6.08 84.7
8.98 21.0
2-Hydroxy-S=ghloro=-8-methylbenzal- 2.75 9
dehyde 4.30 17
: 4.91 37
5.92 S8
2-Hydroxy-b-tert.~-amylbenzaldehyde 2.320 1.3
2.62 6.9
3.52 54.2
4.62 89.3
5.28 80,0
6.14 77.%
2~Hydroxy~4,6~-dimethylbenzaldehyde 4.08 4.5
4.9 31.4
5.47 88,7
- 8.22 84.7
2~-Hydroxy-3-methyl-5-tert.-butyl- 2.58 0.8
benzaldehyde 3.10 2.4
3.76 2.2
4.54 1.5
5.37 2.1
5.92 12.4
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Table 4 « Continued

= e —
pH of Per Cent
Aquecus Pu Ex-
Parent Aldehyde Solution traoted
2,5onihydrox;o5 or 8é-«tert.-butyl- 1.55 : 3
benzaldehyde 1.98 83.5
2.28 6.9
2.7% 7.2
2.90 88.5
2.985 99.9
3,88 98.6
3.98 99.8
4,42 99.7
4.64 99.4
4.92 98.0
5.02 99.1
$.30 98.8
5.80 99.2
5.98 7.4
6.40 91.0

5.1.4 Disoussion

There are several factors to be consldered in tracer
studles on inner oomplexes of plutonium., The stability of

many organic complexes 1s quite critically dependent on the

pH of the medium in which the complexes are formed. There-

*The position of the tert.-butyl group is not definitely
knovm, The aldehyde was prepared by the Duff reaction from
2-hydroxy-4~-tert, -butylphenol, and the tert.-butyl group

in the aldebyjde might be in either the 5~ or 6- positiom.
Positive proof of structure depended on the oxidation of the
tert.-butyl radical to a carboxyl group, and tertlary alkyl
Tadlcals are partiocularly resistant to oxidation. However,
the more likely structure might be the S5-substituted compound,
as judged from the reactivity of other S-substituted eompounds
with Pu(IV).
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fore, in order that no reagent be ovsrlooked in its possi-
bility of complexing plutonium, a rather wide pH range was
investiguied. 1he bufier systews were limited to acetutes,
besause the anions present in other buffer systems (citrate,
tartrate, etc.) form very strong complex ioms with Pu(IV),
and might lead to erroneous conoclusions about the behavior
of Pu({IV) with some organic reagents.

Tracer scale extractions can lead to results whisch are
of great value, even though some of the data may not he oon-
clusive on a quantitative basis. If there is high extraot-
ability into a solvent whioch will not extraot plutonium in
the absence of the organic reagent, the results can he taken
es presumptive proof of imner ocomplex formation., If the ex-
tractability is low (less than 2 per cent) 1t is not likely
that ocogplex formation takes place., TLow but still messure
able extractabilities (lese than 8 or 10%) are almost ambi-
guous in thelr meanings.

Meny of the compounds which gave promising results on
the tracer scele were later studied more thoroughly on the
miero scale using visible amounts of plutonlum,

The high exiractions obtalned with quinalizarin and
sniline are difficult to interpret, because aniline alone ef-
fected about 85 per cent extraotion of tracer Pu(IV). This
may be due to selective wetting of the hydroxide which might
be precipitated at the pH produced by the solubility of ani-
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line in water. Quinalizerin with ether, tert,-amyl alcohol,
and nitromethane effected no extraetion of Pu(lV) tracer.

The extraction of tracer ru(lV) by tamnic acid and sniline (53)
has been reported, but there hes been no elusidation of the
chemistry involved. Later, in conneetion with experiaents
deszigned for cther purposes, 1t was found that mioero amounts
of Pu(IV) formed a reddish-purple couplex st pH = $ with quin-
alizarin, and that the compound wes soluble in and extractable
from water by eyclohexanone.

The f-diketones had obvious possibilities as chelating
compounds, since acetylacctone long has been known to complex
many metals, inoluding Th(IV) (54), Zr(IV) (58), U(IV) (585)
and Ce(IV) (56). Considerable work has been done by other
laboratories on Pu(IV)-acetylacetonate (57). In our work we
did not stress the study of p-diketones bacause as a rule
thelir ecomplexing aoctivity is quite general for many elements.
However, it was found later by Calvin and co-workers, that
certain trifluoromethylqf-diketones exhibit some specificity
for forming stable Pu(IV) complexes (58, 59, 60, 61, 62).

None of the nitroso compounds or oximes possess couplex-
ing sctivity for Pu(IV). Cowan and Goldsmith (63) alsoc ob-
served negative results with.Lpnitroso-4f-naphthol, dimethyl-
glyoxime, and salicylaldoxime on the tracer scale. The only
nitroso compound whose complexing activity with Pu(IV) is im-

portant 1s cupferron (64).



0f all of the other miscellaneous bidentate reagents
listed in Teble 2, only benzohydroxemic acid and 8-hydroxy-
quinoline showed appreciable complexing activity with Pu(IV). .
Early experiments (65, 66) had indicated that the 8-hydroxy-

quinolates of UO_**, Ce(III) and Ce(IV) when precipitated

2
at a pH of 4 carried plutonium. Considerably later, Patton's
analysis of Pu(lIV)-B8-hydroxyquinolate on the mioro scale gave
oconclusive proof that the coordination number of Pu(IV) ie
elght (67).

Many of the bldentate reagents listed in Table 2 are re-
markably active in forming imner complexes with many metals,
especially those in the so-ocslled transitiomn groups. That
so few of them react with Pu({IV) may constitute evidence that
plutonium does not resemble the transition elements in whioch
d orbitals are being filled.

The results obtained with quedridentate reagents sre
interesting in that they show the structurel relationships
necessary for the formation of complexes with Pu(IV).

Tracer scale experiments with di-acetylacetone ethylene-
diimine gave negative results, and attempts by others (68)
to prepare the U(IV) snd Pu(IV) oomplexes, by the method used
by Combes (69) for the preparatiom of the Cu(IX) ecomplex, were
unsuccessful.

The results summarized in Table 3 show quite well the

effect of chelate ring size on the stability of the Pu(IV)
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complexes with disalicylal diimines. Copper and nickel deri-
vutives of this type have been studled quite extensively by
Prfelffer (70), and he has described ocomplexes in which there
are as many as ten methylene groups between the two imino ni-
trogen atoms, Pfeiffer (71) prepared Uoz" complexes of di-
salicylaldiimines, and the U(IV) canplex of diselicylalethyl-
enediimine 18 stable with e melting point above 300°C (72).

Actually for oompounds of this type, little guantita-
tive work has been done on the correlation of struoture with
stabllity of complexes with disalicylsldiimines. The recent
studles of Duffield end Calvin (73) on the exchange reactions
of copper chelated compounds mark a step in the right direc-
tion.

The ethylenediimines exhibited the greatest tendency for
eomplex forﬁation, and the nineteen compounds llisted in Table
4 were studied tc detoieine the effect of various substituent
groups. The peculiar effect of the tert,.-butyl group in the
S-position is evident, as is the effeot of a shloro or phe-
nolie group in the 3-position. There appears to be no obvious
electronic explanation for the effects of these groups in en-

haneing the complexing activity of the resgent.
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5.2 Extended Studies with Disal¥*

5.2.1 Conditlons for preparing the Pu(IV) complex on the

mioro socale

In experiments on the tracer scale, disal proved to be
the most promising of the reagents examined for complexing
activity with Pu(IV) in the pH renge 2 to 6.4, Because tra-
cer scale experiments ocan sometines lead to queétionable re-
sults it was necessary to check the validity of the results
with mierogram and milligrem amounts of plutonium,

Several experiments were performed to determine the op-
tinmum conditions for preparing the conplex with micro amounts
of Pu(lv). In all of the experiments, the Pu(IV) was in 1 ml
of acetate-buffered solution at pH 4. The s0l1d reagent was
added (usuaslly twice the theoretical amount needed) and the
8lurry asgitated while complex formation took place. During
the course of the reaction, the solid phase (the suspended
organie reagent) changed from the yellow color of the reagent
to the purple black color of the Pu{lV) complex.

Chloroform extractions, with l- to 2-ml portions of sol-
vent, were done in the miero extraction apparatus described
ia Section 3.2.

The results of several experiments are summarized in

Table 5.

*The word “"disal" will be used in the rest of this thesis as
an abbreviated notation for di-(2,3-dihydroxy~5 or &~tert.-
butylbenzal}-ethylenediimine.
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Table §

The Extraction of Plutonium(IV)
on the Mioro Scale by Chloroform
and Dissl from Acetate
Solutions at pH 4

Reaction Conditions Per Cent Pu

Amount of P Extracted
Pu({Iv) Temp. C Time, Hrs. into Chloroform
0.950 mg 25 - 30 36 88.4
1.019 25 -.-30 48 $8.1
0,356 85 - 70 2.5 88.8
0.356 95 2.5 97.5
0.358 : 95 1.0 96.5

The relative slowness of the reaction is doubtless due
to the fact that the reaction takes place in a two-phase

system. The reagent is quite insoluble in water.

5.2.2 The ocomposition of the Pu(IV)-disal gomplex

Disel 1s a quadridentate reagent with two acidie and
two eoordinating groups, and it was assumed from the re-
sulis of tracer experiments that two moleoules of reagent
were involved in complexing one atom of Pu(IV). To estab-
51ish this with ocertainty, the weight percentage of plu-
tonium in the disal eomplex was determined,

To an acetate-buffered solution containing 2.79 mg of
Pu{IV) at pH 4 was added an amount of disal less than that
required for reacting with all of the Pu(IV) present. The

suspension wes agltated for 12 hours at 80 to 90°C for com-



‘m-

pletion of the reaction. The organioc complex was extracted
with chloroform and the organic layer washed with water.

The chloroform solution of the ocomplex was evaporated
and the residue dried to constant weight at 100°C. The com-
plex, almost biack in color, was weighed, destroyed by di-
gestion with HNOg, and the resulting solution assayed for
plutonium.

The data are sunmarized in Teble 6. The formula Puky on
(where R ® disal radical) is olose enough to PuR, to indicute
that two moleoules are involved with one atom of Pu(IV). No

molecular weight deternlnations were attempted.

Table 6

Composition of the Plutonium(IV)-
Disal Complex

veight of plutonium taken 2.790 ng

Welght of dried ocomplex 11,302 mg
Weight of plutonium in complex,

by radicactive assay 2.569 mg
Formula of complex, calculated

from the above data PuRy og

where R¥* is

P
(CHg)aC M- C =N Ne C< “N-c(CHgls

L |

N0 R
Q Q
H B

¥iesuming the Lert.-butyl group Lo be in the S-position.
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5.2.3 The use of various solvents for disal extractions

In most of the traocer scale extractions chloroform was
used as the solvent. If there should ever be a pneed for a
solvent more adaptable than chloroform for continuous eoun-
ter ourrent extractions, the behavior of various solvents
toward the Pu({IV)-disal complex would have to be known.

The data summarized in Teble 7 were obtalned by using
the usual tracer extraction teohniques, using 20 ml of aque-
ous solution at pH 5.6 and 20 ml of solvent in separatory

funnels.

Table 7
Extraction of Tracer Plutonium(IV)

by Disal and vVarious Soclvents
from Aocetate Solutione at pH 5.6

— ]

Class of Per Cent Pu
Compound Solvent Extracted Remarks
Hydrocarbons Pet. Ether 95.0 Preferential
(35-55"C) wetting of
. disal
Benzene 98.9
Toluene 98.0
P-=Xylene 99.4
Chlorinated Chloroforam 29.5
Hydroearbons Carbon tetrachloride 60.8
Trichlorethylene 86.9
Alochols Benzyl eloohol 98.4
Cyclohexanol 98.1 Considerable
intersolu-

bility.




Table 7 - Continued

Class of Per Cent Pu
Compound Solvent Extracted Remarks
Ethers Di-isopropyl ether 99.1
Diethyl ether 98,9
Esters n-Butyl acetate 99.7
Ketones Methyl isobutyl ketone 99,0
Cyclohexanone 99.3

The results indlcate that several solvents are effeotlive

for disal extractions of plutonium.

5.2.4 Behavior of the Pu(IV)-disal complex toward dilute

acids

Several experimente were conducted to determine the ni-
trie acid concentration necessary to extract tracer Pu(IV)
from chloroform and methyl isobutyl ketone solutions of the
disal complex. The results of these experiments are summar-
jzed imn Teble 8. In all cases, the disal extractions were
done under pH conditions which lead to virtually complete
extraction of Pu(IV). Copper(II) carrier was used to obtain
& qualitative 1deu of the relative stabilities of the Cu(IX)-
and Pu(Iv)-disal complexes toward nitric acid.



Table B

Stabllity of Tracer Plutonium{IV)-Disal
Toward Dilute Nitric Aéid

Per Cent Nolar- Per Cent Total
Pu Ex- ity of Pu Ext'd. Per Cent

Solvent Carrier pH tracted HNO5 by HROg Yield Remarks
Chloro- Cu** 3.91 99.7 0.05 83.7 82.6 Cu*® oomplex stable
fora 3.92 99.0 0.2 99.2 87.9 " " "
3.98 98.7 0.4 99.6 8.8 Cu®** gomplex de-
stroyed
3.98 98,7 1.0 99.5 99.2 Reagent attacked
Methyl None 5.6 99.6 0.1 94.8 94.4 The reagent was pare
isobutyl 5.6 9.8 0.2 95.2 25.0 tially attacked by
ketone 5.6 99.5 0.4 97.8 97.4 all of these ooncen-~
5.6 99.4 0.6 98,06 98.0 trations of aoid. The
5.6 99.4 0.8 96.6 96.9 solubility of HNOy in
5.8 99.4 1.0 08,6 98.1 the ketons is consi-

derable
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In order to determine the effeotiveness of oxalioc acid
in extreaoting Pu(IV) from the chloroform solution of the di-
8al ocomplex, tracer Pu(IV) was extracted with disal and chlo-
roform from acetate-buffered solutions at pH 4.6. Then the
ochloroform solution of the complex was agitated with an equal
volume of dilute oxalie aocid solution and the two final frac-
tions were then analyzed for plutonium. With 0.04 M oxalie
acid, 53.5 to 58i6 per cent of the plutonium was extracted
from the chloroform solution, and with 0.10 M oxalic acid
the extractions ranged from 58.2 to 71.4 per cent.

5.2.5 Interfering substances

Sulfate, oxalate, and ferron (7-lodo-8-hydroxyquinoline-
S~sulfonic soid) were found to prevent complexing of Pu(IV)
by disal. '

The results of several tracer scale extractions with
equal volumes of organic and agueous phases are summarized

in Table 9.
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Table 9

Interferences in the Extraction
of Plutonium(IV) by Disal
and Chloroform

. .
PH of Aqueocus Per Cent Pu Extracted

Substaences added Solution by Chloroform
None 5.2 99.0
0.1 M 38880‘ 5.2 91.6
0.2 M Na2504 5.2 81L.2
0.3 M Ha230, 5.2 74.5
0.‘ ¥ Kﬂg‘SO‘ 502 7001
006 H Haase‘ 5-2 68-1
0.8 M RagS04q 5.2 70.9
1.0 M NagsoO 5.8 70.4
0.63 M Naz2SUg 1.90 4.9
2.58 4.8
3.17 23.2
3.81 81.0
5.22 87.8
0.4 M CpO4- 2,68 to 5,00 5.2
Ferron (0.5 mg/ml) 2.02 17.8
2.51 53.68
3.01 49.0
3.52 51.9
4.00 62,5
4.51 53.8
5.00 42.9

The data indloate that at pH's at which disal extractions
are complete from acetate solutions, the Pu(IV) complexes with
804", Gaﬂ‘z and ferron are strong emough to limit the oomplex-
ing of Pu{IV) by disal,



$5.2.6 Discussion

Composition of the Pu(IV)~disal complex. The chemiecal

evidence obtained by analysis of the Pu(IV)~disal complex
indicates with eonsiderzble certainty that the ooordination
number of Pu(IV) is eight. In this respect the behavior of
Pu({lIv) is analogous to that of U(IV), which forms complexes
with disal (72). Th(IV) and Ce(IV) also form chelate com~
pounds oompatible with a coordination number of eight for
the metal (54, 56, 74, 75).

Very little 1s known about the stereochemistry of come
pounds of elements with a coordination number of eight, even
though many such oompounds are known. The lsomer tebles of
Marohi, Fernelius and ifcReynolds for eoordinatiocn number
eight (76) indicate that ocomplete configurational studies of
coordination number eight by chemical methods would be a
formideble task. Hoard and Nordsieck {77) have shown by x-
ray studies that the pgolybdooctacyanide ion is dodecahedral,
and recently Marechl and MoReynolds (78) have resolved po-
tassium tetra-oxalasto-uranium-({IV) into optieal isomers, and
postulate that the oxalato-uranium lon is elther antiprise
matie or dodecahedral.

The studies of chelate compounds of Pu(IV) were designed
to oconocentrate on cheniocal propertles, so there were no at-

teupts to study stereochemiocal configurations. However, it
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might be interesting to speoulate briefly about the
stereochenioal properties of Pu(lIV) complexes with ree-
lation to the position of plutonium in the periodioe
teble.

Present opinlon tends toward the view that pluton-
iun 1s 2 member of an "actinide" series in which the S5¢
subshell 18 being filled. On the basis of this view,
the configuration of Pu(IV) might be 5 r‘, with the 64,
78, and 7p orbitals vacant. Thus, to form & complex com-
pound with ooordination number eight, Pu(IV) must aceept
eight pairs of electrons. These are avallable in two
disal radicals. There are no known oases in whieh f ore-
bitals are involved in bond formation (26), so it is not
likely that any of the ele¢trons donated by the reagent
would be acooumodated in the 5 f orbitals. However, the
éd, 78, and 7p orbitals are available, and might receive
the eleetrons to form stable bonds, According to Kim-
ball (26), in his analysis of coordination number eight,
aspa bonds could be formed to give the antiprismatie
gonfiguration, but d“tp5 bonds would be much more stable,
These would lead to antiprismatic or dodecahedral ocon-
figurations. These predistions were substantiated by
ohenleal studles on tetrasoxalat.o-uranium-(IV) (78).

In order to obtain csubic structuree, d5r8p5 or d3f‘a

bonds would be necessary (26).
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Magnetic measuremzents would be of great value
in determining whether 5f orbitale are involved in
the formation of Pu(lV) oomplexes. Chemical studies
designed to determine the configuration of complexes
might be quite difficult.

Chemioal properties of the Pu(IV)-disel complex.

The reason for the slow reaction of miero amounts of
Pu{lV) to form the disal complex is probably that the
reactlion medlum 18 heterogeneous, due to the low solue
bility of the reagent in water. The reaction rate

could undoubtedly be increased by the use of mixed eole
vents, such as dioxane-water mixtures, but this would
lead to decreased efficlency in the extraction by chloro-
form.

The data sumnmarized in Table 7 show that several
solvents are available for disal extractions if solvents
with particular physical properties should be needed.

From the behavior of Pu(IV) and Cu(II.) disal com-
plexes with dilute nitric acid, one might surmise that
even though several elements were complexed by disal a
fractionation still might be possible by Judiclous cholce
of the acid coneentration used to destroy the ocomplex.

In fact there are considerable differences in the sta-
bilities of metal complexes of coupounds of this type.
Preiffer and co-workers (79) have studied the stability
of complexes of disalicylalethylenedilmine with various



elements by means of displacement reactions and have
found the relative strengths of complexes to be in
the order Cu > Ni >V, ¥e >Zn, H >Mg. Thus, it is pos-
sible that the specifieity of disal for plutonium
might be inoreased by proper use of an acid re-extraoc-
tion eyele,

The low re-extractions of Pu(IV) by oxalic acid
were surnrieing in view of the fact that oxalate inter-
feres so strongly in the conplexing of Pu(IV) by disal,
See Table 9. It is Interesting to note that oxalie acld
in concentrations as low as 0.05 M will remove Pu{IV)
from the cuérerron conplex (80),

The Interferences of sulfate, oxalate and ferron
with disal extractions are ascribed to the fact that
these substances form very strong water-soluble oconm~
plexes with Pu(IV). The Pu(IV)-ferron complex is so
stable that ferron prevents the adsorption of Pu(IV) on
Aunberlite IR-1 resin (B1l). attempts to destroy the Pu(iV)-
ferron compound by addition of Fe*** ion to form the more
stable Fe (III)=-ferron 41d not lead to any suoccess in inm-
proving the yields in disal extrsotions from solutions

containing ferron.

5.3 The Pu(IV)-Ferron Conplex

5.3.1 Introduction

Ferron (7-iodo-8-hydroxyquinoline-5-sulfonic acid)
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forms an extremely stable complex with Pu{IV) in the
PH renge 4 to 8., The formula of the oomplex iz pro-
bably

S05H

\\{/\\
I- /\N/l
O
~

i
‘
t
4

Pu
)

When ferron is present in s solution of Pu(IV) at the
proper pH, complex formation prevents adsorption of
Pu(IV) by Amberlite IR-l resin. This makes possible
the separation, in the edsorption proeess, of pluton-
ium from elements not complexed by ferron (81).

The work descrided in this section was designed to
learn some of the chemistry of the Pu(lV)-ferron oomplex,
especially that of analytieal importance.

In 1932, Yoe (B2) reported a method for the colori-
metrie determination of ferric iron with ferron., Very
few cations (only copper, cobalt, nickel, chromium and
aluminum) were reported to interfere. Later, Yoe and
Hall (83) and Swank and Mellon (84) published additiomal
data on the ferron method for iron. They stated that very
few ions other than Fe(III) form colored complexes with

ferron. Therefore when Ayres {8l) found that Pu(IV) formed



a stasble coaplex with ferron, it was of interest to de-
termine whether the complex wae colored, and whether it
might have any peculiar properties which night be of use,
in the esnalytical chemistry of plutonium.

In the experimental work described below all of the
spestirophotometrio measurerents were made with the Beok-

man Model DU Spectrophotometer.

$5.3.2 BExperimental

The absorpticn curves for ferron, In most spectro-

photometrio work the obtiocal behavior of the solution stu-
died is compared with thzt of a "blank" solution. In stu-
dies with ferron, for example, the sanple would contain
ferron, a buffer, end the sation under consideration, while
the "blank®™ would contaln only ferron snd buffer. The
solor characteristics of ferron itself ohange with pH, so
spectrophotometric curves for the reagent are nscessary to
deternine how much care must be exercised in preparing the
"blank solutions™,

The absorption curves for ferron are shown in Tigure
3. All of the neasurenents were made with 1 em cells filled
with s buffered solution 0.000228 ¥ in ferron against a
blank containing the buffer. It 18 obvious that in the re-

gion below 500 m y care must be exerclised in preparation of

the blank solution.
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Absorption curves for the Pu(IV)-ferron somplex.

In Figure 4 are shown absorption ocurves for the Pu{IV)-

ferron complex at pH's 3.61 to 4.88. In all cases, fer-
ron was added in exgess of that required to complex the
Pu(IV), and the blank contained the same buffer and an
amount of ferron equal to the excezs used in the pre~
paration of the complex.

Two of the curves were obtained from solutions of
plutonium purlfied by peroxide presipitations. The curve
at pH 3.61 was obtained from a solution oontaining 20.3
u& Pu{Iv)/ml. The solution had a very slight green co-
lor. At pH 4.68, the ferron solution containing 4.63 /g
Pu({Iv)/ml had a faint greenish-yellow color.

The third curve, for & solution of Pu(IV)-ferron
at pH 4.88 conteining 17.0ug Pu(IV)/ml, was preparoé
from plutonium by fluoride presipitation.

The absorption ourves for the ¥Ye(III)-ferron gsomplex,

In Figure 3 are shown the absorption curves for the Fe(III)-
ferron coxmplex, as calculated from the data of Mellon and
Swank (84). They reasured transmittancies ageinst a blank
oonﬁaining only the buffer and no ferron. Therefore, the
curves below 500 mg/are not paertioulerly useful, because
forron ltself has marked absorption peaks in the region

430 to 440 u/4 . However, the peaks in the region 800 to
620 muare certeinly due only to the Fe{IIl)~Terron com-

plex.
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Spectrophotometric estimation of irom im plutonium

using ferron as resgent. Yoe &nd Hzll (83) report that

Beer's lew holds in the ferron determination of iron if
the ratio of ferron to iron is kept constaht. 0f oourse,
this copstanoy is not a oondition commonly realized in
analytical practice.

Some solutions, with an dnknown iron content, con-
taining 8.113 y/g Pu(IV)/ml and more ﬁhan four-fold ex-
gess of ferron, were-pfgﬁéi;&. The pH renge was 1.02
to 2.77. The Pu(IY)oferron complex ia relatively un~
stuble et pH's below 2.5, s0 in these experiments most
of the ferron wae used by the iron. The solutions were
placed in 1 ox absorption cells, and the absorption curves
obtained are plotted in Flgure 6.

The data of Swank and Mellon {84) can be used to es-
timate the iron content in these solutions of plutonium,
Beer's law was assumled to hold, since the ferron/iron ra=-
tio was constant, and the linear relationship of absorp-
tion {at 800 to 620 my ) with pH wes used.

The results of the experiments are shown in Table

10.
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Table 10

Spectreophotonetric Estluation of Iron irn Plutonium
with Ferron as Reagent, Using
the 800-620 my Band

pH of <p of Po(ITI)- Log I,/I from

Solution ferron Fig. 6 8 Feo/ul
1.02 » 0.038

1.80 * €.106 :
1.69 1900 0.154 4.9
1.98 2850 - 0.183 4.0
2.38 30600 0.228 4.8
2.77 3300 C.250 4.2

PN

*Linearity between <, and pH no longer holds.

5.%.3 Discussion

There are indications that the ferron method cam
be ddapted for the estization of iron in plutonium,
because Pu{IV)-ferron has no marked absorption in the
600 to 620 my region of the characteristic peak for
Fe(Ill)~ferron.

The ebsorption curves for Fu{lV)«ferron ia Pigure
4 indicate that some iron might be present in the pero-
zxide-purified plutonium, because of the slight inflee-
tions around $90 my/. The corresponding inflection in
the curve obtained from fluoride~-purified plutonium is
not so marked, indieating less possibility of iron con-

tamination. The inflections at about 4850 ny are not 8o
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signifieant, because ferron itself has an adsorption peak
in this speotral region, and the infleotions could have

been due to sligbt errors in blank eorrections,
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V1 THE CHELATE COMPQUNDS
| OF PLUTONIUM(III)

6.1 Introdustion

Exploratory attempts to produce tracer Pu(III) did

. not prove partioularly successful, especially at pH's high
encugh for the formation of steble organio complexes, The
anions present in the common buffer systems complex Pu({IV)
gquite strongly, and consequently shift the potentisal of}the
Pu(III)~Pu(IV) eouple. Therefore, on the tracer scale, even
though proper reducing conditions have been used for produc-
tion of Pu(III), there is always uncertainty about the iden-
tity of the oxidation state of plutonium in the buffer sys-
ten.

For these reasons, 1t was necessary to conduct all of
the exploratory experiments with mioro amounts of Pu(III),
80 that oxidation states gould be ldentified with more cer-
tainty by spectrophotometric methods.

6.2 Experimental

6.2.1 General prosedure

In the exploratory experiments, the amounts of plutonium
used varied from 106 to 500 //5. In the volumes of solutions



used, these quantities of plutonium usually were suffi-
¢ient to make possible the identification of the oxida-
tion state by spectrophotometric enslysis (85). Tor
identification of Pu(III) in solution, the absorption
bands at 580 end 800 mywere used. When reductions were
oouplete, the characteristic 480 myband of Pu(IV) was ab-
sent. All spectrophotometris measurements were made with
the Beskman lodel DU spestrophotometer. After spectrophoto-
metrio measurements had shown that the reduction procedure
wae effeotive it was assumed in most of the suoceeding ex-
periments that Pu{III) was the oxidation state present in
solution. Lsater, however, in the determination of the conm-
position of Pu{lIv)=~{-naphthohydroxamaete, it was found that
in aocetate solutions, oxidation to Pu(IV) may take place to
a certain extent.

The usual reduction procedure was %0 remove most of
the nitrate present in the aliquot of stock solution by sev-
eral evaporations with HCl. The plutonlum solution then was
made 1.0 to 1.5 M in hydroxylemmonium ion and 1.0 to 1.5 M
in HCl. The time for reduction was alwgys at least an hour.
In general, the volume of solution was kept below 1.5 ml.
In the mope congentrated solutions, the color change from
brownigh green to blue was evident as reduction to Pu(III)
occurred.

The organio reagent, either as the solld or im ethanol
solution, end in five to ten-fold excess, was added to the

Pu(III) solution. The theoretical amounts of reagent were



based on the assumption that the coordination number of
Pu{III) is six. After addition of the reagent, the pH of
the solution or suspension was raised gradually by addi-
tion of NH4OH and ammonium acetate until the acetate gon-
gentration was about 1 M., At least two hours were allowed
for reaction to take place,

Chloroform extractions were made in the micro-extrao-
tion apparatus with the volume of solvent equal to that of
the aqueous phase. The fractions were analyzod for plu-
tonium by evaporating aliquots on pletinum folls and check-
ing their alpha aotivities,

6.2.2 The behavior of plutonium(III) with hydroxamic asids

It is generally assumed that the tautomers (I and II)
of the monohydroxeamie acids are capable of exlstence, but
that the oxime stru&ture {1I) is neoessary for chelate ring

formation (86).

O H 0H
R—C-N—0CH R— C=N—0OH
I II

The hydroxemie aclds are quite active in forming chelate com-
poundg, and therefore it seemed worthwhile to examine their

activity with Pu{III).

The results of several exploratory experiments are sum-
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marized in Table 1;. In all cases, the experimental pro-

cedure used was that describved in the preceding sestion,

Table 11

The Behavior of kicro Amounts of
Plutonium(III) with Varioue Hydroxamis Aclds

b

PH of Por Cent Pu Extracted

Reagent Solution by Chloroform
Benzohydroxamio Acid - 43.3

6 92.5
m-Nitrobenzohydroxamie ] 74.8
Acid
o-Hydroxybenzohydroxamie 6 33.0
Aeid
« «Naphthohydroxamie 2cld 2 2.2

4 94.3

é 97.4
A-Furchydroxamle Acld 6 1.2
Phenylacetohydroxamie Acid g :g.g
Acetohydroxamic Acld <] 1.2
n-Propanohydroxamie Acid 8 5.0
B-Valerchydroxamic Acid : gg.:

The data in Table 11 show definite evidence of eomplex
formation by Pu(IIIl) with several of the hydroxamio nmoids.
In all osses in which there was extraction of plutcnium by
chloroform, the color of the Pu(lII) complex was reddish=-
orange. The corresponding hydroxamatez of Fe(III) have a
more neerly purple aolor.

In tracer scale extraction experiments with Pu(IV) (see



Table 2}, benzohydrcxemic acid showed definite evidence of
cozplexing Pu(lV). However, it wes possible that some of
the Pu{IV) might have been reduced to Fu(III)} by the hy-
droxamic adid, which iz reslly an aoyl derivative of hy-
droxylexine,

It was found with milligram amounts of plutonium in
the tetrapositive state thaut KX-naphthohyiroxanie acid and
chloroforn effected 39.0 per cent extraetion of Pu{iv) from
& solution of pH 6. Similar experiments with Pu(III) showed
that naphthohydroxamic acid snd chloroform effected 97.4
per cent extractlon from a solution at the same pH. There-
fore it was of interest to determine the oxidation‘state of
the plutonium in the hydroxamates listed in Table 11.

The composition of the X-naphthohydroxemate was deter-
mined in a way simllar to that used for determining the com-
position of the ru(IV)-disal ocomplex (Section 5.2.2). The
A~naphthohydroxamate was chosen for the gravimetrie analy-
tiosl work because of the relatively high molecular weight
of the parent acid. Two determinations of the ocomposition
were made.

In the first experiment, Pu(IIl) was prepared by re-
duction in hydroxyleammonium ehloride and the identity of
the oxidation state checked spectrophotometrioslly. This
solution containing 2.972 mg of Pu{IIl) was buffered in
ammonium acetate to pH 4, eand as the pH was raised the

golor of the solution changed from blue to pink, To the



wBE e

3 ml of solution were added 5,433 mg of <-nephthohydroxamie
zcid., A brown color developed elwmost imredlately, and the
suspension was agiteted with helium for 7 hours for comple-
tion of the reaction. Extraction was made with 3 ml of
chloroform. The complex dissolved reedily in the chloro-
form to form an orange solution, leaving the aqueous layer
colorless, The chloroform solution of the complex was eare-
fully evaporated in & welghed miero platinum dish and dried
to constant weight. The plutonium content was determined
by destroying the organic matter with nitric aold and assay-
ing the solution for plutonium by alpha counting.

In the second experilment, no acetate buffer was used.
The solution, containing 2.53%36 mg of Pu(III), was prepared
by reduction in hydroxylemmonium ehloride. To 1 wl of this
solution were added 3,848 mg of {(~naphthohydroxamio acid.
As the pH was ralsed to €6 by the addition of KB‘GH the sus~
pension sequired aluost immedlutely the characteristie brown
color of the hydroxamate. The suspension was agitated with
8 helium stream for 7 hours for oon;letion of the reactlon.
Bxtraection was made with 2 ml of chloroform. The ohloroform
solution of the complex veas evaporeted snd analyzed in the
ssme way as that described 1n the preceding paragrsaph.

The results of the two determinations are showm in

Table 12,
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Table 12
Composltion of Plutonium(III)-<~-Naphthohydroxamate

rarevoresit - ——
e — -

Conditions for the
Preparation of the Cdmplex

1 M Acetate Ko icetate,

Solution, pH 4 PH &
Welght of Plutonium Used 2.972 ng 2.53% mg
Weight of Organic xeagent $5.433 mg 3.648 mg
Welight of Complex Formed 8.250 mg 4.928 ng
Welght of Pluténium in Complex 2.199 mg 1.432 mg
Composition of Complex* PuRs , g3 PuRz 14

*Where R = X-naphthohydroxamate radical

}c_n-oa
\_/°‘

The data indicate that Pu(IIl) fs not very stable in
acetate selu’cionsf Even théugh in the first experiment all
of the plutonlium was originally in the tripositive state,
addition of acetate lon may have caused some oxidation of
Pu(III) to Pu(IV) because of the st:bilization of Pu({IV) d»y
formation of the complex acetate ion, The change of Pu(III)
to Pu(IV) in acetate solutions probably becomes more appre-
¢iable with longer time for reaction. In the first sxperi-
ment suaravized in Table 12, 7 hours were allowed for re-
astion, and in the exploratory experiments sumrarized In
Table 11 the reaction pcriod wag from 2 to 4 hours. 'Thus

even thougk it is possible that some oxidation to Pu(IV)



may nave occurred, it still appears that the nositive re-
sults sumnmarized in Table 11 indiecste complexing of Pu{III)
by certain hydroxanmle ecids.

Another faotor had to be considerad in the resctions
of hydroxamie acids. In all of tne experiments with Pu{III)
and hydroxamie acids, hydroxylammonium chloride was used as
the reductant. There was the poseibllity that at the rela-
tively high pH's used for preparing the oomplexes, some free
hydroxylamine mizht have reaeted with one of the teutomers
¢f the hydroxamie asecid to form the corresponding N,N*-dihy-
droxyanidine esccording to the following reaction

R—C=0 + HyN-OH —> R-G=NOH + Hy0
| )
H- N H-N
{ 1
0 0
H H

Experiments with benzohydroxauie acid and hydroxyl-
spumonium ohloride with oconditions ldentical with those used
for Pu{Ill)~complex formation showed that the hydroxamie
asid was unchanged., After 2 hours in the reaction medium,
the nelting point of the benzohydroxamiec aeld was unchanged
(129%°C). H,N'-Dihydroxybenzemidine melts at 115%°. (H.
Ley, Ber., 31, 2127 (1898).

6.2.3 Tae behavior of olutoniuijIIz with amide oximes

The amide oximes constitute an interesting group of

compounds which apparently exlist in two tautomeriec forms
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R—?—Hﬁa R“‘G"—*NH
}

N N-H

4] 0

H

in which they resemble the hydroxaslie scidss

R—C —OH R—C=0
i ]
N N-H
0
B B

It was thought that the amide oximes mlght also resemble
the hydroxamic acids in their reaetions with Pu(III).

The experimental prosedure for examining the astivity
of amide oximes was the same as that descoribed above for
the hydroxamic acids. The results of several explaratory

experiments are cummarized in Table 13.



Table 13
The Behavior of Micro Amounts

of Plutonium(III) with Verious
fmide Oximes

pH of Per Cent Pu BEx=-

Reagent Solution treoted by Chloroform
Benzamide Oxime 8 0.3
p-Toluamide Oxime 4.1 0.9

5.8 13.8
< =Naphthamide Oxime b5 1.6

8 10.9
Phenylacetamide Oxime 3.0 1.8

4.1 0.2

5.0 98.5

6.0 77.9
p-Valeramide Oxlme 4 3.2

5 46.5

é $2.0

Both phenylacetamide oxime and n-valeraulde oxime com-
pilex Pu(IlI) quite completely to form compounds deep purple
in color. In connection with some other studles it was found
thet phenyl-acetumide oxime also reacted with Pu(IV)..rwhen
826 /qg of peroxide-reduced Fu(IV) (with no Pu(III) or Pu(VvI)
present, as shown by spectrophotometriec anulysis) were allowed
to react with phenylacetamide oxime at pH 5 to 6, one chloro-

forn extraction removed 89.2 per cent of the plutonium. The

Pu{lVv)-phenylacetanide oxime is brownish-orange in color.

6.2.4 The behavior of plutonium({III) with miseellaneous

bldentate reagents
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The snelysls of Pu{III)~<enaphthohydroxamate ghve defi-
nite evidence that the cocordination number of Pu{Iil) is six.
Therefore, the type of reagent most likely to form chelate
compounds of Pu(III) 1s the bidentate reagent eonteining one
acldic =nd one coordinating group,

The results obtained in cursory experiments with Pu(III)
and several miscellanecus bidentate reasgente sre summerized
in Teble 14. The usual experimental proeeiure was used,

HMost of the reagents examined exhiblt rather general oomplex-

ing action with many metals,

Table 14

The Behavior of Mioero Amcunts of
Flutonium (IYI) with Verious
Miscellaneous Bidentate Reagents

FH of Per Cent Pu Ex-

Reagent Solution  tracted by Chloroform
S8slicylaldoxime 4 0.67

' 6 0.35
o<-Hitroso-f-nephthol 5 9.8
Dimethylglyoxine 6 1.2
Diphenylthiocarbazone 6 3.2
Isatin-/-oxine 6 8.5
o< =~Benzoin Oxime 3 3.3
Phenylglyoxaldlioxime 6 1.4
Diphenylthicearbazide L 6.6
8-Diphenylthiourea é 8.3
B-Hydroxyquinoline 5 10.8

6 51.6

Ammonium Horpholine-
dithioccarbamate 6 0.3
Potassium Pentsmethylene-
dithiocarbaunate 7 1.8
Potassium N,N-diethyldithio-
earbanate 6 0.1




It oan be seen that 8-hydroxyquinoline is the only
reagent listed in Table 14 showing evidence of complexing
Pu(liI).

6.3 Discussion

The analysis of Pu(III)-X-naphthohydiroxamate consti-
tutes good evidence that the coordination number of Pu{IIX)
is s8ix, If the electronic configuration of Pu(IIIl) is 5r5-
6828p®, the 64, 7s, and 7p orbitals are avallsble for re-
ceiving eleotron pairs to form covalent bonds. According
to Kimball (26) a2sp® (common in Co, Pd, =nd Pt complex

a%sp, a%p, =na a3p®

ions]}, configurations are possible for
covalent bonds for coordinetion number six. It is poseible,
of ocourse, that the bonds in Pu(III) complexes may be partly
ionie in chuaraeter,

Of the reagents exanmined for complexlng setivity with
Pu(III), only the hyiroxamic acids and aunlde oximes shown
any partiocular reactivity.

The hydroxamic acids are quite sctive chelating agents,
forming somplexes with Fe'*¥ Ri**, cott, cutt, UOg** Y*re,
zro**, Th****, and ce™* (87). Werner (37) postulated that

the structure of the complexes of hydroxamic acids is



However, it ®mas been found that derivetives of the general
formulas RCONHOR® or RC(OH)Y= NOR* do not give eolor re-
actions with térrio ohloride, while compounds of the struc-
tures
gt , R—cﬁoa' , and R—Gicl

~ CH ~ NOH N NOH
do, 8o it is belleved that the =NOH grouping 1s necessary
for the formatlon of chelate compounds (86). If this be
true, the hydroxamioc aclds and amide oximes are the only com-
pounds with =NOH groupings which show chelating sctivity with
plutonium.

Phenyleceto- and n-valerohydroxamic scids are quite sol-
uble in water, as are the phenylacet- and p-valeramide oximes.
These solubility properties make these compounds much more
useful as reagents for plutonium,

Salicylaldoxime was of some interest, In early work on
the tracer scale (88), when Co'® carrier was used with sali-
eyleldoxime and chloroform extractions of Pu(IV) tracer, par=-
titions as high as 80 per cent were obtained., The experimental
results were erratic, however, and were difficult to duplieate.
Even the ecarrier seemed to have some effect. However, if true
inner complex formation oocurs, and if all of the inner ocom-
plex dissolves in the organic solvent, as is the case with cop-
per and eobalt saliecylaldoximes, the erratic results cannot

be explained by the carrying properties of the precipitates.



Extraction of Plutonium Treaoer

Teble 15

with Salieylaldoxime and Chloroform

from Acetate-buffered Sclutions

Carrier Amount Per Cent
in 20 m1 of Pu
pH Solution Reagent  Extraocted Conditions
3.12 to 6.66 None 15 mg 14.1 No N350301 present
3.04 to 6.58 1 mg Cu** 15 mg 10.0  No NHzOHC1l present
3.08 to 5.52 2 mg Co** 15 ng 0.9 Ko NHgOHCl preseat
6.11 33.5
6.58 11.3
5.54 5 mg Co™ 40 mg 84.8 No NH,OHCl present
5.65 52.5
5.73 60.7
6.07 2 ng Cott 20 ng 63.3 Solution 0.1 M in

NHOHCL
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Prom the results of the tracer experiments, some
faotore indicated that the saliecylaldoxime might have
complexed Pu{IIX) instead of Pu(IV). The greatest ex-
tractions wére obtained when hydroxylamine was present,
or when & fairly large amount of oobaslt was used as
carrier. Hydroxylemine is known to producs Pu{III) amnd
sertaln cobaltous complexes are known to be among the
most powerful reducing agents known (89)., However, with
Pu(IIl) on the micro scale {See Table 14) there was no
evidense for cormplex formation with salicylaldoxime. So
far, no explanation for these discrepanclies has been

avolved.



VII TH. USE OF OunGANIC REAGENTS
FOR THE DECONTAMINATION AND
PUXKIFICATION OF PLUTONIUM

7.1 Introduction

After several reagents had been found to form chelate
ecompounds with Pu{III) and Pu(IV) efforts were direoted to-
ward the determination of the specificlty or selestivity of
the reagents. Some of the elements whose behaviors were stu-
died were those considered in the purifieation of plutonium;
others were the fission products whioh had to be removed some-
tine during the processing of plutonium from the uranyl ni-
trate dissolver solution to the finsl form in which pluto-
nium was desired. During the course of the investigatiens,
enprasis on various aspects of the decontamination and puri-
fication problems was changed. Therefore, some of the spedi-
fity experiments described below are rather limited in their
BOODSE.

ixtended studies were conducted omnly with the reagents
which exhibited consideruble complexing activity with plu-
tonium. Yor Pu{IVv), the best resgents studied in the Lmex
laboratories were disaliscylalethylenediimine and disal (di-
[E,s~dihydfoxyhs or 6-tert.-butylbenzal/~-ethylenediimine).

The best reagents for Pu(III) were benzohydroxamie acid,



<~=naphthohydroxamiec acid, and phenylacetanide oxime.
Although none of the reegents discussed in this see-
tion has been tested direstly with dissolver solutions sowe
have been tested with a number of cations, individually and
collectively. Many of the lops tested are found 1im various
process solutlions, and others ars freguently encountered in

laboratory recoveries of plutonium.

7.2 Experimental

7.2.1 The beshavior of various cations with disal

This reagent effects greater than 95 per cent complex-
ing of Pu(IV) and the pH range 2.75 to 5.98., The behavior of
this reagent with various cations weg examined by extractions
of tracer amounts and of milligram amounts of lons from ace-
tate~buffered solutions {0.1 to 1.0 M in total acetate) by
disal and c¢hloroform, Kxtractions were made either in sep-
aratory funnels or in an extraction apparatus (somewhat lar-
ger than that shown in Figure 2) in which agitation of phases
wag produced by a gas stream, In all ocases the volume of
chloroform was equal to that of the aqueous phase,

Radiocactive 33 year‘63137 was used to deterniine the dis-
tribution of cesium in disal extraotions. Activities were
measured by checking the radiocactivity of GsClO4 preaiplitates
from the agueous and orgunie fractions with the Geiger-Miller

gounter.



The behavior of barium wasg determined over a wide pH

140. The traocer vas recovered from

range with 12.8 day Be
the fractions as Ba(Ogy and the activity determined with the
eleotroscope. ‘

A solution of Ux,; activity (24 day Thas‘) was prepared
by ether extraoction of uranyl nitrate. The buffered soclution
was extraocted with disal and chloroform, and the tracer re-
covered by La({0H)s precipitations.

For extractions of zireonlum, & sample of carrier~free
zirconilum tracer was obtsined fron Clinton pile material.
Absorption measurements showed that the activity was at least
90 per cent pure €8 day ngs. The tracer was recovered by
Fe{QH)s precipitations and the activities deterinined with
the eleeiroscope.

The behavior of disal with tracer amounts of various

gations 1s summarized in Teble 18,



7. 3

Table 186
The Extracetion of Various Radloactive

Elements by Disal and Chloroform
from Acetste Sclutions

pH of Aqueous Per Cent Activity
Ion Solutions Extracted by Chloroform
cs® . 3.88 0.02
_4.28 0.02
Ba** 1.93 0.24
3.35 12.8
4,02 13.5
4.80 17.9
5.12 22.6
5.80 21.5
Ce***, Y*** 3,28 | " 0,09
3.85 0.37
pptEee 2.50 12.6
3,08 14.7
3.82 25.0
4.53 21.4
5.40 51.2
6.20 61.0
zro** 1.20 12.2
2,00 60.3
2.90 83.3
3.98 8l.2
4.70 82.8
5.25 85.4

The data indicate thet good separations of Pu(IV) from
alkall metals and rare earths are possible, but that direct
gseparations of Pu(IV) from barium, thorium and zirconlum are

muoch less effective.



The behavior of irom with disal was studlied using milli-
grzm amounts of lron, ‘he Fe*t* solution was prepared from
99.8 per cent pure iron wire. [Ixtractions were made from 20
ml of agueous solution, 1 ¥ in acetate, containing 2.50 ng
of Fe*™*., 1In each extraction 40 mg of disal was used with 20
ml of ehloroform. Iron in the fractions was determined spec-
trophotometrically as the ferrous orthophenanthroline ocomplex
ion. The results of several experiments are iisted in Table

i7.

Table 17

The Extraction of Irom
by Disal and Chleroform
from Acetate Solutions

pH of Agueous Per Cent Iron Ex-

Solution tracted by Chloroform
2.62 7.2
3.13 2.8
4.02 23.0
4.78 46.4
5.34 §3.8
6.08 41,0

Cursory experiments showed that the iron in the disal
somplex was in the ferrous state. In these experiments the
ohloroform solutions were shaken with 1.5 ¥ HC1 to destroy

the couplex. The ferrous iron in the HCl solution was de-



termined apectrnphotometrically as the orthophenanthroline
complex ion. Fronm ?z.é to 8840 per cent of the iron in the
HC1 solution was present in the ferrous state.

Very stable enulslons were formed in disal-chloroform
extractions of 5 to 10 mg quantities of UO**, 0’4, Th*4 ana
Zr0** ions, making impossible accurate egtimates of distribu-

tion of such quantities of material,

7.2.2 Attempts to adapt disal extractione to the separation

of plutonium from zirconium and thorium

Both ziroonium and thorium sre quite effectively come~
plexed by dizal in the pH range in whioh Pu{IV) is complexed.
The following experiments were designed to determine vhether
there are any oonditions with whioh practiocal fractionations
ean be obtalned.

Zirconium. The stability of the Zr (IV)-disal complex

toward dilute HNOg was compared with that of the Pu(Iv)-

disal complex in the following experiment. Disal extractions
were performed from acetate-buffered solutions (pH 4.3 tc 4.86)
of zireconium tracer in the ususl way, the chloroform solutions
frox these extractions were shaken with egual volumes of dilute
HNOz and the chloroform and HNO; phases were analyzed for zir-

coniun activity.



Table 18

Stabllity of Disal Complexes
Toward Dilute Nitric Aold

Per Cent Activity Removed {rom
Rormality of Nitric icid Chloroform by One Acid Waeh

ar Pu
0.08 62.0 83.7
0.10 63.8 ———
0.20 §1.6 09.2
0.40 562.2 9.6
0,680 63.7 -
0.80 93.5 89.5

¥hen cohloreform solutions of the Zr{Iv)-dissl complex
were agitated with equal volumee of 1.0 M agueous KF solution,
75.5 to 80.6 per cent of the zirconium activity was trans-
ferred from the ohloroform to the aqueous phese.

The stabillty of the Zr(IV)~-disal ocomplex toward oxalle
agld was determined by agitating chloroform solutions of
Ze{Iv)~disal oomplex with equal volumes of 0.04 M oxalic aecid.
From 73.4 to 87.0 per cent of the zirconium activity was trans-
ferred from the chloroform eolution into the oxalle acid.

Zirconium and thorium, Because disal is & quadridentate

reagent, it would not be expected to complex Pu{IlI}. There-
fore, there was a possibility that plutonium could be separated
from Zr(IV) and Th(IV) by treating a ohloroform solution of
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the disal coumplexes with & reducing solution. Used in suoh
experiments were hydroxylammonium and hydrazinium ohloride
and solutions of sodjium bisulfite. In 8ll experiments the

disal reagent was attucked by the reducing solutions, and

" no fractionations were obtained.

7.2.3 The behavior of varlous oations with,gzﬂroxamic aelds

Benzohydroxamic seid., Benzohydroxamie acid has been

found to effect some complexing of Pu{IV) tracer (Ses Table
2), but the complexing of Pu(III) is more nearly complete
{See Table 11)., It wes of interest to determine the behavior
of certain other elements with benzohydroxamic acid in the pH
range in which greater than 90 per ocent ocomplexing of Pu(III)
takes plaoce.

In qualitetive tests of the behavior of various cations
with benzohydroxamic acid, 3 to 5 mg of the cation were added
to 3 ul of 1.0 ¥ scdilum acetate solution. The organic reagent
was added to this solution and the pH adjusted by addition
of ascetic eadid or ammonium hydroxide. Precipitation end ex-

traction behavior with ehloroform were observed as summarized

in Taeble 19.



Table 19

qualitative Behavior of Various Cetlions with
Benzohydroxamic Aeid and Chloroform (Acetate Buffer)

——— .- ,

Precipitate Solubllity

Cation pH in Hg0 in CHClg Remarks
cr*** [} None - Slight turbidity in HgoO.
Rit* 6 None - No visible change.
Cott 6 None - ‘ Brown water soluble color at pH=8,
dnt* 7 Brown Si. sol. Enulsion formed.
gas* 6-8 None - ¥o visible ohange,
IS Ragd 3 White - Turbid emulsion formed.
Mgt ] Faint Insol,
gure 5-6 Green 8l. sol. CHClz layer turbid.
Hg** 3-6 Pale Yellow S1. sol, Extraction better at higher pH.

¢ 5-8 Purplish-Black Sol.
Pottt 4~5 Red Sol,
Ubg” Sed Hone - Yater-soluble brick-red color.
.3 S d 5-6 None -

e 6 None -
Ce*** 8 Brown Sol.
Thésss 3 White Insol.
zro** 5-6 White Insol.
Ca** 5 None - Slight turbidity in H,0.
Mgttt 6 None -
La*** 5 Rone -
ghtee 5 Orange Sol,

-101~
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The results indicate that benzohydroxamic acid forms
chelate oompounds with so many cations that it cannot bs
regarded as a selestive reagent.

qkﬂaphthohydroxamio acid, It was important that the

behavior of this reagent with ziroonium and thorium (UX;)
be investigated. The tracer scszle extractions were done

95 and 24 day Th334 (UX1)

in the usual way, using 68 day Zr
activities, Under the same conditions under whieh Pu(III)
extraotions are nearly complete, Er{IV) and T™h(IV) extrae-
tions are apprecisble., Table 20 contalns the results of

two such experiments.

Table 20

Extreection of Trecer Zirconium
and Thorium by -Naphthohydroxamie
Acid and Chloroform from
Acetate Solutions

pH of Aqueous Per Cent Activity Ex-

Elenent Solution traoted by Chloroform
Thorium 3.72 0.85

4.39 58.2

4.90 62.%5

5.40 71.9
Ziroonium 4,04 94.5

4.50 2.8

4.96 88.0

5.40 86.6

The data show the similarity of Th(IV) and Zr(IV) to
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Pu(III) in their activity toward chelating reagents;

7.2.4 The behavior of verious cations with amide oximes

To obtaln a qualitative idea of the spescifity or
selectivity of phenylacetamide oxime, a series of experi-
ments was performed 1n whioh 3 to 5 mg of cation were al-
lowed to react with phenylacetamide oxime in 3 ml of ace-
tate-buffered solution at pH 5 to 6, ?reoipitation and
‘solubility properties are compiled in Table 21.

Table 21

Qualitative Behavior of Milligrem Amounts of
Verious Cations with Phenylacetamide
Oxime in Acetate Solutions at pH 5 to 6

A
S

Solubility of Preoi-

Cation Precipltate pitate in Chlorofora
Uog** Yellow-orange Soluble

Cu** Olive green Soluble

Nit* None ————

Fettt Red Soluble

B1*** White Insoluble (Hydroxide)
Le*** None —————

Cetts Vhite Insoluble (Hydroxide)
qnttee White Insocluble (Hydroxide)

gtss Greenish-brown Soluble
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It osan be seen that phenylacetamide oxime is very
similar to benzohydroxsmic acid in ite remctions with
various cations,

For the experiments designed to study the possible
separation of Pu(III) from Zr(IV) a solution containing
both activitlies was obtained from J. 4. Ayres. Each ex-
periment (Table 22) involved the use af about 43 g of
plutonium and about 180,000 counts per minute of ziroconium
activity in 2 ml of acetate-buffered solution. In all of
the experiments, phenylacetamide oxime, which is fairly
soluble in water, was added to the buffered solution and
allowed to react for 2 hours before extraction with chloro-
form. %The extraotlion step was prededed by a reduction step.

‘Three different reduclng agents were studled to sompare

the effeot of different media on phenylacetamlde oxime.

‘Table 22

The Extraction of Plutonium(III) and
Zirconium{IV) by Phenylacetamide Oxime
and Chloroform from Acetate

Bolutions at pH 8§ to &

Conditicns for Re- Per Cent Activity

ducing Plutonium Extrasted by Chloroform
Pu{III) Zr (IV)

Saturated S0, solution, 4 hrs. 0.1 0

2 M NHp0H-HCL, HCl, 4 hrs. 91.9 37.0

2 ¥ NpHg.ECl, HCl, 4 hrs, 64.2 59.2
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Again, Zr(IV) shows the same persistent similarity to
Pu{III) in its reactivity with organic reagents.

7.3 Discussion

Rone of the reagents discussed above 1s applicable to
the direct extraction of plutonium from dissolver solutions
of uranyl nitrate. Disal, c{~naphthohydroxamic acid, and
phenylacetamide oxime for chelate compounds with UOB” and
Ut ions, as well as with many other ions. However, some of
the reagents find practical use in many leboratory operations
with plutonium.

Disal effecte very good separations of plutonium from
the rare earthe. This reagent will remove tracer amounts of
Pu{IV) from solutions ocontaining large amounts of lanthanum.
Since LaPx 15 a very ocommon carrier for tracer amounts of
Pu(IXI) or Pu(lV), disal extractions make available a versa-
tile method of recovering plutonium from miscellaneous solu-
tions. 1In & typleal recovery procedure, LaFgz precipitations
are made from sclutions to concentrate the plutoniuml The
fluoride 1s converted to the sulfate by fuming to dryness
with HpS04, the sulfate taken into solutlon and buffered to
pH 3 to 4 for disal extractions. In this way, plutonium
is separated from rare earths and lanthanum without the oxi-
dation-reduction procedures used earlier in projeot history.

Disel extraotions have been used repeatedly in thls labora-
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tory for recovery purposes and have been found to give con-
slstently good results.

It can be seen from the data in Table 17 that disal
extractions are not appliocable to the separation of pluto-
nium from iron. However, by prededing disel extractions
with the fluoride precipitatioh step described above, very
good separations from iron are obtained.

The behavior of Th(IV) and 7Zr(IV) with organioc rea-
gents for plutonium was of especisl interest. The solu-
tion chemistry of these two elements 1is quite similar in
many respeots to that of plutonium, This is especlally true
in the adsorption process for extraction snd decontamination
of plutonium (81). The principal conteminants in the pro-
duet solution from this process are Zr(IV), one of the fis-
slon products, and Th(IV) as UX;, the daughter of | s by
<-emnission.

The behavior of Th(IV) and Zr(IV) with disal is remark-
ably like that of Pu({IV). In extraotions with disal and chlo-
roform, Zr(IV) is extracted almost as dompletely as Pu({IV)
in comparable pH ranges, and the stability of the zZr(IV)-di-
sal complex toward dilute HNOs is too simllar to that of the
Pu({IVv)-disal complex to make possible practiocal separations
of zr{Iv) fron Pu(IV) by appropriate acid re-extraction cycles.
The seme phenomena are true for oxalice acid re-extractioas.

The relative efficiency of disal extractions of Th(IV) is



-107-

somewhat less than that for Pu{lV) at different pH's, but
the differences are not great enough to be of use in sepa-
rating Pu(IV) from Th(IV).

The similarity of Th(IV) and Zr{(IV) to Pul{IV) in re-
actions with chelating reagents has been noticed by others,
and some investigators have used Th(IV) as a "stand-in" sub-
stitute for Pu(lIV) in explorstory studies with organis rea-
gents (91).

A possibility for separating Zr(IV) and Th(IV) from
plutonium arises from the fast that the chelating properties
of Pu{III) differ from those of Pu{IV). Some of the S-dike-
tones, for example, ocomplex Pu(IV) and Zr{IV), but not Pu(III)
{92). Thus, a benzene solution of the Pu(IV) and Zzr{IV) che-
lates 1s treated with a reducing solution, suoeh as hydroxyl-
ammonium ohloride, hydrosulfite or stannous solution, 80 that
the Pu{III) formed 1s transferred to the aqueous layer, leav-
ing the Zr{iIV) ochelate in the benzene.

Similar reducetion procedures are not effective with di-
sal complexes. The disal complexes are less stable toward
aeids than are the dlketonates, and will not withstand the
acid concentratione necessary for the reduction of Pu(IVv) to
Pu{IIX). At pH's high enough for steble disal complexes,
hydroxylammonium chloride converts the Schiff*s base to the
sorresponding oxime of the aldehyde, and SO, reduces the
diimine to a diamine which has no conplexing properties.

The hydroxamic acids are quite reactlve 1ln forming che-
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late compounds with many cations (87, 93), so their sppli-
cabllity to the decontamination and purification of pluto-
nium is rather limited. The behavior of Zr(IV) and Th{IV)
with «-naphthohydroxamic acid (See Table 20) is so similar
to that of Pu(III) thet separations of the three elements
oannot be achieved in & single operation. Oxidation-redue-
tie# cycles, in combination with extraction operations, are
of no value, eilther, because X-nuphthohydroxemie acld also
complexes Pu(IV).

The amide oximes are quite similaer to hydroxamiec acids
in their reactions with many cations (983), and their appli-
cability to general problems of decontamination and purifi-
cation of plutonium is limited. Like ~<-naphthohydroxamie
acid, phenylacetamide oxime does not effectively separate
Pu(III) from Zr(IVv). ¥With hydroxylammonium chloride as re-
ductent, however, phenylacetamide oxime extractlions removed
37 per cent of Zr{(IV) compared with 86 per cent exiraction
of Zr{IV) by -nephthohyiroxamnic seid under similar condi-
tions. Phenylacetamide oxime in the presencs of S0g was in~
astive toward both Pu{III) and Zr(IV), probably because of
reduction of the oxime to an amine. FPhenylacetamide oxime
has some esotivity for Pu(IV), as well as for Pu(III} so oxi-
| dation-reduction eycles would be of no value ian plutonium-

zirconium separations.
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VIII SUQsRY

1. A briet discussion of the chemiocal properties of
plutonium hae been presented, with emphasis on the solution
chemistry of plutonium. The general chemical prouperties of
plutorium and other transuranium elements, along with the
absorption speotra of their aqueous sclutions, indicate that
they msy be members of a transition group in which the 5¢f
subshell 1s being fllled.

2. The various factors involved in the formation of
chelate compounds have been reviewed.

d. Exploratory experiments with organic reagents and
tracer plutonium have been shown to be satisfsctory for gquall-
tative tests for chelating sctivity of organic reagents for
plutonium. In—most of the tracer scale experiments, the ocon-
centrations of plutonium were of the order 10710 ¢ 1078 u.
Except in the case of salleylaldoxime, positive results ob-
tained from exploratory tracer scale experiments were veri-
fied in experiments in which amounts of plutonium from 100
M8 %o & mg were used.

4. In exploratory experiments with Pu(IV) treacer, 45
different bidentate reugents were exanined for chelating
activity. All of the resgents examined were known to form
chelate compounds with certain metal ions. Chloroform was

used as the golvent in most of the experiments, end, using
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a volume of ohloroform equal to that of the buffered ague-
ous solutlon, extractabilitles greatecr than 10 per cent were
taken as evidence of complex formation. Bidentate reagents
which formed inmer complexes with Pu(IV) include quinali-
zarin, o-hydroxybenzophenone, benzoylacetone, dibenzoylme-
thane, trifluorcacetylacetone, benzohydroxamie acid, phenyl-
acetamide oxime, isonitrosoacetophenone, salicylalflﬁ;hy-
droxyphenyg7%imine, o~-hydroxyacetophenone seumlcarbazide,

snd 8-hydroxyquinoline.

8. OSystematic studles of the behavior of 26 quadri-
dentate reagents with Pu(IV) tracer were made. The most ac-
tive quadridentate chelating reagents are the Sohiff's bases
prepared from ethylenediamine and various derivatives of
salieylaldehyde. HNineteen different derivatives of disali-
oylalethylenediimine were compared in their chelating aoc~
tivity with Pu(lIV) tracer. The Schiff's base which effected
most complete chelating activity with Pu(lV) over the great-
est range of hydrogen ion concentration was d11[£,3cdihy-
droxy-5 or 6-tert.-butyl.-benzal/-ethylenediimine, referred
to in this thesis as "disal",

8. Exhaustive attemnpts to prove the position of the
tert,-butyl radical in disal were unsuccessful, Positive
proof of structure depended on the oxidation of the tert,-
butyl radical to a carboxyl group, and tertiary alkyl redi-
ocals are peculiarly resistant to oxidatlon.

7. Fourteen different solvents, ineluding hydrocarbons,
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ohlorinated hydrocarbons, slecohols, ethers, esters, and ke-
tones were found to be satisfactory for extractions of the
Pu(Iv)-disal complex.

8. The determination of the composition of the Pu(IV)-
disal ocomplex gave definite evlidence that the coordination
number of FPu{IV) is elght. Grbitals which might be involved
in 8-o00c0ordinate complexes were discussed.

9. The spectrophotometric behsvior of the Pu{IV)efer-
ron complex was studied, and it was suggested that a method
for the spectrophotometrice estimation of iron ih plutonium,
with ferron as reagent, is possible.

10. Twenty-seven different bidentate reagents were
examined for their chelating activity with Pu(III). Rea-
gents which form chelate compounds with Pu(III) inelude 8-
hydroxy:-quinoline, benzohydroxamie acid, m-nitrobenzohy-
droxamio acid, 9-hydroxybenzohydroxaemle acid, ~naphtho-
hydroxamic aecld, phenylacetohydroxemie acid, n-valerchy-
droxamiec acid, phenylacetanide oxime and n-vsleramide oxime.

1l. The composition of Pu{IlI)=X-naphthohydroxamate
was determined, and it was shown that the coordination num-
ber of Pu(IIl) is six. Orbitals which might be involved in
8~goordinate complexes were dlscussed.

12. All of the organic reagents found to form chelate
compounds with Pu(III) and Pu(IV) also exhiblt rather gen~

eral complexing activity with many other ocations. These
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fastors limit the use of organie reagents for the decon-
tamination and purification of plutonium,

13. Disal extractions were found to be effective for
separating plutoniun from alkall metals and rsre esarths.
Partial separations of plutonlum from barium can be achieved,
but no method could be devised for adapting disal extraoe
tions to the separatioan of plutonium from zirconlum and tho-
rium. 7The use of oxidatioa-reduction cyeles for separating
plutonium from zirconium and thorium wee found ineffeotive
besause the media necessary to reduce Pu{IV) to Pu(IIl) de-
stroy the organie reagent.

l4. Phenylacetamide oxime and «=pnaphthohydroxamic acid
were found to couplex Pu{III) quite coumpletely and Pu(IV)
to a lesser degree. The reactivities of both of these rea-
gents with thorium and zirconium a&rs too similar to thelr
reactivities with plutonium to make possible the separation

of plutonium from zirgonium and thorium.
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