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ABSTRACT

Alkali-metal diuranates (VI) and dineptunates (VI) have been
prepared by controlled thermal decomposition of well-characterised
alkali-metal uranyl (VI) and neptunyl (VI) triacetates having the
desired stoicheiometricalkali-metal to actinide ratio. The
compounds in the series MI_MVI _0_ (MI = Na - Cs incl., MVI = U or Np)
have been obtained in this way. This preparative method failed to
provide further evidence for the existence of the controversial ternary
oxide, Li, U _0.. 1Isolation of the analogous neptunium complex,
LiZNp207, was not achieved.

Enthalpies of formation have been derived from the enthalpies
of solution in 1 mol dm'3HCl and auxiliary thermodynamic data.

~ The values for Na 0207 and Cs U207 are in good agreement with

those assessed by Cord%unke and O'ﬁare and thus confirm the reliability
of the method of preparation of such mixed oxides, as compared to the
'classical' methods which involve heating an actinide oxide with an
alkali-metal binary oxide, nitrate or carbonate. The values for
K i .

2U207 and Rb2U207 are previously unreported

Confirmation of an earlier assessment of the enthalpy of formation

of Na Np207 and preliminary values for the enthalpies of formation of
.K2Np287, Rb2Np207 and Csszzo7 have been obtained.
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1. INTRODUCTION

1.1 THE ACTINIDE ELEMENTS

The actinide series comprises the fourteen elements following actinium

in the Periodic Table. The increase in atomic number from 89 to 103
corresponds to the progressive filling of the 5f orbital shell. This is
analogous to the lanthanide series where the 4f shell is progressively
filled. An indication of the similarities between the actinide elements and
their lanthanide counterparts is illustrated by comparing their respective
gaseous state electronic configurations. These configurations, which result

mainly from the interpretation of electronic spectra, are listed in Table 1:1.

Although most of the later actinides have a stable oxidation state of +3 in
aqueous solution, as do the lanthanides, the earlier actinides exhibit a
variety of oxidation states. The stability of the +3 oxidation state is not
due to a common electronic configuration but depends on thermodynamic
factors. These being that, in aqueous solution, the difference between the
enthalpies of hydration of the tripositive and dipositive ions is
numerically greater than the third ionization potential whilst the fourth
ionization potential is numerically greater than the difference between the

enthalpies of hydration of the tetrapositive and tripositive ions.

Table 1:1 Electronic Configurations for Gaseous Atoms of the Lanthanide
[1]

and Actinide Elements

Lanthanide Series Actinide Series
Z Symbol |Electronic Configurationa | 2 Symbol |Electronic Configuration b
57 La 53! 652 89 Ac 6d’ 752
58 Ce aft 531! 652 90 Th 642 7s?
59 Pr 4f3 652 91 Pa 5£2 64t 75?2
60 | wa 4" 6s? 92 U 5¢3 6at 7s?
61 Pm 4£5 6s? 93 Np 5" 6at 75?2
62 Sm 4£°® 652 94 Pu 5¢8 75?
63 Eu ag’ 652 95 Am 5¢7 752
64 Gd af’ 5a! 652 9% Cm 5¢7 6at 752
65 Tb 4f° 6s? 97 Bk 5£8 6a?l 752
66 Dy 410 6s? 98 cf 5£10 782
67 Ho 4f£t? 652 99 Es s5gll 752
68 | =Er 4% 6s®> 100 Fm 5gl2 752
69 Tm 413 6s® |101 Md 5gl3 752
70 Yb agl" 652  |102 No SELH 752
71 Lu afl" 53! 6s2  |103 Lr sEL4 64t 7s?

a plus xenon (Xe) core: ls:2s§2p23523p63d1°4sz4p6461°5525p6
plus radon (Ra) core: 1s°2s5°2p°®3s?3p®3@'%4524p®4d'°5525p°531 %6s%6p®



The variety of oxidation states exhibited by the actinides up to and
including americium, as shown in Table 1:2, can be explained in two ways.
Firstly, based on the assumption that the differences in ionization potential
between the 4f and 5f series are similar to those between the 3d and 44
transition elements, it is possible that the effective nuclear charge
experienced by the Sf electrons of actinides at the start of the series is
less than that experienced by the analogous 4f electrons in the lanthanides.
This effect decreases with increasing atomic number due to the actinide
contraction, this being a contraction of the whole f shell caused by poor
screening of one f electron by another. Secondly, because of the almost
comparable energies of the 5f, 64, 7s and 7p orbitals and their spatial
overlap it is possible that bonding can involve any or all of these orbitals

thus allowing complex formation.

Table 1:2 Oxidation States @ for the Elements Thorium to Americium

Th Pa U Np Pu Am
2
3 3 3 3 3
4 4 4 4 4 4
] 5 5 5 5 5
6 6 6 6
7 7

a The most stable oxidation states in aqueous solution are given in italics.

It should be noted that although the common oxidation state for most of the
later actinides in aqueous solutionis +3, as previously discussed, the stable
oxidation state of nobelium is the dipositive state, presumably due to the

+
filled f shell electron configuration of the No?” ion.

All the known isotopes of the actinide elements are radiocactive and the

consequences of this in connection with this work are discussed in Section 2:1.

1:2  ACTINIDE OXIDE USE AND RESEARCH

A considerable amount of research into the actinide elements and their

compounds was stimulated by the development of early atomic weapons and also



the development of electricity generation by nuclear fission.

Today an important technological use of oxides of two actinides, uranium
and plutonium, is as nuclear fuels. With respect to the safe operation of
nuclear power stations it is necessary to have as complete an understanding

of these materials and their properties as possible.

One of the chemical problems arising from the use of actinide oxides as
nuclear fuels is the potential formation of complex oxidesl——z:l during burn up
of these fuels as a result of their reaction either with fission products
such as caesium 3 and strontium or with coolant or cladding materials such
as sodium, chronium and zirconium. With this in mind, it is perhaps not
surprising that research has been carried out to determine accurate thermo-

dunamic data for actinide mixed oxide systems such as Na/u/0, Cs/U/0 and U/Pu/O.

A particular area of interest is that of the liquid metal fast breeder
reactor (LMFBR) which has a mixed uranium-plutonium oxide fuel. The typical
composition for the fuel in the Prototype Fast Reactor (PFR) is
Ug.7Pug.30).9g8 which, in the form of dense pellets, is stacked as a column
between upper and lower axial breeder regions of uranium dioxide pellets and
packed within a stainless steel fuel pin. The reactor core contains many
of'these fuel pins. Liquid sodium coolant flows over the fuel pins at
temperatures around 400-640°C and thus provides a highly corrosive environment
within the reactor core. The chemical interaction of this sodium with the
fuel oxide following a breach in the stainless steel cladding of a fuel

pin (possibly caused by the formation of a low density caesium uranium oxide)
could lead to the formation of low density compled sodium/uranium/plutonium
oxides. This could, in turn, cause more fuel swelling and result in further
clad failure and reaction. Sufficient interaction to cause interference of
the sodium flow over adjacent fuel pins could lead to overheating and

failure propagation. The enlargement of defects in the fuel pin cladding may
lead to deposition of highly radioactive fission products in the cooler

regions of the primary cooling circuit.

With respect to fuel pellet packing, as a contribution to the prevention of
cladding failure and in particular, to determine how long a failed fuel pin
can remain in the reactor core it is important to understand the
thermodynamics and kinetics of these potential chemical interactions. A

study into the reactions of sodium with urania and urania-plutonia solid



(4]

solutions has recently been carried out at Harwell .

However, from a purely scientific viewpoint the interesting range of
properties exhibited by complex actinide oxides has stimulated research into

the oxide systems of the actinide elements in general[s—lzl.

Owing to the availability and low radioactivity of thorium and uranium
compared with the other actinides much early work involved studies with
these elements and their compounds. Consequently, information for uranium-
bearing materials in particular predominates. More recently with the
increased availability of, and development of suitable handling techniques
for the rarer and more radioactive actinides, the complex oxides of these
elements are being investigated more fully. Several reviews are available

[5,6] [6,7,8,9]

dealing with complex thorium oxides , complex uranium oxides

and those of the transuranium elements[6'7’10]. A summary of the

[11]

thermodynamic properties of several complex uranates is available as
part of a series of publications dealing with the chemical thermodynamics
of actinide elements and compounds. Recent research on the structural,
thermodynamic, magnetic and spectroscopic properties of ternary and other

12
complex oxides containing actinide ions has also been reviewed[ ].

1:3 BINARY OXIDES

Binary oxides are known for the elements actinium to einsteinium. Probably

the most important actinide oxide system and certainly one of the most

complex known is that of uranium. Dioxides, MO, are known for the elements
thorium to californium and all have the fluorite structure. With the exception
of ThO,, these dioxides either lose or gain oxygen to form substoicheiometric
oxides MO;-x (for U, Pu, Am, Cm) or superstoicheiometric oxides MOz+x (for

Pa, U).

Although the actinide elements up to and including americium exist in a wide
variety of oxidation states (Section 1:{1) in solution and in complexes, it

has been found that many accessible oxidation states (eg U3+, Np6+, Np7+, Am5+)
are not exhibited by binary oxides. The well characterised binary oxides are
tabulated in Table 1:3. Crystal structures of all these oxides are known and
these are presented along with the enthalpies of formation, where these values

are available, in Tables 1:4 to 1:8.
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1:3:1 Actinium Oxide

The sesquioxide, Ac;03, is the only known oxide of actinium. It has been
prepared by thermal decomposition of the oxalate, Ac2(C204)3. agq., at
110°C [13] '

12322 Thorium Oxides

The dioxide of thorium, ThO;, is commonly prepared by the thermal
decomposition of the oxalate, Th(C204)2. 6H20, at 800-1200°C. The monoxide
has been reported as a metastable product formed during the decomposition
in vacuo at 800°C of the residue remaining after dissolution of thorium

[511

metal in HC1l

1:3:3 Protactinium Oxides

A monoxide, Pa0, identified by X-ray crystallography has been reported to
form as a film on protactinium metal [16]. However, this has not been

obtained pure and its existence is still in doubt.

The dioxide, Pa0;, can be obtained by hydrogen reduction of Pa,0s at
16,17 :

1350°C (16,171, by carbothermic reduction of Paz0s at 1100°C £52]

and as one product of the vacuum thermal disproportionatioﬁ of PalCl,

above 550°C [53' 54],

Four intermediate oxide phases in the Pa0;-Pa,0s5 region have been
identified by X-ray powder diffraction methods [17]. These phases,
Pa02.18-Pal0z2.29, Paly.33, Pals.40~Pal2.42 and PaOz.4,2 — Pabo.yy were pre-

pared by hydrogen reduction of Pajy0gf and by oxidation of Pa0,.

The pentoxide, Pa,0s5, is obtained by heating the hydrated oxide,Pa20s.aq.,
or a variety of other binary protactinium compounds, in air or oxygen
to above 650°C, or by heating protactinium metal in oxygen at 300-500°C [55].
At least four different temperature dependent crystal modifications exist
(Table 1:4). Cﬁbic—Pazos has been observed in the range 500-700°C [16],
tetragonal-Paz0s5 in the range 700-1000°C, the hexagonal phase in the range

1075-1500°C and the rhombohedral form above 1240°C [17].



1:3:4 Uranium Oxides

The uranium-oxygen system is very complex and in addition to the well
characterised binary oxides (Table 1:5) there are numerous intermediate

phases.

The dioxide, UO;, is obtained on reduction of the higher uranium oxides
at around 1000°C. Under high vacuum at temperatures above 1800°C (561
this dioxide loses oxygen to form substoicheiometric UOz-x phaseé which,
on cooling, decompose to UO; and metallic uranium. These phases, which
are best prepared by reactions between UO; and uranium metal, range in
substoicheiometry from UOj.g9y at 1200°C through UO;.7 at 2300°C to

UO31.65 at.2425°C.

A superstoicheiometric phase UOz+x, with x ranging from zero at 300°C
through 0.17 at 900°C to about 0.28 at 1600°C [57], exhibits a disordered
fluorite structure which passes to the ordered U“OB’Y phase at UOj.53.
Oxidation of single crystal films of UO; between 500°C and 750°C produces
metastable UO;.39, which is further oxidised at higher temperatures, up

to 1123°C 1581 where three oxides, UO2-x, UyOg_y and UO3.g1, are in
equilibrium.

Three modifications of U409 are known, a-U,09 is formed at temperatures
below 65°C, the beta phase forms between 65°C and 560°C (591 and at

temperatures between 560°C. and 1123 y-U,09 is produced

Below 550°C two intermediate phases exist in the UO2.25-U03.g region with
structures which can be derived from the fluorite structure. The phase below
400°C has an oxygen to uranium ratioc of 2.33-2.38 and decomposes above

this temperature to a second phase with an oxygen to uranium ratio of

2.30 £ 0:U £ 2.35, (and UO;.¢1) which in turn passes to U,0g and UOz.61

at 550°C.

The oxidation and thérmal decomposition of all uranium oxides, in air
or oxygen at normal pressure and at 800-900°C, yields U30sg (UVEUVIOg),
a phenomenon which allows this oxide to be used as the basis for the
gravimetric determination of uranium (Section 2.11.1). Heating UO; in
air or oxygen produces U30g via the intefpediates UO2+x, UyO0g and U307.

There are two modifications of U30g, the stoicheiometric a-form and the
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slightly non-stoicheiometric high temperature B-U30g, often designated

UOs.61- -

At high pressures U;0s5 has been detected [601. This has three
modifications, 0-U205 at 500°C and 1.5 GPa, B-U20s at above 800°C and

4-5GPa and y-U,0s5 at 800°C aboﬁe 6 GPa. The alpha or beta modifications form as
U30g disproportionates at eleﬁated pressures, and £-U03 is produced as the

other product.

Six crystal modifications and one amorphous form are known for the trioxide,
UO03. The preparati&e methods are presented in Table 1.9. Gamma-UOj3; is
the most stable modification of the trioxide and at 650°C and an dxygen
pressure of 4.053 MPa (40 atm) all modifications are converted to this form.
At normal pressure all crystalline modifications (with the exception of

l

amorphous UO3 which gives the intermediate UO5.gq 61])decompose to U30g,

y-UO; decomposing at 650-690°C.



- 14 -

. 61
Table 1:9 - Preparative Conditions. for the Uranium Trioxide Phases . (611
Form Method Temp (°C)
Amorphous’ Thermal decomposition of UOy. 2H,0, UOj3.2H20, 400
U0,C,04.3H20 or (NHy) UOp(CO3) 3 |
Alpha a i) Amorphous UO3 heated under an oxygen
pressure of 4.053 MPa 470-500
ii) Thermal decomposition of unwashed
U0y .2H,0 ' 525-575
Beta ' i) U30g heated in 4.053MPa oxygen 500-550
ii) Thermal decomposition of (NHy)2 U70322
in air 500
Gamma i) Thermal decomposition of U0, (NO3),.6H20
in air 400-600
ii) Heating a-, B-, 6-, &- and amorphous UOj;
under 4.053 MPa oxygen. 650
Delta Thermal decomposition of B-U03.H,0 in air
above 24 hours 375
Epsilon b Heating U30g in NO3 250-375
(25]

a Reported to be an imperfectly crystalline form of orthorhombic UOj.q

b  &-U03 is a high pressure modification

1:3:5 Neptunium Oxides

The most stable oxide of neptunium is the dioxide, NpO;, which is prepared by
the thermal decomposition of various neptunium compounds, such as the
hydroxide, oxalate and nitrate hydrates, at 600-1000°C. Owing to its
stability, NpO> can be used as the basis for the gravimetric determination of

neptunium.

The pentoxide, Np;0s, forms on thermal decomposition of NpO3.H20 under a

vacuum between 300 and 420°C [62]. It has also been prepared by bubbling
ozone through molten LiCl10, containing neptunium as the NpOz+ ion and by the
reaction of neptunium metal with lithium perchlorate [3?].The precipitate

formed on dissolution of the LiCl0, melts in water, after drying at 100°C,
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corresponds to the composition Np,0g.

Np30g and a probable single phase reiion in the NpOj.509 - NpOjs.57 (NpOg -
Np30Og) range have been reported Oxidation of neptunium (IV) or (V)
hydroxide by air or NOj; at 300-400°C or thermal decomposition of ammonium

dineptunate (VI) hydrate in air at 275% yields Np30g.

Two trioxide hydrates of neptunium, NpO3.2H20 and NpO3.Hp0, have been
reported 62]. These di- and mono-hydrates are prepared by ozone oxidation of
aqueous suspensions of neptunium (V) hydroxide at 18 and 90°c respectively.
Reddish-brown NpO3.H,0 is sufficiently stable to be dried in air at 100-105°c.
The standard enthalpy of formation of the monohydrate has been determined and

11 S :
recalculated to give the value, Aer (NpO3.H20,s8) = -1379.0 * 4.6 kJ mol-l.

1:3:6 Plutonium Oxides

The monoxide, PuO, possibly obtained as a surface layer on plutonium metal,

has been shown to exist in the gaseous state by mass spectrometry 64].

The reduction of PuO; with carbon or metallic plutonium [65] produces the
strictly stoicheiometric B-Pujs03 (A~Puy03). The cubic sesquioxides C-Puj0j
and C“-Pug03, which have actual compositions of PuOj.s52 and PuOj.go +x,
respectively, are obtained by the reduction of PuO2 with carbon or hydrogen
at high temperatures. C -Pu203 is only stable at temperatures above 300°C
and its phase width increases with temperature from PuOj.g2-1.63 at 3500C

to the constant PuOl.62-1.69 above 600°C [66].

The stoicheiometric dioxide, Puoz; is prepared by heating plutonium (IV)
peroxide, oxalate, hydroxide or nitrate in a stream of oxygen at 800-1000°C.
PuO can not be oxidised but, at temperatures above 1400°C, oxygen is lost
and substoichéiometric oxides, PuO,-x, are formed. The cubic, fluorite
structured, substoicheiometric oxide PuO;.9g has a lattice parameter of
5.3967 X.

1:3:7 = Bmericium Oxides

Black americium monoxide, BmO, forms on the surface of americium metal and
is obtained in pure form by the reaction of the metal with the stoicheiometric

quantity of oxygen, generated from Ag,0, at 850°C over several days [b7J.

The sesquioxides C-AmOj].s5(+x) (AmO;.50-1.59), A-Am03 and B-Am203 can be
prepared by hydrogen reduction of the dioxide. Cubic C-AmOj.s5(+x) is for md
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below 450°C, hexagonal A-Am;0; at 850°C and the high temperature
modification, monoclinic B—Amzos, is obtained on rapid cooling from
800°C[39]. C-Am0;.s5 (+x) is étable at room temperature but, on heating
to above 350°C, uptake of oxygen occurs with the formation of another

cubic sesquioxide, C”-Am;03 (AmOl.sz-i.sa).

The dark brown dioxide AmO; is prepared by the thermal decomposition of
americium oxalate or hydroxide at 700-800°C in oxygen. When AmO; is heated
to temperatures above 1000°C the substoicheiometric phase AmO;-x is

. observed[68].

1:3:8 Curium Oxides

Five modifications are known for curium sesquioxide. At 600-700°C, underxr
high vacuum or by reduction with hydrogen, CmO; produces metastable, cubic
C-Cm;03, which can incorporate an excess of oxygen into the lattice to form
the §-phase, Cm0;.5 +x, which is of variable composition between CmOj.sy

[70]

and CmO;.g2, without a change in structure . Decomposition at 900°C in
air yields the monoclinic B-Cm;03;, having the composition CmO;.y98%g.005,
which is thermodynamically stable at room temperature. At 1615°C C-Cm;03
[71]

transforms reversibly into the hexagonal A-Cm;03 and two additional,

reversible, solid state transformations occur at 2000°C and 2110°C to yield

the phases designated H-Cm;03 and X-Cm»03, respectively[72].

Oowing to internal o-radiolysis, cubic C-Cm;03 transforms spontaneously into
{73]

hexagonal A-Cm;05 within a few weeks . A-Cm;03 transforms to B-Cm;03

at 800°C[74].

At temperatures between 320°C and 350°C, even under an oxygen pressure of
0.1MPa, Cm0O; loses oxygen, and passes through the o-phase, CmO;-x, in its

[69]

conversion to the §-phase, Cm0Oj.g»s (Cm03 .8231~Cm01.859.). At still higher
temperatures, around 500°C, the T-phase is formed with the composition CmO;.723:
this is stable up to 1000°C. Since Cm0O; is not stable above 300°C, the
preparation of. curium dioxide by ignition of the hydroxide, oxalate or
sesquioxide at 500-600°C must involve re-oxidation on cooling. The black

oxide prepared in this way is, in fact, substoicheiometric, having a lattice
parameter corresponding to a composition of CmOj.gg. The black

stoicheiometric curium dioxide, Cm0O,, is formed on oxidation of lower curium

oxi@es at around 300°C in oxygen.
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1:3:9 Berkelium Oxides

Hydrogen reduction of berkelium dioxide at 600°C for one hour yields the
cubic sesquioxide, C-Bk203, which reverts to the dioxide on re-oxidation
in air at 600°C. In addition to the cubic sesquioxide, hexagonal A-Bk;03
and monoclinic B-Bk;03 have been reported[45]. The hexagonal modification
is obtained on rapia cooling of berkelium oxides from high temperatures
whilst the monoclinic form results from the slow cooling of cubic C-Bk,03

heated to about 1200°C.

The first structural data for a berkelium compound, prepared on a very small
scale, were reported in 1962. These data were for the product obtained on

. + . . . . .
heating Bk® , adsorbed on a single ion-exchange resin bead, in air at

{751

1200°C. The compound was reported to be BkO; and the results were

later confirmed[76' 46].

1:3:10 Californium Oxides

The yellow, monoclinic, sesquioxide, B-Cf,03, was first prepared by igniting

+
249¢£3" adsorbed on a single ion-exchange bead in air, followed by heating

in a stream of hydrogen to 600°C [47]. The cubic sesquioxide. C-C£,03,

(48]

is the product of the hydrolysis of CfOF or C£0Cl at 500-600°C . Rapid

cooling of californium oxides from high temperatures yields the hexagonal

modification, A-Cf,0; [77,45] .

Under an oxygen pressure of 10.133 MPa (100 atm) and with heating to
300°C, Cfy03 is converted to the dioxide, Cf0,. The dioxide is also the

product of the reaction of the sesquioxide with atomic oxygen [50].

A study of the californium /oxygen system [49]

, using as a starting
material C-C£203, prepared by decomposition of oxalate precipitates in
oxygen at 1000°C, showed the existence of the phases Cf0;.54+x (x <0.05)
and Cf7072. These oxides were prepared by heating the sesquioxide up to
1000°C in partial pressures of oxygen up to 0.1MPa (1 atm). C£0;.s5+x was
obtained from oxides quenched in air from 800°C or heated and cooled in a
vacuum of about 0.133 Pa (10-3 Torr). Slow cooling in air or 0.1MPa (1 atm)

of oxygen produced the stable oxide Cf£7032
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1:3:11 Einsteinium Oxides

[77]

It crystallises in the space group Ia3 with a lattice parameter of 10.7668.

A cubic sesquioxide of eihsteinium, C-Es203, has been identified

The oxide was prepared by evaporation of an einsteinium solution in 0.05 mol
dm™3 nitric acid with subsequent calcining at 600-1000°C in 43 hydrogen/argon.
Electron diffraction evidence has been obtained for monoclinic and hexagonal
sesquioxide modifications but the structures were formed by self-irradiation

rather than high temperature treatment [78].

1:4 " TERNARY ACTINIDE OXIDES

In contrast with the binary oxides, which tend to exhibit the lower actinide
oxidation states, the ternary actinide oxides exist in the higher states.
In the well-studied alkali metal/actinide metal/oxygen systems the +6 oxida-
tion state predominates. Altiough complexes do exist with penta-, tetra-
and trivalent actinides, most of the tetravalent and trivalent examples are

with alkaline earth metals and transition metals.

The stabilities of these complex oxides can be considered in two ways.
Structurally, the co-ordination number of oxygen is increased from two or
three (MO3) or four (M203, MO2) in the binary oxides, to six in the complex
oxkides. This is due to the presence of the second lower-valent cation

which, despite the unchanged co-ordination about the actinide ion (six or
eight), stabilises the oxide anion in such highly oxidised compounds as
NayAmOs and LisNpOg. Chemically,‘the formation of complex oxides can be
considered as acid-base reactions based on the Lux|79|—Floodl80 model in
that an oxide ion is transferred from a basic oxide (eg Liy0) to an acidic
oxide (eg UO3, PuO2). This results in the replacement of bridged oxygen atoms

by terminal oxygen atoms, which are co-ordinated to one or two highly charged

(acidic) cations and, in addition, to several other cations.

As the main subjects of this work are alkali metal uranates (VI) and
neptunates (VI) the following sections will concentrate on alkali metal
actinide oxides: However, mention will be made of other known complex

oxides of the actinide metals.
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Table 1310 to 1:20 present the well established alkali-metal. actinide
ternary oxides with their crystal structures and enthalpies of formation

where these values are available.
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1:441 Alkali Metal Thorates (Table 1:10)

The three complexes identified have been prepared by direct combination

of stoichieometric quantities of thorium dioxide and the required alkali
metal oxide by heating under an argon atmosphere which was free from water,
oxygen and carbon dioxide.

Sodium metathorate is formed at temperatures between 550°C[82] and 750°c and
decomposes at 770°C in a stream of nitrogen, liberating Na,O0 with the

[82]

regeneration of ThO;

- o (=]
Naz0 + Tho, —=227°9%  Namhoy; Z72°C,  ThO, + Nag0 4 |
argon N2
. . . [82] .
The analogous potassium oxide is produced at 530°C or according to the
reaction,
KOgp.55 + ThO, ._EEE_S§ K>ThOg
. 48hrs

Decomposition of the potassium metathorate occurs at 650°C under nitrogen.

Rubidium metathorate (Rb,ThO03) is formed in the reaction between the two

dioxides[83].

[110]

1:4:2 Alkali Metal Protactinates (Table 1:10)

The lithium protactinium(V) oxides which have been reported;

Li;0.xPaz0s5, LiPaOj, LizPa0, and Li;PalOg, have all been prepared in direct
combination reactions between finely powdered mixtures of Pa0s5 and Li»COj.
Specifically for Li;Pa0g, the reaction conditions are 700 to 1000°C for

24 hours. This oxide has also been prepared using lithium oxide as the source
of the alkali-metal,

600-700°C

+ . - .
Pajy 05 7Li20 24hrs 2Li;Palg

The complex not included in Table 1:10, Liz0.xPas0s with x>1, is reported to
o

have a cubic crystal structure with a = 5.358A[111]. However, it is not

known whether this exists as a solution of Liy0 in Paj05, in its pure form

or only as a mixture with LiPaOj.
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Preparation of the oxides in the Na,0-Pa,0s5 system has been achieved in a
similar manner by the thermal reaction of Pa;0s5 with Na;CO3. The following
compounds have beendescribed:NazO,xPazos@c>2),NaPa303, NaPaO3 and

NaszPaOy.

The compound Na20.xPaj0s5 (x>2) is reported to form

when NaPaO3 is heated at 950°C for 48 hours. This decomposition product,

which can also be prepared by the direct combination of Na,CO3 and Pa,0s,

has a fluorite structure with the lattice parameter a = 5.3992, and can be
considered to be a solution of Naj0 in Pa0s. In a high temperature X-ray
powder diagram recorded at 700°C, a hexagonal lattice with the parameters
a = 6,282, ¢ = 8.243A has been identified and attributed to the compound

NaPa303[111].

NaPaOj3 is said to exist in two modifications.When Na,CO; and Pa,0s are
heated together in the ratio 1:1 at 500°C an orthorhombic structure is assumed.
However, when heated to 850°C NaPaO3 adopts a rhombohedral Perovskite structure

(111 with a lattice parameter a = 2x4.1828 and a = 90.8°,

The reaction of finely-powdered mixtures of K,CO3 and Pa,0s at temperatures
between 600 and 800°C has yielded the single complex, KPa®3, which, like

its uranium analogue, has a cubic Perovskite structure. Similarly, the only
reported rubidium and caesium prptactinates are, respectively, RbPa0O3; and
CsPal3, which are formed between 600 and 800°C in the reactions between

Pa205 and the respective alkali-metal carbonate.

7
1:4:3 Alkali Metal Uranates[ ]

Over thirty well-characterised alkali-metal uranates are known (Tables 1:11

to 1:14). These are probably best considered in the groups Mluog, MlgUOu,
I I I

M 2004, M 0,07, M ,U0,0,3, MIZU7022 and Mquos, plus the miscellaneous

compounds not fitting into these categories.

. _
1:4:3:1 Myos (M =Li, Na, K, Rb; .U(V) ) (Table 1:11)

All these uranates (V) can be prepared by the symproportionation reaction of

uranium (IV) and uranium (VI) in an evacuated ampoule,

I
M 2UO, + U0, ——> MIUO,

The temperatures at which this reaction takes place differ for each
alkali-metal, being between 650 and 700°C for the lithium and sodium complexes
and 400 to 5000C for the potassium and rubidium analogues.
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Additionally, pure NaUOsz is obtained by the reactions of UO; with Na20:

in an evacuated ampoule at 650-750°C and of Na»COj; with UO, in a stream of

argon at 700°C for 160 hours or 1000°C for 16 hours[llzl. Pure KUOj3; is also

reported to be the product of the reduction of potassium diuranate

'(K2U207) with hydrogen at 450°C[113] and of the reaction of UO3 with

potassium oxide at 800°C under a pressure of 6.5 GPa[114].

1:4:3:2 MTaU04 (MY = Li, Na; U(V) ) (Table 1:11)

Both the lithium and sodium complexes can be prepared by the symproportionation

reaction,
I I I
M 2004 + UOz + 2M 20 —— 2M 3004,

in evacuated quartz ampoules at 750°C for LijU0,, and at temperatures

between 500 and 600°C for NajUO,.

I
Reaction of MI003 (M" = Li, Na) with alkali metal monoxide also yields
the product M13UOq according to the equation,

I ¢

MIU03 + M 20 — MlaUOQ.

The reaction is carried out in an evacuated ampoule at 500°C for 20 hours
_to produce Li3UOy. For the sodium analogue the use of sodium metal
accelerates the reaction at 700°C in argon to produce purer, better-

(93]

crystallised NajzUOy . However, there is controversy as to the exact

[112]

formulation of this phase and thg alternative, Na3iUgOi¢ , has been

suggested, which, it has.been reported, could be better represented as

Iv VI
Naji1U» Us O18.5 or Naj;iU v ,U Vi 013.5[93]. It is suggested that

some oxidation of uranium in NaUO; by Na;0 occurs, a fact supported by the

equally possible reaction,
Na20 + U0 —— '"Na3jUO,' + Na (g).

Na3UO,; oxidises extremely readily, ultimately yielding NajyU,07.

Additionally, Li3UOy has been prepared by the hydrogen reduction of a

mixture of Li,UO0, and LiyCO3; at 750 to 900°C according to the reaction,

2Li,U0y + LiCOj3 —Ei-) 2Li3U0, + COs + H,0 .
’ A

1:4:3:3 M 500, (M = Li, Na, K, Rb, Cs; U(VI) ) (Table 1:12)

All five complexes have been prepared by the reaction in air of U30g or
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UO3 with the respective alkali metal carbonate at high temperatures
(600°C (Cs)[97], 700°C (Rb and K)llls], 700-800°C (Li)[7] and 700-1000°C

(Na)[93]).

NapUOy exists in two modifications, B-NayU0, being the high temperature

form. The o>B transition is reportedto occur at 900°C[116].

NapU0y has been reported to be the product of the decomposition of Na,UO; (COj3) 3
at 600-800°C via the intermediate Na2U207[117]. Also, the interaction of
equimolar amounts of Nay;0; and UO; at temperatures between 600 and 760°C
yields a-Na,UO, contaminated with Na,sU,07.

[90]

Recent research has failed to yield pure NaUOy by heating together

U03 and Na,CO3; in dry air. Even after periods of longer than 120 hours at
760 to 800°C, the product was contaminated with Na,U,0; and Na,COj. An
alternative reaction involving 1:1 molar ratios of B-Na,UOs and UO; at
700°C in oxygen produced almost pure o-NayUO, after 63 hours. X-ray powder
diffraction analysis indicated only traces of unreacted B-NayUOs. The
reaction at 800°C .yielded B-NapUOy of similar purity. The lower a to B
transition temperature than that previously reported was attributed to the

prolonged heating periods, during which the a*B conversion at about 800°C

was found to be complete only after greater than 40 hours.

I .
1:41314 M ,U,0; (M. = Li, Na, K, Rb, Cs; U(VI) ) (Table 1:12)

The reaction of U303 with alkali metal chloride (MICl) in air at 500°C has been
[118]

described as a preparative route for Na,U,07; and K,U,07

94
Rb20207[ ]. However, NajyU,07; is formed together with Na,U,0;. NaUO3Cl,

and at 600°C for

and in a similar reaction between U30g and NaF at 700°C, sodium diuranate is
produced with NaUO3F. The preparation of CspU207 from U30g and CsCl proceeds

via the intermediate compound C5003C1[119].

Caesium diuranate has been prepared by the reaction of caesium carbonate

with UOj. Heafing at 300°C for periods of several days produced the o-phase
[95]

[119]

and B~Cs,U07 was obtained at 600°C as was another phase y- Cs,U207
This method has also been used for the preparation of RbyU,07; at 600°C
and NajyU,07 at 600 to 800°C.

The 'reaction of U30g with alkali metal suiphates in air has been described

(120]

for the preparation of both sodium and potassium diuranates above 500°C
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and at 800°C, respectively. In the case of the sodium complex, the double

sulphate, Na;S04.2U0,50,, appears to be formed as an intermediate product[lzll.

The decomposition of RbyUO, at 1200°C yields Rb2U207[122].

The complex oxalates Naz (U03)2(C,04)3.5H20, K2 (UO2)2(C204)3.4H,0, Rb2(UO3)»
(C204) 3.3H20 and Cs;,(UOz2)2 (C204) 3. nH20 decompose in air above 320°C to

yield NayU,0;7,K;U0,07, RboU07 and CspU307, respectively. The final products

were obtained at 9OO°C[123]. The preparation of LiU,0; from Lis (UO3) 5(C204) 3.

7H,0 has also been reported[123].

Although X-ray powder diffraction data for Li,U;07 have been published

[123'124]recent work on the lithium uranium(VI) oxygen system[125] has

corroborated the results of earlier findings[126'127'128]

in failing to
isolate LijU307. The product in the system Li0-UO3 with Li/U = 1 was
found to be a mixture of LisU3039 and Li0. 1.75 UO3. Many of the X-ray
powder diffraction lines for the product from the thermal decomposition of

Lis (UO2)2(C204) 3.7H20 can be indexedas Li»0.1.75 003[127].

Sodium diuranate has been observed as the product of the thermal decomposition

of sodium uranyl (VI) triacetate (NauO; (CH3COO)3) above 365°C[129],

1:4:3:5 M ,U,073, MY,U50,, (M'= K, Rb, Cs; U(VI) (Table 1:13)

The preparation of all six complexes has been achieved by heating carefully
ground mixtures of alkali metal carbonate and amorphous uranium trioxide.

The reaction temperatures were 700°C for the potassium and rubidium complexes

(KzUu013, K2U7072, RbyU40,3 and Rb207022)[94] and 600°C for the caesium

compounds (Cs2U4013 and CszU7022)[98].

1:4:3:6 M ,U0s (M' = Li, Na, K, Rb; U(VI) ) (Table 1:13)

The preparation of LiyUOs has been shown to occur in a three stage reaction

of lithium carbonate with uranium trioxide at 1000°C,

2U03 + Li2COg3 — Li2U307 (?2) + CO2
LisUs07 (?) + Li»CO3 — LipUOy4 + CO2
Lio2UOy + LipCO3 — Li,UOs + COj .,

The same preparative route has been described for the sodium complex,

B—Néqus‘being formed at 700°C[93].
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Reaction of sodium oxide with uranium trioxide at 400~-450°C is said to
give the low temperature a-modification of Na,UOs which transforms to the

high temperature B-phase at 500°C[7]. These results have been brought into

[93]

question by later work which failed to achieve isolation of the

‘a-phase by this route. Only B-NayUOs was found. This was also prepared
by the U03/Na»CO3 reaction described above. More recent worklgo] has
confirmed the existence of a-Na,UOs, formed by the reaction of sodium
dioxide (Na;03) with uranium dioxide below 400°C. The same reaction produced
the B-phase at higher temperatures, but, in both cases the products were

contaminated with other sodium uranates.

1:4:3:7 Miscellaneous Compounds

i) 0.5 Li»0.U305 (U(V);Table 1:11)

This complex has been prepared by direct synthesis using Li;0 and

U205 and also by heating LiUOj3 at 800°C in air with the evaporation of

LizO[7]. This may also be the complex described as the fluorite phase,

(Li, U)02-x, in the thermal decomposition of LizUOu[13O].

ii) LisUQg (U(V);Table 1:11)

(71

.

The following have been described as preparative routes for Li;UOg

(a) Heating LiUO3; with Li;0 in an evacuated quartz ampoule for 20 hours

at 500°cC.

(b) Heating together Li,U0,, UO; and Li,0 in an evacuated quartz
ampoule at 750°C,

Li,U0y + UO2 + 6LiZ0 —m7@ 2LisU0g .
(c) Hydrogen reduction of a LioUO4/Li,0 mixture at 750°C,

2LiaUO4 + 5Lip0 B2,  2Li,U0g .

750°C

iii) LizU3039 (U(VI); Table 1:14)

This complex has been prepared by sintering together stoicheiometric

amounts of lithium carbonate and U30g in air at 750°C[99].

iv) LigUOg (U(VI); Table 1:14)

The two modifications of LigUOg have been obtained by heating together

LiyUO5 and lithium oxide (LiZO). The a-phase forms below 680°C, above
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[100]

which temperature the reversible phase change to B-LigUOg occurs .
More recent work, using amorphous UO3 and Li,0 as reactants, has
suggested that 'LigUOg' has a true composition of Lig.y3 UOg.215

(or Li20.0.311003).[125]

v) Li»0.1.75U0s3, Li0.1.60U00; (U(VI); Table 1:14)

These complexes have been formed by the direct reaction between

Liz0 and amorphous UOQOj3 above 7OO°C[125].

vi) NagU7024 (U(VI); Table 1:14)

This complex has been prepared by heating amorphous UO3; and sodium

carbonate (Na/U = 0.857 + 0.010) in air between 700 and 1OOO°C[93].

vii) CsyUs0317 (U(VI); Table 1:14)

The complex CsyUs037, of which single crystals have been produced, has
been obtained by heating together carefully ground mixtures of
amorphous UO3; and caesium carbonate in the required Cs/U atomic ratio

at 600°C for periods of up to 1 week[gsl.

"1:4:3:8 Additional Complexes

A number of other alkali metal uranates have been described but which are not
unambiguously characterised. Some, indeed, have not been isolated in
subsequent studies. The following are complexes in this category which do

not appear in the foregoing tables:

i) Lithium Uranates

[88]

0.15 L,i»0.U»05
LizU5019[127]
Lis0.(2.67-2.75) UOz.g95

Liz0.(1.60-1.64) UO3 or Lijss Ujyg Ogs

[127]
[127) a

Li0.1.67U03 or LilUg.g303 b
B—LizUOu[131] ' .
Li,Us05 ¢

a Subsequently reported[128] to be a mixture of Li»0. 1.60U0;

and Li,0. 1.75U0;.

b Described in o~ and f- phases as the compounds Li,0. (1.60-1.64)
‘ UO3 and Lip0 1.75U03 respectively, but recently reported to be
Li»0.1.60U0; [125]
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c Discussed in Section 1:4:3:4.

ii) Sodium Uranates
[112] a

6

{7]

{7]

Najy: Us O,
Na,0 ~ 13003
Na»0. 2.5 003

a Discussed in Section 1:413:2

Additionally, a sodium uranium bronze, Nax003, with x<0.14 has been

[132]

described where the inclusion of sodium in the hexagonal o-UOj3

[7]

lattice produces a slight change in the parameters .

iii) Potassium Uranates
[8]
[153]

K2UgO319
KoU30; ¢
B-K,UOy a

K, Uog [134]

a The reported high-temperature phase transition of K,UOy into a

cubic form is probably the decomposition to KU03[94].

iv) Rubidium Uranates

quU05[135]

v) Caesium Uranates

o-, B- and Y- CsaUu012[136]
(98]

[98]

[115] a

[98]

[115]

(98]

Cs2Ug0138
Cs2Uq027
Cs2U3040
CSzUsOlG
Cs2Ug039
Cs2U16049
[98]

a This complex was not observed in a more recent study in which

CsyUs037 was isolated instead.

1:4:4 Alkali Metal Neptunates

1:4:4:1 Neptunates (V) (Table 1:15)
[84]

i) - MIaNpOu (MI = Li, Na)

The best method for the preparation of LizNpOy and NajNpO, is reported
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to be the sympropor tionation reaction of alkali metal neptunates (VI)
and neptunium dioxide, for example

vacuum
NagNpOg + NpO2 £00°C 8 hour » 2Na3NpOy .

14
s

However, even in this 'best' method, the sodium complex could not
be prepared pure. An alternative method, the thermal decomposition
of the neptunium (VI) ternary oxide, is reported to yield Li3NpOy,

. B argon .
4LigNPOs 555-T000°C 4 hours

4LigNpO, + 6Li,0 + O, .

The oxidation of a mixture of Na,0, and NpO, has also been used to
prepare the sodium complex,

vacuum
N + 2 ©- — .
a202- NpO, + 2Na,0 £00°C 8 hours 2Na yNpO,,

84
1) nimpo, %]
The oxidation of a mixture of Li,O and NpO, in a stream of oxygen is

described as the best preparative route to this complex,

0 :
8 hours 2-i7NPOs -

7Li,0 + 2NpO, zssos

1:4:4:2 Neptunates (VI) (Tables 1:16 and 1:17)

i) i onpoy, ' = Li-cs) and MT,Np,0, (M' = Na-cs)

The alkali metal mononeptunates, MIZNpOu, and dineptunates, MIsz207

(MI = K, Rb and Cs), have been prepared by the following two methodsfgl].

a) Thermal decomposition of co-deposited (by evaporation) alkali-

metal-actinide nitrates.
b) Reaction of alkali-metal hydroxides with Np,Os.

In each of the two preparative methods temperatures of at least

450°C were necessary to achieve complete reaction within 8 hours.

Lithium mononeptunate has been prepared by the nitrate method in (a)
above in which it is reported to be the initial ternary oxide formed,

regardless of the Li/Np molar ratio employed.

Sodium mononeptunate, Na,NpO,, exists in two modifications which have

been prepared by the thermal reaction of 1:1 mixture of NpO, and Nazo[lod]
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iii)

*1:4:4:3

i)

ii)
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0, 800°C
NpO, + Na0 —3 a-NapNp0O, —— B-Na;NpOy.
>500°C

Sodium dineptunate is reported as the product of the reaction of

NpO2 and Naz0 (ratio 2:1) in oxygen below 4OO°C[108],

I
M NpOs and MIGNPOG (MI = Li, Na)[108]

Thermal reaction of NpO, and MIZO (MI = Li, Na) in the ratio 1:2
yields MIuNpos and in the ratio 1:3 yields MIGNPOG. A temperature

in the range 400-500°C is required for both reactions. NayNpOs exists
in two modifications, the a-form is the product at 400°C and the

transition to the B-phase occurs at around 500°C.

CsoNp30io9 and CsyNps5047

These two complexes have been identified in the nitrate and hydroxide
reactions previously described (1:4:4:2 (i))[gll. However, it is not
clear whether pure phases or only mixtures (Cs;NpO4-CsyNps017;

CsyNpOy-Cs,Np30i13; CsaNp207-CsoNps0p9) were obtained.

Neptunates (VII) (Table 1:15)
{104])

I I
M 3NpOs (M™ = K, Rb, Cs)

These complexes have been reported as the products of the reaction

between NpO; and alkali metal superoxide MIOZ,
I
NpO; + 3M 0; —mm—> M13N905‘+3&02+ .
The reaction conditions are 24 hours at 355°C for the potassium

complex, 20 hours at 320°C for the rubidium neptunate(VII) and
24 hours at 320°C for Cs;3NpOs.

Lisz05

Heating Li20 and NpO, in the molar ratio 2.7:1 in oxygen at 400°C is
reported to yield LisNpOg. The slight excess of Li20 over the

theoretical molar ratio of 2.5:1 aids the reaction.

The existence of the analogous sodium complex, NasNpOg, has been
suggested, following observation of NpVII in a 1 Mol dm~3 NaOH
solution of the product from the reaction of Naj0, and NpO; in
the ration 2.7:1 at 400°C in oxygen.
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Alkali Metal Plutonates (Table 1:18)
[10]

Plutonates (IV) and (V)

LigPuOg (Pu(IV) )

The reaction of Li»,0 with Pu0O; (molar ratio of about 4.2:1) in a
vacuum at 600°C is reported to yield LigPuOg, which is

isostructural with LigSn0Qg.

1 I ,
M 3PuO, (M" = Li, Na; Pu(V))

These complexes are reported to form on the thermal decomposition
of complexes of plutonium (VI) and also in the direct reaction of
alkali metal oxide/Pu0; mixtures (ratio 2:1) in oxygen at

700 to 900°C.

Li;PuQg (Pu(v) )

The purest Li;Pulg is obtained by the reaction of Li3PuOy with
Li0 at 700°C. An excess of about 0.5 mole Li»0 is reported to

be necessary for a product free from LizPu0,.

Plutonates (VI) (Table 1:19)

M’ Puo, (M' = K, Rb, Cs) [o1]

These complexes have been formed by the reaction of alkali metal

hydroxide with Pu0O; in oxygen at temperatures above 450°C.

MIunos and MIGPuOS (MI = Li, Na)[losl

All these complexes have been prepared by the thermal reaction of
alkali metal oxide with Pu0O; in oxygen. Heating a

mixture of Li,0 and Pu0; (ratio 2:1) at 450-500°C yields LiyPuOs,
and in the ratio 3:1 yields LigPuOg. The sodium salt, NaiPuOs
exists as o~ and B-phases which are formed at 400°C and 500°C,
respectively, when a 2:1 mixture of Na20 and Pu0O, is heated in
oxygen. Formation of NagPuOg takes place at 500°C when Na,0 and
Pu0; are heated together in the ratio 3:1 in oxygen.
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1:4:5:3 Plutonates (VII) (Table 1:18)
[10]

i) M 4Pu0s (M' = Rb, Cs)

These complexes, which are formed by the reaction of Rb0, or

Cs0, with Pu0O, at 250°c, are isostructural with the analogous Np(VII)
and Re(VII) complexes. They are thermally very unstable and
decompose at 320°C to MIzPqu.

ii) LisPuos[lol

The preparation of LisPuOg by heating Li,0 and Pu0O; (ratio 3:1)
in oxygen at 430°C is reported to require a slight excess of Li»O0
for the oxidation to Pu(VII). The existence of NasPuOg has been

suggested.

1:4:6 Alkali Metal Americates (Table 1:20)

1:4:6:1 Lithium and Sodium Americates

The lithium and sodium americium oxides have been prepared by heating finely
powdered mixtures of Am0O, and Li»0 or Na,0 (or Na,0;) under oxygen, nitrogen
or hydrogen or in a vacuum [10'84'108]. The reaction conditions and thermal

stabilities are presented in the following schemes:

Figure 1.1 - Preparations and Thermal Stabilities of Lithium Americates

Hp
Li,0 + AmO0p —m— LiAmIIIOZ
00°cC °
Sacuum 10T ‘:j:>—+Am02
1.5 Lip04AmO, - 5 L12Am 03
600°C 4 1000°C -~
Vacuum v
4.5 Li0 + Am0; ———— LigAm Og
600°C e
N2/0;
4 Lio,0 + AmO, W Li7Am Og
1000 C
02 v
2 Li0 + AmOp . ———— LizAm Oy 1000°C
550°C 1T
550-900°C
0,
2.5 Li0 #Am0; ————» LiyAm'Dg
420°C )
450 500°C

02 VI
. i + . Li,Am O
3.5 Liy0 + AmO —W G (A
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Figure 1:2 - Preparations and Thermal Stabilities of Sodium Americates

Ny
1.5 Na,0 + Am0; —80 Na,Am®V 03 o—> AmO,
700-800°C 1T 900°¢C
700-800°C
2 Na0 + Am0p — NazAm V 04
600-700°C T o
600-700°C
3.5 Na0 # Am0, ————  Nagam VI Qg
300-800°C 1 o
350°C
2 Na,0 + am0p — — & o~NayAm Vi Os
>300°C

Additionally, the following decomposition reaction is reported to generate

lithium and sodium americates (V) from americates (VI),

02
550°C, 6 hrs

MIGAmOG > MlgAmOQ + 1.5 Mlzo,

1:4:6:2 Potassium, Rubidium and Caesium Americates[109]

,Only one alkali metal americium(VI) oxide, MIZAqu has been identified for

MI = potassium, rubidium and caesium. The preparative route is the reaction
of AmO, (freshly prepared by evaporating an americium nitrate solution and
heating in oxygen at 450°C for 16 hours) with a 0.5mol dm~3 alkali metal
hydroxide solution added to the AmO;, evaporated and then heated gradually to
250°C over a 4 hour period. The temperature of 250°C is maintained for at

least 16 hours,
I I
2Am0; + 4M'OH + 03 ——2M 22m0, + 2H,0.

A 50% excess of the alkali metal hydroxide was found to be necessary to

achieve complete conversion of AmO, to the americate (VI) below 300°C.

1:4:7 Ternary Oxides with Other Elements

A large number of ternary oxides of the actinides with Group II, III and IV,
transition, lanthanide and etheractinide elements are known. Complexes with
the actinide metals protactinium to curium have been prepared. As stated
before, most of the thermodynamic data available are for compounds of

uranium although enthalpy of formation values have been determined for the
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neptunium complexes Sr3NpOg, Ba3NpOs and Ba;MgNpOg. Compounds for which

such data are known are presehted in Table 1:21.

The preparation of these complexes, like those of the alkali metal oxides,
has usually involved direct combination of the required binary oxides with

heating or decomposition of higher ternary oxides. The following are

examples of these types of Preparation[6’10]’
air
\ InPaOy
+ e
Paz0s + Inz0 1000°C
2 weeks
R FeUO,
+ 7
vos Fe0 1050°C

450°C
2Np03.H,0 + 4Ba0; + Lip;0; ———— 2Ba,LiNp0Og

Hp
Sr3Pulg > SrPulj
1200-1300°C

air
600°C, 10 hrs
+1000°C, 10 hrs

Am0O, + V305 AmVO0y

1200°cC
Cm0, + Paj05

CmPaOl; .

+
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Table 1:21 - Enthalpies of Eormat{?a]for Actinide Ternary Oxides with
Elements Other than Alkali-Metals

Compound Aer(kJ mol—l)

Hexavalent Actinides

Cau;07 - 3335

Sr2U30;1 - 5239

MgUO, - 1856.9

Cauo, - 2001.6 + 2.1

o~SrU0, - 1987

B-SrUOy - 1988

BaUOy - 1997.1 % 2.1

Sr2UO0s - 2630

Ca3U0g - 3302 + 3

Sr3UO0¢ - 3260 % 4

Sr3NpOsg - 3123 t 6

Ba3UOg - 3210.6 * 4.1

Ba3NpOg - 3085 + 6

Bay;MgUQg - 3245.3 + 4.
. Ba;MgNpOg - 309%.4 t 6.5

Ba2CalOg - 3294 + 5

BazDy %3 UOg < - 3198 + 6

NiU30g - 3942

Pentavalent Actinides

CaU;0¢ - 3210
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Other preparative routes which have been employed include heating aqueous
americium(IV) hydroxide and aqueous germanium oxide at 230°C over 7 days to
from AmGeO, and the use of binary hydroxides as reactants as in the reaction

"to form americium (III) aluminate,

Hp
Am(OH) 3 + AL(OH) 3 - » AmAlOg4
1250+1400°C
[137]
More recently , reactants such as Ba(NO3;), and Mg(CH3COO0) ;.4H20 have

been used together with U30g, U0, (NO3)2.6H,0 or NpOs;. These are useful
reagents because of their reproducable chemical analyses, moderate
decomposition temperatures and ease of weighing in air. The preparations
of BayMgUOg and Ba;MgNpOg from these starting materials require protracted
heating periods, in which the temperature is raised gradually in 100°C

increments from 300°C to between 1045 and 1095°C.

1:5 OBJECTIVES

As discussed in the previous sections, preparations of the alkali metal
actinide oxides have historically involved the direct combination, with
*heating, of an alkali metal oxide or carbonate and an actinide metal oxide
in the correct stoicheiometry for the required product. An extension of this
has been to use materials prepared in the above manner for further

reaction to provide other complex oxides.

There are several reasons why the direct combination method is not

entirely satisfactory:

i) the possible occurrence of weighing errors
ii) difficulty in effecting complete mixing of the oxides
iii) wunreactivity of the actinide oxide

iv) difficulty in obtaining pure alkali metal oxide

v) wvolatility of the alkali metal oxide

vi) necessarily lengthy heating periods and the need for frequent

regrinding.

Additionally, in the sodium uranium(VI) oxygen system, the relative ease
with which Na,U;0; is formed is also a problem, particularly in view of the

side reactions which it can undergo. For these reasons it has been found
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difficult to prepare phases of the high purity required for thermodynamic
[90]

studies by this type of reaction .

An alternative preparative route[gol has now been examined in more detail
with a view to preparing pure phases containing all the alkali metals and
either neptunium or uranium, for thermodynamic studies. This alternative
method involves the preparation of salts containing the alkali metal and
actinide metal in the correct stoicheiometry for the required ternary

oxide and their subsequent decomposition to those oxides. Suitable complexes
for thermal decomposition include acetates and oxalates and the aim of this
work has been to prepare the oxides MIZMVIZO7 (MI = Li, Na, K, Rb, Cs;

MVI = U, Np) by decomposition of the acetates MIMVIOZ(CH3COO)3. In only a
few cases have materials been prepared by these decomposition methods and
usually the intention has been to identify the decomposition products[123'129]
rather than to use the route to provide phases for further investigaﬁion.
However, an initial study into the preparation of pure oxide phases by the
decomposition of complex acetates and oxalates has provided thermodynamic

data for several uranates and neptunates[90'106].

Initially the alkali metal uranium system was studied since the enthalpies

of formation of Naj;U,07 and CssU;07 were well established and could be used

as an additional check of the purity of the products. Additionally, it was
advantageous to commence the research with uranium because of its availability
and easier handling and its stable oxidation state of +6 in aqueous solution,

required for the acetate preparations.

This acetate decomposition method has been used to further investigate the
oxide system with lithium and uranium(VI) in the ratio 1:1 and also the
analogous neptunium(VI) system. As discussed previously (Section 1.4.3.4)

the oxide Li,U,07; has been reported[123’124] but there is evidence to suggest

that such an oxide does not exist[125'126'127’128]. The existence of the

neptunium oxide LisNp;07 is therefore also in doubt.

Although all these oxides, with the exception of LizNp207, have been
reported no thermodynamic data have been previously published for K,U,07,

RbaU207, KyNp207, RbyNp,07 and CsyNpz0;. The first thermodynamic data for
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sodium neptunates(VI), Na;Np,0; and B-NayNpOs, prepared by thermal
decomposition of NaNpO; (CH3COO) 3 and NayNp(C,04)4.nH20, respectively, were

reported at a conference in 1981[106].

During the course of this work the previously uncharacterised acetate com-
plexes,LiUO (CH3COO).nH,0, LiNpO, (CH3C00) 3, KNpO, (CH3CO0) 3 and RbNpO, (CH,COO) 3

were prepared.
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2. EXPERIMENTAL

2:1 HANDLING OF RADIOACTIVE CHEMICALS

All the isotopes of the actinide elements are radioactive and special
precautions are necessary, therefore, when handling most of these ele-

" ments. The nuclides handled during this work are predominantly o-
emitters; they are listed in Table 2:1 with their half-lives and specific

activities.

Table 2:1 Half-Life and Specific Activity of Various Nuclides

wersde | P Tt | Spectfic ettty ’
238y 4.468 x 10° 7.4618 x 10-1 |
237Np 2.145 x 106 1.5645 x 103
238py 8.774 x 10 3.7998 x 10’
23%py 2.411 x 10" 1.3770 x 10°

Avogadro's Number x 1n2
T;2 x Atomic Weight

a Specific Activity =

The particular hazard of g-emitters results from their inhalation or
ingestion. Solutions of low activity can be handled in well ventilated
fume cupboards, but, in view of the high radioactivity of the trans-
uranium elements, all operations with dry solid compounds of these ele-
ments must be performed in special enclosures. The base of these 'glove

boxes'(139)

then forms an enclosed laboratory bench. The boxes are
maintained at a lower pressure than the laboratory atmosphere by an
extract system provided with absolute filters; this prevents the dis-

charge of radioactive material into the laboratory in the event of a

leak in the gloves, welds or ports of the box.

‘The atmosphere maintained within a glove box is dependent on the nature

of the operations to be performed. Four different atmospheres were main-



- 50 -
tained in boxes used during this work as summarised in Table 2:2.

The glove box containing a tube furnace for the neptunium complex decom-

positions, illustrated in Figure 2:1, is typical of the type in use at

Harwell.

The nitrogen and argon filled boxes are flushed continuously with dry
gas at the rate of about 10 litres per minute; where a neéative pressure
is required the extract is augmented by a compressed air ejector. For
the dry boxes, type 5A molecular sieves are used as a secondary dehydra-
ting agent. A motorised fan circulates the box ‘atmosphere through the

degassed sieves contained in a gauze based brass bowl.

During the work, small items of equipment and materials were 'posted'
into the boxes as required via a tunnel which was flushed with dry nitro-
gen for about 20 minutes before being opened to the box atmosphere.
Material was removed in radio-frequency welded polyethylene bags attached

to the box via a circular, bunged port.

High active solution and preparative work was carried out in a nitrogen
atmosphere box equipped with a centrifuge, heating mantle and infra-red
lamp and having a direct connection to a vacuum line. Active materials
were weighed on a balance in an air filled box. An air atmosphere box
containing a vacuum line and an oxygen-gas torch was used when sealing
ampoules containing radioactive compounds. A purposely designed chain
of three nitrogen flushed boxes was used for loading and weighing calori-

metric samples and loading the microcalorimeter.



- 51 -

Table 2:2 Glove Box Atmospheres and Operations
Atmosphere Pressure Operations
Nitrogen -ve High activity or high concentration
radiocactive solid and solution work
Dry Nitrogen -ve (1) Decomposition work and handling
of solid neptunium compounds
(ii) Handling and weighing of calor-
imetric samples
(1ii) Alkali metal uranates(VI),
' handling
Air -ve Radiochemical balance work, sample tube
sealing
Dry Argon +ve Alkali metal uranates(VvI), handling and

weighing




Fig. 2:1

Example of Glove Box Used at A.E.R.E. Harwell




%






2:2 FURNACE FACILITIES
A tube furnace, as illustrated diagrammatically in Figure 2:2, contained

within a dry nitrogen atmosphere box (Figure 2:1) was used for the nep-

tunium complex decomposition work.

Power was supplied to the furnace via a Eurotherm 070 unit, having a
temperature range of 0 to 1200°C. The power input was thermostatically

controlled to maintain a required, pre-set temperature measured inside

the furnace by a Ft/13% Rh-Pt thermocouple.

Water from an external heat exchanger circuit was used to cool the fur-
nace Jjacket. The furnace cooling circuit included a 'Rotameter' water

flow switch which would cut the power supply to the furnace in the event

of a break down of the water supply.

Oxygen fed into the alumina reaction tube was kept isolated from the

box atmosphere and the exhaust passed through an 'Arnold' bulb containing
silicon oil and then through a filter to a fume cupboard extract. A mag-
netic inlet valve could only be operated with the box pressure below

-1 inches w g (the normal operating pressure being -1.4 inches w g) so
that a pressure increase due to a leak of oxygen into the box atmosphere

automatically shut off the supply.

A similar arrangement, not contained in a box, was used for the uranium
complex decompositions. In all the decomposition work crucibles construc-
ted with 0.125mm thickness 99.96% gold foil were used to contain the

material being fired.
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2:3 CRYSTALLOGRAPHIC STUDIES

2:3:1 Equipment and Experimental Procedure

X-ray powder diffraction data were collected using nickel-filtered Cu-
Kd radiation (Am = 1.54179%) with either a 19cm diameter Debye-Scherrer
camera, in which two strips of film were mounted according to the

Bradley-Bragg method(140)

, or a 10cm Guinier-Hagg focusing camera.
Samples were finely ground and, for the Debye;Scherrer method, loaded
into 0.3mm diametér, Lindemann capillaries which were then flame sealed,
or, for the Guinier camera, sandwiched between 'Sellotape' on a sample
holder. For radioactive samples, the sealed capillary was coated with

'Bostikote'(141)

to contain surface g-activity and to afford protection
against accidental breakage. An extra piece of ‘'Sellotape' was applied

to the top face of the Guinier mounting ring prior to coating it with

'Bostikote’'.

2:3:2 Unit Cell Determination

The positions of the diffraction lines were measured in centimetres
with a micrometric ruler to a precision of 0.005cm. The procedures for
converting the measurements into reflection angles, 6, differed for

the methods employed.

2:3:2:1 Debye-Scherrer

Each line was measured from the low angle knife-edge image and converted
to & in degrees, by the following expression,,

(Ay + Ap)

46 = — £ +

(A" + Ap")
Ay and A, are the positions of the lines on the two strips of film, in
'centimetres, (A;'" + Ap') is the total length of the two strips of film
between the knife-edge images and ¢ is the camera constant in degrees.
The film constapt, f, represents the number of degrees. of § on the film

and is given by [§GO - (c + ¢[]o where ¢ and ¢ are the angles subtended
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by the low and high angle knife-edges, respectively.

The constants for the two Debye-Scherrer cameras used are given in Table

2:3.

" Table 2:3 Debye-Scherrer Camera Constants

Camera c ¢ (£)
A 20.000 19.744 (320.256)
B 19.972 19.876 (320.152)
2:3:2:2 Guinier-Hidgg

Each line was measured from the focal line in centimetres and converted
to 6 in degrees by multiplying by the constant for the camera used, in

this case 2.8762.

Miller indices were assigned to each sin?6 value by comparison either
with values quoted in the literature or with values generated by the
computer programme GENSTRUCK(142). This programme calculated all values

of sin?g and hkl allowed for a particular space group and cell size

from known or approximate cell dimensions.

Unit cell dimensions were refined using the computer programme COHEN(142)

which calculated the best least-squares fit between observed and calcu-

lated sin?6 values, using the Nelson-Riley extrapolation(143)

2 2
cos“0 cos“0
!’< sinB © @ )

2:3:3 Errors

Errors were minimised by using precision made cameras, by making sure
that the sample was accurately centred and by taking care during film
processing. These systematic errors are described in the following

paragraphs.

(i) * Film Shrinkage

With the Bradley-Bragg method of film mounting in a camera, accurately
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measured angles subtended by the knife-edge shadows were printed on
the film by scattered radiation during the exposure. 1If care was taken

during processing, film shrinkage should have been uniform and did not,

therefore, presént a problem.

The Guinier camera constant accounted for any film shrinkage provided

that the standard film processing procedure was followed.

(ii) Mounting of the Specimen

If the sample was displaced towards the entrance or the exit slit of
the beam the values of 6 would be either increased or decreased, respec-
tively. In the Debye-Scherrer camera it was important to align the
sample exactly at the centre of the camera and ensure that on rotation
there was no discernible eccentricity. With the Guinier sample the
retaining Sellotape disc had to sit flush with the backing tape to main-

tain the sample in one plane.

(iii) Absorption of the Beam in the Specimen

The thickness of a perfectly transparent specimen would only broaden
the diffraction lines. However, if the specimen was very absorbent the
diffracted lines would arise only at its surface and at different places
according to the angle of diffraction. This error decreased as ¢ in-

creased and was zero for § = 1800(144).

(iv) Refractive Index of the Crystai for X-Rays

This error arose from the variation of the wavelength of X-rays in the

(145)

sample. The magnitude of the effect was small ( 0.003%) and was

neglected for this work.

(v) Sample Radiation Effects

Fogging of the film due to the radioactivity of daughter products in

the neptunium samples did not present a problem for the length of expo-

sure employed.
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2:4 SPECTROPHOTOMETRIC STUDIES

Solution uv/visible spectra of neptunium(VI) complexes in 1M HCl were
recorded on a Cary 14 or Cary 14H spectrophotometer to check for a
neptunium(V) contaminant. Two methods were used to determine the approxi-
- mate percentage of neptunium(V) in the materials and the methods were

checked against each other.

2:4:1 - Sodium Nitrite Reduction

A spectrum was recorded between 12000 and 40008 to include the neptunium
(V) peak at 98008. Solid NaNO, was then added to both the neptunium
solution and the blank and after complete reduction of the neptunium(VI)
a second spectrum was recorded. The percentage of neptunium(VI) in the
starting material was then determined by a ratio of the heights of the

two neptunium(V) peaks.

2:4:2 Beer Lambert Law

A spectrum was recorded between 13500 and 9000 to inciude both the
neptunium (VI) and neptunium(V) peaks at 12230 and QSOOR,respectively.
The percentage of neptunium(V) was determined by employing the Beer
Lambert law modified to:

[Np(vy]  op(w) e (VI)

[Np(v)] op(vI) R

Where OD is the . optical density which was measured directly from the
spectra and ¢(VI) and e(V) are the molar extinction coefficients in

1 mol am‘3 HCl for the neptunium(VvI) and neptunium(V} peaks, respec-
tively. Comparison of literature values for neptunium(IV) molar extinc-
tion coefficients in both 2 mol ..Am~3 HCl0, and 1 mol dm‘3 HC1(146)
(127 and 126, respectively, for the 72308 peak and 162 and 160, respec-
tively, for the 96008 peak) indicated that the values for the neptunium
(VI), 122308 peak (¢ = 45) and the neptunium(V), 9800% peak (¢ = 395) in

) (147)

2 mol dm™3 HC10, were acceptable for solutions in 1 mol .dm~3 HC1.
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2:5 THERMOGRAVIMETRIC STUDIES

The decompositions of the alkali metal uranyl(VI) triacetates
MIUOZ(CH3COO)3 (MI = NHy, Li, Na, K, Rb and Cs) were followed on a

Stanton Redcroft 'Massflow' vacuum and gas atmosphere thermobalance.

Samples of each of the acetates were heated in platinum buckets from
room temperature to 1000°C at a rate of 10°C per minute under an atmos-
phere of dry oxygen. The temperature of 1000°C was maintained for one

hour.

Thermogravimetric analysis and differential thermal analysis traces were
obtained to determine the decomposition conditions for the preparation
of the alkali metal diuranates(VI). X-ray powder diffraction data were

collected for the products.
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2:6 ALPHA ANALYSIS TECHNIQUES(148)

2:6:1 . Quantitative

Analysis of neptunium complexes was achieved by gross o-counting of pre-

pared sources (see Section 2:11:2) using a Simpson counter. This is

" illustrated diagramatically in Figure 2:3.

The Simpson counter is a gas multiplicatioq counter or proportional
counter, consisting of a metallic cylinder, the earthed negative elec-
trode, and a thin wire along the cylinder axis as the pasitive electrode.
The cylinder is continuously flushed with a slow floﬁ of argon. The
argon atoms form ion-pairs on bombardment with a-particles, each o-
particle forming many ion pairs as it dissipatés its energy. The elec-
trons thus produced are accelerated towards the anode until they gain
sufficient kinetic energy to cause further ionisation on collision with
neutral argon atoms. This process, known as gas multiplication, con-
tinues as an avalanche which terminates when all free electfons are collected
at the anode. By this method each incident gq-particle induces an ampli-
fied pulse of charge at the anode which 1s proportional to its initial

energy.

The Simpson counter is also known as a 27 counter as this is the solid
angle from which it accepts radiation. Errors produced by inaccuracies
such as alpha self-absorption and scattering in the source itself were
corrected for by using a standard 6f precisely known disintegration rate

to determine the geometry factor accurately.

2:6:2 Qualitative

Thin sources.were also used for qualitative analysis by alpha-spectro-
metry. This makes use of the fact that nuclides emit alpha-particles
of known, characteristic energies. A surface barrier detector is used

to detect the a-emissions and the pulses are accumulated in channels,



Fig.

2*3.

6 2.

minzm 2/ /Sy /y/77777/0

The Simpson Counter A, centre wire (0.002" diameter);
high-voltage positive electrode. B, outer cylinder;
earthed negative electrode. C, sample holder (height
adjustable). D, forward and backward movable slide.

E, sliding surface. F, glass insulator. G, screw for

raising sample.
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dependent on their energies, by a multi-channel analyser.

An alpha-spectrum shows the number of particles of each energy emitted

but due to coincidences in a-energies it is sometimes impossible to

determine the emitting nuclide unambiguously. An example of this is

the case of238pu and 2%4lAm which have principal o-energies of 5.4992
(149) . . :

and 5.4857 Mev , respectively. Further information is usually

elucidated from the fine structure or daughter product chains which pro-

duce characteristic a-spectra.

A high resolution a-spectrum of 237Np.is illustrated in Figure 2:4

showing the different g-energies, in MeV, and the percentage a-particle

abundancies.
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Fig. 2:4. Alpha Spectrum of Neptunium-237

4.788110.0015(47%9)

4.771110.0015(25%6)

4.766110.0015(813)

4.693-4.711(0.67)

4.66410.002(3.3210.10) 4.80310.002(1.611.0)
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Alpha-energies (Eg() are given in MeV

Alpha-abundancies (I9"), as percentages, are shown in parentheses

Numerical data from Ref.138 except b (Ref. 150)
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2:7 THERMODYNAMIC STUDIES

Enthalpies of solution in Merck-titrated 1.000 mol dm 3 HCl were
measured at 298.15 + 0.10K for alkali metal uranates(VI), M%UZO7 and
for alkali metal neptunates(VI), M%Np207 (MI = Na, K, Rb, Cs). 1In
addition the enthalpy of solution of US NBS Standard Reference Material

(151)

999:KC1 in 1 mol -~dm~3 HCl was measured to add to the available

auxillary thermodynamic data.

2:7:1 The Microcalorimeter

Enthalpies of solution for the alkali metal neptunates(VI) were deter-
mined using the isoperbolic microcalorimeter built at the Radiochemistry
Laboratory of the University of Li;ge(lsz). The main details of the

microcalorimeter are described briefly in the following paragraphs.

(1) The Thermostatted Bath

This consisted of a tank of about 25 litres which was refrigerated with
water from a preliminary thermostat (regulated to +0.05K) by means of
a proportional controller feeding a 250 Watt heating resistance. The
overall stability of the bath was +0.5 x 1073K for 24 hours in a room

thermostated to within tO.7oC.

(ii) The Standard Circuit

The determination of the heat capacity depended on the temperature in-
crease observed when an accurately known quantity of energy was dissi-
pated by the Joule effect. For this purpose a stabiliser which generated
a current wiéh constant voltage (0.005% within 1 hour) was used to supply
a heating resistance and accurate timing was provided by a quartz crystal

chronometer.

By using a digital voltmeter (Solatron LM 1440) to measure the potential
drop across the terminals of the heating resistance and a standard resis-

tdnce placed in series an accurate measurement of the Joule effect was
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obtained. The circuit had been constructed to produce about 0.01
calories per second in the calorimeter chamber and, by means of a resis-
tance set, this input energy could be reduced by factors of 2, 5, 10 ...

100 as required.

(iii) Temperature Measurement Circuit

This was a modified Wheatstone Bridge shown diagramatically in Figure
2:5. R; - R3 and Rg - Ry were high precision resistors with very low
temperature coefficients, Rg and Ry formed the balancing resistance of
the bridge and were mounted as a potentiometer with a total resistance

of 3kQ. Ry was the thermistor.

The thermistor, positioned in one of the calorimeter chamber wells,, was
isolated by Mylar film and covered in low vapour pressure oil. The
other resistors were immersed in oil and contained in a water-tight copper

box in contact with the water in the thermostatted bath.

(iv) - The Calorimeter Chamber

This was a tantalum chamber, illustrated diagramatically in Figure 2:6,
designed to hold 8.5ml of solution. The two wells contained the thermis-

tor and the heating resistance.

The solution within the chamber was stirred by means of a platinum pro-
peller attached to a 1lmm diameter silica rod. The sample, enclosed in

a thin walled Pyrex bulb, was attached to the end of the silica rod with
'Apiezon' sealing wax and was released into the solution by breaking the
bottom of the bulb against the stud in the base of the chamber. This

was achieved by depression of the stirring mechanism.

(v) The Calorimeter Assembly (Figure 2:7)

To reduce the thermal exchange between the thermostat and the calorimeter

the latter was placed within an enclosure which was evacuated to less

than 13.33 x 10~3Pa and the assembled apparatus was immersed in the thermo-
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Keithley 149 Northrup

Fig. 2:5. Diagram of the Modified Wheatstone Bridge

Ri 100 &4
R2 5 0
R3 500 U . . .
Metal film resistors "Elettronica" (5 x 10 *%/K)
Rs 10kO
Re 2k
R? 500 U
Re 0-3kO 2 decade type resistors 0-3k* "John Fluke 65A/c"

mounted as a potentiometer of 3kf* resistance
Rg 3-0kO P

R4 "Philips B832020" Thermistor (3%/K)
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statted bath.

The vacuum was produced by a mercury diffusion pump backed by a rotary

vein pump.

- The thermal characteristics of the microcalorimeter are summarised in

Table 2:4.

Table 2:4 Thermal Characteristics of the Microcalorimeter

Heat Capacity about 45 JK~! (with 8.5ml H,0)
Temperature of Operation 298K

Sensitivity 5 x 10”6k

Thermal Leakage Modulus 4.5 x 10"5 min~!
Homogenisation Time (to 0.1%) 2.5 min

after a Thermal Effect

Stability of the Bath better than 103K per 24 hours
Heat of Breakage of Sample (3 + 1.5) x 10743, but taking into
Holder account a 5 sec stopping of the

stirrer + 2 x 10743

2:7:2 The LKB Calorimeter

The commercially available LKB 8700-1 Precision Calorimetry System(153)

was used to determine enthalpies of solution of the alkali metal uranates
(VI) and of KCl. The uranium complex measurements were recorded for the
dissolution of the sample in 100ml 1 mol - dm~3 HC1 under an atmosphere
of dry nitrogen. The KCl samples were dissolved in 25ml aliquots of

1 mol dm 3 HCl under an air atmosphere of 50% humidity.

A block diagram of the calorimetry system is illustrated in Figure 2:8.
Apart from a -few minor differences the system and its operation were

essentially the same as the microcalorimeter.

(i) The Thermostatted Bath

The tank containing about 18 litres of water was cooled by circulating

water at 1-2°C below the bath temperature. The temperature of the bath
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was regulated by a resistance heater of 700 and the overall stability
was better than *0.3K for 48 hours provided the mean room termperature

did not vary by more than %0 .5°C.

(i1) The Standard Circuit

Heating in the calorimeter chamber was achieved by a stabilised supply
feeding a 500 heater which was immersed in paraffin oil in one of the
chamber wells. A stepwise selector could be set to provide 20, 50, 100,
200 or 500mW to the heater and a quartz crystal controlled oscillator

provided accurate timing.

A precision DC potentioneter, standardised with aWeston standard cell,

was used to measure the potential drop acrossthe heater.

(iii) Temperature Measurement Circuit
This was a precision Wheatstone Bridge, illustrated diagramatically in

Figure 2:9, which had a resistance range of 0-60000 in six decades,

5 X 1000 0 £0.01%
10 x 100 0 +0.02%
10 X 10 0 +0.02%
10 x 1 0 +0.05%
10 x 0.1 0 * 0.10%
10 x 0.010 + 0.20% .

The thermistor was positioned in one of the calorimeter chamber wells

and was covered with paraffin oil.

(iv) The Calorimeter Chamber
Two chambers were used with capacities of 25ml and 100ml, respectively.

Both vessels were Pyrex glass but the wells in the 25ml chamber were

made of platinum.

The solution within the chamber was stirred by a pure-gold plated, 18
carat gold bulb holder/propeller attached to a metal rod. The thin walled
Pyrex bulb which contained the sample was fastened to the holder/propeller

with wax and was broken against a sapphire tipped stud by depression of



Fig. 2;8 . Block Diagram of the LKB Calorimetry System
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the stirring mechanism.

(v) The Calorimeter Assembly

For immersion into the thermostatted bath, the calorimeter chamber was

enclosed in a chromium-plated brass can.

The performance of both calorimeters had been checked by measuring the
enthalpy of solution of tris hydroxymethyl aminomethane (NBS Standard

Reference Material 724) in 0.1 mol dm~3 HCl under conditions recomm-

ended by the US Bureau of Standards(154). The results obtained(155'156)

were in good agreement (within 0.1%) with the literature data(157'158'

159, 160)

2:7:3 Units and Limits of Errors

Throughout this work the Joule (J) has been used as the unit of energy
in order to comply with the International System of Units (SI Units).
Where auxiliary data quoted in calories have been used these were recal-

culated using the conversion factor 1 cal (thermochemical) = 4.184J.

(161)

The !2C scale of atomic weights was used to calculate relative mole-

cular masses.

All calorimetric measurements are reported for a temperature of 298.15

* 0.05K.

Uncertainty limits on the mean of several identical measurements are

based on the 95% confidence level. These were calculated by the standard

statistical method(162) as the product of the standard error and the 5%

Student t value for the mmber of degrees of freedom of the data. 1In

calculating enthalpies of formation the errors on the individual terms in

the thermodynamic cycle have been combined as the square-root of the sum
(163)

of the squares to obtain the overall uncertainty limits . Where

ddta from other sources have been used the error has been taken as that
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stated by the authors.

Where available, auxiliary thermodynamic data have been preferentially

taken from the selected CODATA values(164), the selected thermochemical

data compatible with the CODATA recommendations(165) or from US NBS

Technical Notes, in order to be consistent with recent and current assess-

ments of thermodynamic data on actinide elements and compounds(11'166_175).

2:7:4 Enthalpies of Solution

The uranium and neptunium calorimetric samples were weighed and sealed
in thin-walled Pyrex bulbs in glove boxes filled with dry nitrogen.
All samples were weighed on a Cahn gram electric microbalance with an

ultimate sensitivity of 0.1ug.

Following the measurement of the enthalpy of solution of a neptunyl(VI)
oxide, the spectrum between 12000 and 90008 was recorded to monitor for

reduction to neptunium(V) occurring during the calorimetry.

Several small corrections needed to be applied in the calculation of the

enthalpies of solution(176) from the experimental data.

(1) The resistance of the thin wires connecting the heating resis-
tance in the calorimeter chamber to the point where the potential was
measured caused extra heat to be dissipated in the system when a current
was passed. Thus, when calibrating the system, the temperature rise
measured in the chamber was higher than that caused by the dissipation

of the known quantity of input energy. ' To correct for this the calibra-
tion values were reduced by 0.07% in the microcalorimeter and by 0.013Q
in the LKB calorimeter. These values have been calculated from the
measured resistance of the wires for the length involved based on the
assumption that 50% of the induced heat was lost and 50% was transferred

into the calorimeter chamber.
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(ii) An amount of heat was produced by the breaking of the Pyrex
ampoule. In the microcalorimeter this heat production was balanced by
the endothermic effect introduced for a 5 second interruption of the
stirring. These effects produced an uncertainty of about 2 x 10~"% but
' any subsequent stopping of the stirrer caused a heat loss of 8 x 10~°J
per second. Breaking of the LKB calorimeter bulbs produced 0.005J in

the system.

(iii) When the sample bulb was broken the gas enclosed became
saturated to the amount of the vapour pressure of the solvent constitu-
ents. At 25°C in 1 mol dm~3 HCl this effect caused a heat absorption
of 5.8 x 107°J per ul of dry gas. This value was dué¢ to the vapourisa-
tion of H2O from 1 mol >drn'3 HC1 as the vapour pressure of HC1l overz

1 mol dm~3 HC1 at 25°C is negligibie(177).
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2.8 REAGENTS

High purity salts of the alkali metals, as shown in Table 2:5, were used

in order to minimise cross-contamination between these elements.

Purity of Alkali Metal Salts

" Table 2:5

Salt . Source Purity
LiOH.H,0 Koch-Light 'Puriss' > 99%
LipCO3 Koch-Light 99.995%
NaCH3CO0 - BDH 'Aristar' 99.999%
KOH Koch-Light | 'aR' > 858"
KCH3CO0 Koch-Light | 'Puriss' > 99%
K,CO3.%H,0 BDH 'Aristar’' 99.999%
RHOH Koch~Light > 99.8%
Rb,CO3 Koch-Light > 99.8%
CsOH Koch-Light’ 99%
Cs,CO3 Koch-Light 929%

a KpoCO3 as the main impurity

Two sources of uranium were used: uranyl (VI) diacetate dihydrate as

supplied by BDH and amorphous uranium trioxide available at AERE Harwell.

Neptunium, supplied as the dioxide or in recovered solutions, was purified
and then used from a calibrated stock solution in 4 mol dm—3 hydrochloric

acid.

Deionised water was passed through a mixed bed resin prior to use as low
sodium content water for alkali metal analyses. All other chemicals and

solvents used were reagent grade.
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2:9 PURIFICATION OF NEPTUNIUM

The neptunium available was contaminated with plutonium-238 and possibly

americium (see Section 2:6:2) and was purified by anion exchange(178).

A four-times excess of 50-100 mesh, 1.2 meq ml~! anion exchange resin
(Bio-Rad AG 1-X4, chloride form) was used to prepare a column. This was
conditioned by washing it successively with 2, 4, 6, 8,10 mol Sdm~3 and

concentrated hydrochloric acid immediately before use.

Neptunium dioxide was dissolved in boiling nitric acid. Addition of a
single crystal of ammonium fluoride was necessary to complete the dis-
solution. The resulting solution was diluted and treated with ammonium
hydroxide solution to precipitate neptunium hydroxide. Neptunium was
precipitated as the hydroxide from recovered solutions by the same process.

The precipitate was collected by centrifugation.

Freshly precipitated neptunium hydroxide was washed well with water and
dissolved in concentrated hydrochloric acid. The precipitation and
washing was repeated and the hydroxide redissolved in concentrated hydro-
chloric acid saturated with ammonium iodide as a reducing agent. Further
reductant was added and the solution was heated at 60°C for 30 minutes.
This ensured that neptunium was in the quadrivalent state and that pluto-
nium was in the trivalent state. When the solution had cooled, further
concentrated hydrochloric acid was added to ensure a high acid concentra-
tion. This solution was passed through the resin at a rate of 1ml min~!,
when the neptunium was absorbed. The column was then washed with six
column volumes of concentrated hydrochloric acid to remove the trivalent

plutonium and americium. Neptunium was then eluted with 1 mol dm~3 HC1.

The purified neptunium solution was used to prepare a 50ml stock solution
which was analysed qualitatively by o-spectrometry (Section 2:6:2) and

quantitatively by gross a-counting (Section 2:6:1).



- 80 -

2:10 PREPARATIVE METHODS

2:10:1 Acetate Complexes

The preparation of the complex acetates of the form MIMVIOZ(CH3COO)3

I :
(M~ = Li, Na, K, Rb, Cs; MVI = U, Np) can be described hy the general
equation,
VI C
M 0,2% (aq) + M (aq) SHICOOH wiyVIo, (cHac00) 5 (s) .
2:10:1:1 Alkali Metal Uranyl(VI) Triacetates

Usually, the preparations of these complexes were carried out in aqueous
solutions of acetic acid. In preparations involving uranyl (VI) diacetate
dihydrate, the dihydrate was brought into solution in hot dilute acetic
acid by the addition of a sufficient volume of aqueous ammonium acetate.
Uranium trioxide was dissolved by heating in a moderate or concentréted

acetic acid solution.

The alkali metal was added to the hot.uranyl(VI) solution as a saturated
aqueous solution of the acetate or as a .solution of the carbonate dis-
solved and neutralised in 9 mol dm~3 acetic acid. The resulting mixture
was filtered whilst hot and then reduced in volume to initiate crystal-

lisation.

Where products were recrystallised, this was from 0.4 mol dm~3 acetic
acid. The products were washed with glacial acetic acid at about 16°C,

and ether at room temperature.

This general route was not used for two of the preparations of sodium

uranyl(VI) triacetate. These are described in the following pages.

(i) Preparation 1

. NaUO; (CHQCOO) ]

Sodium uranyl(VI) triacetate was prepared by adding solid uranyl (VI)

nitrate hexahydrate (6.35 mmoles) to a saturated aqueous solution of sodium
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acetate (31.4 mmoles), with stirring. Dissolution of the uranyl nitrate

resulted in the precipitation of the product. The precipitate was recrys-

tallised from 0.2 mol dm~3 acetic acid and, after washing, dried at 1300C.

The yield was 54%.

The preparations of the analogous potassium, rubidium and caesium salts

are summarised in Table 2:6.

Table 2:6 Preparation 1
Concentration
Product ?f . Uranium Salt Alkali Metal Salt .Yielda
Acetic Acid
(mol dm™")
KUO, (CH3CO00) 3 2 UO, (CH3CO0) 5. 2H0 | KCH3COOg 5 -\ | 28%
9.3 mmoles )
RbUO, (CH3COO) 3 2 U0, (CH3C00) 5 . 2H70 | RbaCO3 22%
8.7 mmoles 4.4 mmoles
CsUO, (CH3CO0) 3 2.5 UO, (CH3C00) 5 . 2H,0 | Cs,CO3 28%
5.8 mmoles 2.8 mmoles

. a After recrystallisation

(ii) Preparation 2

NaUO, (CH3CO0) 3

Sodium uranyl (VI) triacetate was crystallised from a 0.6 mol dm 3 HNO3/
4 mol d&m3 CH3COOH aqueous solution containing stoicheiometric amounts
of uranyl (VI) diacetate dihydrate and sodium acetate. The product was

recrystallised from 0.4 mol dm~3 acetic acid and, after washing, was

dried at 130°C.

The preparations of the lithium, potassium, rubidium and caesium analogues

are summarised in Table 2:7.
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Table 2:7 Preparation 2
Concentration
Product ?f . Uranium Salt | Alkali Metal Salt Yielda
Acetic Acid
(mol dw=3)
. . b
LiUO, (CH3CO0) 3.nH,0 17 Uo3. Li,CO3 28%
4.9 mmoles 2.5 mmoles | -
KUO, (CH3C00) 3 17 UO3 KCH 3C00 643"
6.1 mmoles 6.6 mmoles
R.bU02 (CH3C00) 3 17 Uo3 - Rb2C03 57%
: 6.3 mmoles 3.6 mmoles K
CsUO0, (CH3COO) 3 14 U043 CSzCO3 45%
6.1 mmoles 3.3 mmoles
a After recrystallisation and vacuum drying
7 N
b Based on the trihydrate(1 2
d Not recrystallised
(iii) Preparation 3
The preparative details are summarised in Table 2:8.
Table 2:8 Preparation 3
Concentration
Product ?f . Uranium Salt | Alkali Metal Salt Yielda
Acetic Acid
(mol dm~3)
. b
LiUO, (CH3COO) 3.nH,0 9 UO3 Li,CO3 76%
13.0 mmoles 6.4 mmoles '
NaUO, (CH3CO0) 3 9 UO3 NaCH 3C00 85%
12.9 mmoles 13.2 mmoles
KUO, (CH3COO) 3 9 UO3 K,CO3.1%H,0 75%
12.4 mmoles 6.6 mmoles
RbUO, (CH3COO) 3 9 UO; Rb,CO3 30% -
11.3 mmoles 5.7 mmoles
CSUOZ (CH3COO) 3 9 U03 C92C03 58%
10.3 mmoles 5.2 mmoles

a

b

Products were not recrystallised

Based on a hydration number of 1.8 as the result of a

- uranium analysis
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2:10:1:2 Alkali Metal Neptunyl (VI) Triacetates(lso’lsl)

These complexes were all precipitated from concentrated acétic acid

solutions using the following general preparative route.

A small volume (1-2ml) of a neptunium(IV) stock solution in 4 mol dm~3
HCl was oxidised to neptunium(VI) by ozone at 805900C. After cooling,
neptunium(VI) hydroxide was preéipitated by dropwise addition of '880'
NH3 solution for the sodium preparations or alkali metal hydroxide solu-
tions (3-6 mol “dm~3) for the other alkali metal complexes. The result-
ing precipitate was washed twice with 2ml aliquots of water and dis-
solved in a minimum volume of hot glacial acetic acid. This solution was
diluted two fold with water and the ozonisation, precipitation, washing

and dissolution sequence was repeated.

The required alkali metal was added to the hot acetic acid neptunyl (VI)
solution as a saturated solution of the acetate in glacial acetic acid

or as the carbonate dissolved in and neutralised by glacial acetic acid.

Where necessary, precipitation was induced by volume reduction and cool-
ing in ice. The products were washed with glacial acetic acid at about
16°C, a cold solution of equal parts glacial acetic acid and diethyl

ether and finally with diethyl ether.

With the exception of one sample of sodium neptunyl(VI) triacetate crys-
tallised from 0.2 mol dm~ 3 acetic acid for single crystal X-ray diffrac-

(182)
n

tio , the products were not recrystallised. All the products were

ground to fine powders and vacuum dried.

Although the following tabulated summaries of the preparations (Tables

2:9 and 2:10) indicate the use of approximately stoicheiometric amounts
of alkali metal and neptunium, there was always a small excess of alkali
metal in the neptunyl(VI) solutions arising from the use of alkali metal

hydroxides. For this reason all yields are based on the neptunium content,
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The yields are calculated from weighings taken after grinding and vacuum

drying.

Table 2:9 Preparation 4

| Product Precipl?ating Quantit¥ of Alkali Metal Salt | Yield
Solution Neptunium
LiNpoO, (CH;CO0) 3 |4 mol dm™3LioH  [0.438 mmoles |Li,CO4 595%
0.212 mmoles
NaNp02 (CH 3COO) 3 '880°" NHa 0.655 mmoles NaCH3C00 88%
0.711 mmoles
KNpO, (CH3CO0) 3 [3.5 mol dm~3 KOH |0.655 mmoles | KCH3COO 81%
0.660 mmoles
RbNpO, (CO3C00) 3 |5 mol dm~3 RbOH [0.655 mmoles RbCH3COOb 54%
0.645 mmoles
CsNpO, (CH3CO0) 3 |6 mol ‘dm~3 CsOH {0.655 mmoles | Cs,CO3 - 59%
0.333 mmoles

a Based on the non-hydrated salt

b Precipitated from a solution of RbyCO3 in glacial
acetic acid (183)

Table 2:10 Preparation 5

Product Precipitating | Quantity of |, \\ 1; Metal salt | viela
Solution Neptunium .

NaNpO, (CH3COO) 3 | '880' NHj 0.655 mmoles | NaCH3COO 1923
0.712 mmoles

KNpO, (CH3CO0) 3 6 ml dm™3 KOH |0.655 mmoles | K,CO3.1%H,0 81%
0.326 mmoles

RbNpO, (CH3C00) 3 | 5 mol dm~3RbOH (0.655 mmoles [ RbyCO3 53%
0.331 mmoles

CSNpO, (CH3C00) 3 | 6 mol ~am™3 CsOH [0.655 mmoles | Cs,CO3 443
0.281 mmoles

Preparation 6

A sample of caesium neptunyl (VI) triacetate, CsNpO;(CH3COO) 3, was pre-
pared with 0.327 mmoles of neptunium(VI) as the hydroxide dissolved in

glacial acetic acid by addition of Cs,CO3 (0.163 mmoles) in acetic acid.
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The product was not vacuum dried. After preparation the material was

kept in the dark.

2: 10:2 Oxides

Alkali metal diuranates(VI) and dineptunates(VI) were prepared by controlled
decomposition of the acetate complexes prgviously described. Finely pow-
dered samples of the alkali metal actinyl(VI) acetates were fired in gold
crutibles at temperatures between 400 and 750°C, under oxygen, in a tube

furnace (Section 2:2).

This decomposition can be described as follows:

I
o™ 0, (CH3C00) 5 + 120, 2 MIMy 0, + 1200, + 9H,0.

2:10:2:1 Alkali Metal Diuranates (VI)

(1) Preparation 7

The alkali metal uranyl(VI) triacetates from 'Preparation 1' were decom-
I
posed to the corresponding alkali metal diuranates(VI), MpU,07, as sum-

marised in Table 2:11.

Table 2:11 Preparation 7

Starting Duration Duration
. 2 C - Re-fire ,
Material Tgmp of tem of Final Product
(from () Heating (ocf Re-firing | Colour ©
'Preparation 1') (hrs) (hrs)
NaU02 (CH3COO) 3 750 16 . Saffron Na20207
0.503 mmoles '
KUOZ (CH3C00) 3 750 16 650 2 Saffron K2U207b
0.443 mmoles
b
RbUO, (CH3COO) 3 750 16 650 2 Saffron | RbyUy07
0.311 mmoles
' b
CsUO, (CH3CO0) 5 750 16 650 2 Orange | Cs,U,05
0.215 mmoles
a All starting materials were pale yellow in colour
~ b - . The potassium, rubidium and caesium materials were ground

T prior to re-firing
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Preparation 8
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The alkali metal uranyl(VI) triacetates from 'Preparation 2' were decom-

posed as summarised in Table 2:12.

Table 2:12 Preparation 8

Starting Duration Duration
. Re-fire .
Material Tgmp of | tem of Final Product
{from (o) Heating (ocf Re-firing } Colour
'Preparation 2') {hrs) (hrs)
LiUO2 (CH3COO) 3, 400 2 Yellow Mixture
nH20 ochre predominantly
Li,U30y¢
LiUO, (CH3CO0) 4, | 750 2 Yellow | Li,U30;q/
nH,0 Li,0.1.75U03
NaUO, (CH3COO0) 3 750 2 Saffron | Na,U,07
0.518 mmoles
KUO, (CH3CO00) 5 750 2 650 2 Saffron| KoU30;
0.674 mmoles
b
RbUO, (CH3CO0) 3 750 2 650 2 Saffron| Rb,U,07
0.764 mmoles
CsUO, (CH3CO0) g 750 2 650 2 Orange | Cs,U,07
« 0.513 mmoles
a All starting materials were pale yellow in colour
b The potassium, rubidium and caesium materials were

(iii)

ground prior to re-firing

Preparation 9

The acetate complexes from 'Preparation 3' were fired at 650°C as sum-

marised in Table 2:13.
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Table 2:13 Preparation 9

Starting Duration Re-fire Duration
Material Tgmp of tem of Final Product
from ("c) Heating (OC$ Re-firing } Colour
'Preparation 3' (hrs) (hrs)
" nH,0 Li,0.1.75004
NaUO, (CH3COO) 5 650 2.5 Saffron| Na,U,0,
1.68 mmoles
KUO, (CH3COO) 5 650 2.5 650 2 Saffron| K,U,04
1.58 mmoles
RbUO,, (CH,CO0) 4 650 2.5 650 2 Saffron| Rb,U,0,
1.32 mmoles
CsUO, (CH3COO0) 4 650 2.5 650 2 Orange | Cs,U,0,
1.22 mmoles

2:10:2:2

Stability of Alkali Metal Diuranates(VI) in Air

The decomposition of the alkali metal uranyl(VI) triacetates in air was

investigated by firing the complexes from 'Preparation 2', contained in

silica crucibles,

positions were determined.

on an electric Bunsen.

Table 2:14.

Weight losses for the decom-

A summary of the results is presented in

No change in weight, colour or X-ray diffraction pattern was observed

after samples of the alkali metal diuranates(VI) from 'Preparation 7'

were exposed to the laboratory atmosphere for 21 days.

Table 2:14 Decomposition of Alkali Metal Uranyl(VI) Triacetates in Air

Starting Duration
\ Exptl Theor .
Material Temp °f | Wt Loss | wt Loss®| Final product?
from (To) Heating (%) (%) Colour
'Preparation 7' (hrs)
LiU0, (CH3COO0) 3.nH,0 | 430 6 37.86 (33.72) Yellow |No
- and v dk | Identification
green
mixture
NaUO, (CH3CO0) 5 490 2.5 32.23 32.57 | saffron |Na,yU,05
0.134 mmoles
KUO, (CH 3CO0) 3 430 5.5 31.23 31.49 | saffron |K,U,07
0.174 mmoles
RbUO, (CH3CO0) 3 | 530 2.5 28.73 28.75 | Saffron |Rb,U,0-
0.174 mmoles
Orange/
CsUO (CH3CO0) 3 640 5 26.54 26.40 | saffron |Cs,U,05
0.107 mmoles mixture
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I
Table 2:14 a Based on the reaction M UOZ(CH3COO)3 - %M£U207

b Based on X-ray powder diffraction data, weight loss
and colour

2:10:2:3 Alkali Metal Dineptunates (VI)

These preparations were carried out in pre-fired, pre-weighed gold cru-

cibles and weight losses for the decompositions were determined.

In the following tables summarising the preparations of the alkali metal

dineptunates (VI) :

(a) The theoretical percentage weight loss is for the reaction,
I I '

M NpO, (CH3C00) 3 » %M;Np,07;

(b) The products are as indicated by X-ray powder diffraction,

weight loss and analysis. All the products were black.

(i) Preparation 10

Table 2:15 shows the decomposition of the alkali metal neptunyl(VI) tri-

acetates from 'Preparation 4°'.

Table 2:15 Preparation 10

Starting Duration
. 1 Exptl Theox
Material Tgmp Of, Wt Loss | Wt Loss Product
from (C) Heating (%) (%)
'Preparation 4' (hrs)
LiNpO, (CH3C00) 3 | 400 2 37.90 Npozb
0.072 mmoles .
LiNpO, (CH3CO00) 3 | 650 2 39.02 NpO,/
0. 144 mmoles LiszOu
NaNpO, (CH3CO0) 3 .| 700 1.5 32.96 32.64 Na,Np,07
0.269 mmoles
0.244 mmoles
RprOz(CH3COO)3 600 2 29.01 28.81 Rb,Np,07
0.189 mmoles
CsNpO, (CH3CO0) 3 | 600 2 26.91 26.45 Cs,Np,07
0.176 mmoles

a

b Only lines due to NpO, were visible on an X-ray powder film

Starting materials were pale green or grey-green in colour
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(ii) Preparation 11

A second decomposition of 'Preparation 4' alkali metal neptunyl (VI)

triacetates is sﬁmmarised in Table 2:16.

Table 2:16 Preparation 11

O P Tl [ e
&np , Wt Loss |Wt Loss Product
from (c) Heating (%) (2)

'Preparation 4° (hrs)

NaNpO, (CH3CO0) 3 | 650 1.5 32.80 32.64 | NajyNp,O7
0.106 mmoles

KNpO, (CH3COO) 3 600 2.25 31.66 31.56 KyNpyO7
0.119 mmoles

RbNpOo (CH 3C00) 3 | 600 2 29.03 28.81 Rb,Np,07
0.087 mmoles

CsNpO, (CH3C00) 3 | 600 2 26.88 26.45 CsoNpoO7
0.097 mmoles

(iii) Preparation 12

Table 2:17 summarises the decomposition of the alkali metal neptunyl (VI)

triacetates from 'Preparation 5'.

Table 2:17 Preparation 12

b . Wt Loss | Wt Loss Product
from ( °c) Heating (%) (%)
'Preparation 5' (hrs)
NaNpO, (CH3C00) 3 | 650 2 32.63 32.64 | NayNpy07
0.306 mmoles
KNpO, (CH3CO0}. 3 600 2 31.61 31.56 | KoNpyO7
0.254 mmoles
RDbNpO; (CH3CO00) 3 | 600 2 28.95 28.81 | RbyNp,07
0.257 mmoles
CszOz(CH3COO)3A 600 2 26.83 26.45 | CsyNpyOy
O ‘mmole
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(iv) Preparation 13

'Preparation 6' caesium neptunyl(VI) triacetate (0.052 mmoles) was

fired at 600°C for 2 hours under a circulating oxygen atmosphere to

yield caesium dineptunate(VI), CsyNp,O7y.
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2:11 ANALYTICAL TECHNIQUES

2:11:1 Determination of Uranium

Weighed samples of the compounds were dissolved in 8 mol ‘dm—3 HNO3

(Iml) and the solution diluted three fold with water. Uranium(VI) hydro-
xide was precipitated with a 1:1:1 solution of '880' NH;, water and
acetone. After washing thoroughly with the ammoniacal solution and a 10%
acetone solution in water, the hydroxide was collected in a pre-fired,
pre-weighed, grade 4 silica filter crucible. The solid was fired in

air at 800°C and, when cool, weighed as U30g.

2:11:2 Determination of Neptunium

Quantitative analyéis of neptunium was achieved by gross a-counting of
known aliquots of 5ml acid solutions containing a weighed amount of com-

pound .

Stainless steel discs were treated as follows. The discs were boiled

in concentrated nitric acid and washed with water and then acetone.

The clean, degreased discs were fired to dull red heat in air to produce
a thin oxide film. A band of 'Zapon' lacquer was applied to the rim of
each disc to limit the activé area. |

5 or 10ul aliquots of the prepared solutions in 2 mol dm3 nitric acid
were pipetted onto the discs from mercury calibrated pipettes, along with
at least three aqueous washings of the pipette. One or two drops of
tetraethylene glycol were added as a spreading agent (to produce a uni-
form source) and the solution was evaporated under an infra-red lamp.

The dry discs were then fired to red heat in air to fix the activity.

The prepared discs were counted in a gas flow (argon) proportional
counter (Section 2:6:1). The final a-count was corrected for background
and geometry factor and the amount of neptunium determined by dividing
the number of disintegrations by the specific activity of neptunium-237

(1.5645 x 103 dpm pg~1).
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The same method was used to prepare sources for the quantitative and
qualitative analysis (Section 2:6:2) of the neptunium stock solution
(Section 2:9) except that tantalum discs were used to be compatible

with the hydrochloric acid solution.

2:11:3 Determination of Alkali Metal

(i) Alkali Metal Diuranates (VI)

The precipitating and washing solutions from the appropriate gravimetric
uranium analysis were transferred to a calibrated volumetric flask (25ml)
and the solution diluted to the required volume with specially purified

water (Section 2:8). Samples of the resulting solution were analysed by

atomic absorption or emission spectrophotometry.

(ii) Alkali Metal Dineptunates (VI)

Samples of the solutions prepared for neptunium analysis were analysed
for alkali metal content by atomic absorption or emission spectrophotometry

after removal of the neptunium by anion exchange.

2:11:4 Analytical Results

Chemical analysis results are presented in the following tables.

Table 2:18 Typical Analytical Data for the Alkali Metal Uranyl (VI)

Triacetates

% of U

a
Compound Colour
Exptl Theor

NaUO; (CH3COO0) 3 Pale Yellow 50.63 50.63
KUO5 (CH3COO0) 3 Pale Yellow 48.87 48.95

RbUO, (CH3COO) 3 Pale Yellow 44.96 44.69

CsUO; (CH3CO0) 3 Pale Yellow 40.68 41.03

a Finely powdered material
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Table 2:19 Typical Analytical Data for the Alkali Metal Neptunyl(VI)

Triacetates

% of Np % of MI

Compound Coloura
Exptl [ Theor | Exptl | Theor

LiNpOj (CH3CO0) 3 | Pale Green 52.44 | 52.31 1.28 1.53
NaNpO, (CH3C00) 3 | Grey Green | 50.39| 50.52 | 5.11| 4.90
KNpO, (CH3COO) 3 Pale Green 48.81 | 48.84 | 7.70( 8.06
RbNpO, (CH3COO) 3 | Pale Green 44.871 44.58 | 16.44 | 16.08

CsNpO, (CH3CO00) 3 g:i:ht creen | 40-75| 40.93 | 23.46 | 22.95

a Finely powdered material
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Table 2:20 Analytical Data for the Alkali Metal Diuranates (VI)

s of M % of U I
M :U
Compound Ratio
Exptl | Theor { Exptl | Theor
'Prep 8' 7.26 74.08 1.03
Na2U207 1prep o1 | 7.40| 7°%°| 74.56| 7°°%8| 101

K,U,07 'Prep 9' |[11.80| 11.74| 71.47| 71.45] 1.00

'Prep 8' | 22.03 62.49 1.02
Rb2U2071prep 9¢ | 22.17] 22-52| 62.70 | 62:72| .02
'Prep 8' |31.33 55.76 0.99
C82U297 1prep 9v | 30.92] 3113 55,56 | 3575 ] 1.00
MI(found) X UVI(theoretical)
a

MI(theoretical) X UVI(found)

Table 2:21 Analytical Data for the Alkali Metal Dineptunates(VI)

% of MI % of Np MI-Np
Compounda Ratiob
Exptl| Theor | Exptl { Theor

'prep 10| 7.85 76.41 1.06
Na2NP2071prep 12| 7.03| 28| 75.87| 73-00| o.9s5
'Prep 10°| 12.12 72.54 1.01

KoNP207 wprep 12¢] 11.83| 11-77| 72.83 | 71-36| o 98
'Prep 10'| 22.64 63.05 1.00
RD2NP207 1 prep 12| 22,47 22°%2| 63.66 | ©%°%8| .08
'Prep 10'| 30.43 54.69 0.99
CS2NP2071prep 120] 31.03 | 3121 | 56.44| 33-65| .08

a All materials were black

MI(found) X NpVI(theoretical)

MT (theoretical) x Np' < (found)
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3. ) RESULTS AND DISCUSSION
3:1 ACETATE COMPLEXES
3:1:1 Preparative Methods

The preparations of various alkali metal actinyl(VI) triacetates have
been dgscribed previously(129' 179-181). Using the reported methods as
a guide, adaptations were made to provide preparative routes to the
uranyl salts, and ultimately to the uranates, and in the case of the
neptunyl salts, to maximise the yields of pure products. These acetate

complexes were analysed by chemical methods (Tables 2:18 and 2:19) and

by X-ray powder diffraction (see Section 3:1:2).

3:1:1:1 Alkali-Metal Uranyl(VI) Triacetates

In experiments to test the efficacy of the proposed methods for the
preparation of the series of pure alkali-metal uranyl (VI) triacetates,

the following results were obtained.

Uranium trioxide dissolved fairly readily in glacial acetic acid, with
heating, and uranyl(VI) acetate crystallised from the resulting solution.
Dissolution of uranyl (VI) diacetate dihydrate in aqueous acetic acid was
achieved only by the addition of ammonium acetate with heating. However,
prolonged heating of the resulting solution containing an excess of ammo-
nium ions produced acetamide. Addition of ether to a saturated uranyl (VI)
acetate solution containing ammonium ions resulted in the precipitation
of ammonium uranyl (VI) triacetate, but addition of a saturated solution
of alkali metal (with the exception of lithium) in acetic acid to a
similar solution, precipitated the alkali metal uranyl(VI) triacetate. It
was not possible to precipitate lithium uranyl (VI) triacetate by this
method as ammonium uranyl (VI) triacetate crystallised preferentially from
uranyl acetate solutions containing ammonium and lithium ions. This was
detected by thermal decomposition of the product which produced a green-

black solid .shown to be U30g by X-ray powder diffraction. Preparations of
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caesium uranyl (VI) triacetate required extensive vacuum drying.

As a consequence of these results precautions were taken to ensure the
best possible purity of the products. In particular, the abéolute mini-
mum of ammonium acetate was added to dissolve uranyl(VI) diacetate di-
hydrate. The resulting triacetate salts were washed with glacial acetic
acid to remove any acetamide and were recrystallised from dilute aqueous
acetic acid. 1In general, it was preferable to use uranium trioxide as
a starting material since this eliminated the introduction of unwanted

ions into the reaction solutions.

Low yields were often obtained in the preparations due to the use of
large volumes of solvent or to the necessity for the products to be re-

crystallised.

3:1:1:2 Alkali Metal Neptunyl (VI) Triacetates

The limited availability and high radioactivity of neptunium compared with
uranium called for the use of much smaller quantities for preparative work
so that it was important to maximise the yields. This was achieved by
using minimum volumes of solvent, cooling precipitating solutions in ice,
washing with pre-cooled solutions and by not recrystallising the products.
Additionally, because the stable-oiidation state of neptunium in aqueous
solution is +5(Npoz+) the preparations required the use of the vigorous
oxidising conditions of bubbling ozone through the heated (90°C) reaction
solution (Section 2:10;1) to promote neptunium to the +6 oxidation state

(Np022t) .

The preparative route to sodium neptunyl (VI) triacetate had been used

(90), and the route used for the preparation of

(181)

satisfactorily, previously
the caesium salt was based on the reported method Because ammonium

uranyl(VI) triacetate was the product from uranyl (VI) acetate solutions

containing lithium and ammonium ions, lithium hydroxide was used as the
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precipitating agent for the preparation of lithium neptunyl (VI) triacetate.

On the basis of X-ray powder diffraction patterns, apparently pure

samples of potassium and rubidium neptunyl (VI) triacetates were obtained
by using ammonium hydroxide aé the precipitating agent in the preparations.
However, when these materials were decomposed thermally under oxygen,
X-ray powder diffraction data showed the products contaiﬂed neptunium
dioxide as well as the alkali metal dineptunate(VI). This indicated the
presence of ammonium neptunyl (VI) triacetate in the alkali metal neptunyl
(VI) triacetate products which was not detected by X-ray powder diffrac-
tion. This may have been due to the similarities of the cell parameters.
However, it should be noted that with this technique it is difficult to
detect impurities at less than the 5-10% level. The route employed in the
preparation of 1ithium and caesium neptunyl(VI) triacetates using alkali

metal hydroxide as the precipitating agent was therefore used.

The precipitation of neptunium(VI) by alkali metal hydroxide solutions

had to be performed with great care as addition of an excess caused disso-
lution of the precipitate. For this reason the alkali metal hydroxide
solution was added dropwise, diluting it as necessary towards the end of

the precipitation, to the point where the neptunium was still in slight
excess. In this way almost 100% precipitation of the neptunium was achieved

without redissolution.

3:1:2 Crystallographic Properties

' 8
Single crystal X-ray diffraction data have been reported for sodium(1 4),

(185) (186) (185)

potassium , rubidium and ammonium

(182)

uranyl (VI) triacetates and

for sodium neptunyl(VI) triacetate

The two sodium actinyl(VI) triacetates are isostructural and crystallise
in the cubic space group P213' Unit cell parameters were calculated

directly from the X-ray powder diffraction data. Dividing the sin?6 values
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(187) where N =

by a common factor produced the integer values, N,
(h2 + k2 + 12). 1In both sets of data there were the characteristic primi-
tive cubic absences and all the lines were indexed by théir N values from

the tabulated data(lgs).

Using the equations,

) = 2 2 2 =
(1) sin thl A(hs + k< + 14) AN
(2) a = )

2/A

each sin?f value was divided by its integer value, N, to obtain the factor
An for each reflection. The average of the individual An values was taken
to give a more accurate common factor, A, from which the unit cell para-
meter was calculated. Because of the decrease in systematic errors as 0
approached 180° (Section 2:3:3), high angle reflections were used prefer-—
entially in the calculations as these provide the most accurate unit cell
parameter. The results were in good agreement with the published single

crystal data which are given in Table 3:1.

The powder diffraction data for potassium and rubidium uranyl(VI) triaae-
tates were in good agreement with the data generated (Section 2:3:2) from
the published values and all feflections were indexed according to the
reported'1412 cells. These two materials and the ammanium uranyl(VI) tri-
acetate are all isostructural. Two phases of the potassium salt have been

reported but only the ti-phase was observed during the present work.

Potassium and rubidium neptunyl (VI) triacetates were found to be isostruc-
tunal with the uranium analogues. Approximate unit cell parameters were
determined directly from the X-ray powder diffraction data by using the
sin20 values for two reflections from each of the neptunium data sets
indexed as 200 and 114 in accordance with the equivalent uranium data.
These reflections were chosen since they were strong and readily identifi-

able on all the films and allowed calculation of the two cell parameters
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for both potassium neptunyl(VI) triacétate and rubidium neptunyl (VI) tri-

acetate from the following equations.

.2 _ 2 2 2
(1) . sin thl = A(h® + k%) + Cl1
(2) a = A
2/
(3) c = _
2vC

The calculated cell parameters were used to generate diffraction data
with which the experimental reflections were indexed. The data were re-
fined (Section 2:3:2) twice to yield the results presented in Table 3:1.
Unlike the uranium analogue, two phases of potassium neptunium(VI) tri-
acetate were observed with the B-phase being the more prevalent, the ao-

phase was found only once.

The caesium neptunyl(VI) triacetate X-ray diffraction data were treated in
the same manner as this complex is isostructural with the potassium and
rubidium salts. The equivalent two reflections, 200 and 114, were used to
determine appréximate cell parameters.' The reflections were indexed on
the basis of these calculated parameters and the data refined twice to pro-

vide the results presented in Table 3:1.

The X-ray powder diffraction results for caesium uranyl (VI) triacetate,
lithium uranyl(VI) triacetate and lithium neptunyl (VI) triacetate have not
been fully interpreted. The data for caesium uranyl (VI) triacetate, ob-
tained from several different preparations, were identical but showed little
similarity to the neptunium analogue. It was possible, however, to index
most of the reflections based on a tetragonal unit cell of space group

1412 with thé parameters a = 12.34%8 and ¢ = 26.13%. It is possible that

all the reflections could be indexed on such a tetragonal cell but without
the limiting conditions imposed by the 1412 space group. The diffraction

data are presented in Table 3:2.
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Table 3:1 Crystallographic Data for Alkali Metal Actinyl(VI) Triacetates

Compound Symmetry 25:3: Lattice Parameters (%)* Ref
NaUOg (CH3COO) 3 Cubic P2+3 10.67 (10.688) 184
NaNp02 (CH3COO) 3 Cubic P213 10.64 (10.638) 182
NH4UO2 (CH3COO) 3 Tetragonal 1412 (13.82) (27.66) 185
0-KUO2 (CH3CO0O0) 3 Tetragonal 1412 14.39 (14.41) 25.73 (25.85) 185
B-KUO2 (CH3COO) 3 Tetragonal 1412 (14.02) (27.76) 185
a-KNp02 (CH3COO) 3 Tetragonal 1472 14.30 25.95
3-KNp02 (CH3COO) 3 Tetragonal 1412 13.82 26.12
RbUO02 (CH3COO) 3 Tetragonal 1412 13.88 (13.84) 27.56 (27.57) 186
RbNp02 (CH3COO) 3 Tetragonal 1412 13.70 27.66
CsNp02 (CH3COO) 3 Tetragonal 14 2 14.05 29.14

a published values are given in parentheses
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Table 3:2 Experimental X-ray Powder Diffraction Data for CsUO, (CH3COO) 3

Sinzéobs Iest Possible index for 1412 cell
0.0156 S 200
0.0217 M 114
0.0250 W 105
0.0314 W 220
0.0445 S 224
0.0488 M -
0.0497 W -
0.0526 W 314
0.0560 W 008
0.0604 W -
0.0625 W 400 226
0.0732 M 332
0.0893 W 415 219
0.0930 W 327
0.0985 M 431 501
0.1043 S 512
0.1074 M -
0.1155 S 514
0.1418 M 2012
0.1556 W 527
0.1599 M 622
0.1712 M 4111
0.1779 M -
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The results for lithium uranyl (VI) triacetate and lithium neptunyl(vI)

triacetate which indicated that the two complexes are isostructural are
listed in Table 3:3. It was not possible to obtain good quality photo-
graphs and only a few diffraction lines are visible. The neptunium com-

- plex provided the clearest X-ray diffraction patterns.

3:1:3 Spectroscopic Properties of the Alkali Metal Neptunyl(VI)

Triacetates
As previously mentione@, samples of alkali metal neptunyl(VI) triacetates
were precipitated from solutions in which the stable oxidation state of
neptunium in aqueous solution of +5(Np02+) had been promoted, by vigorous
oxidising conditions, to the +6 state (Np022+). It was thought that sub-
sequent precipitation would stabilise the +6 oxidation state in the resul-
ting solid complexes. However, all the alkali metal neptunyl (VI) triace-
tate samples analysed by electronic absorption spectroscopy showed an

increasing neptunium(V) content with time.

This rate of increase was monitored for a sample of the potassium complex

from Preparation 5 (Section 2:10:1) by the following method:

(i) a spectrum was. recorded (83 days after the preparation)
(ii) a second spectrum was recorded after a further 58 days
(iii) a third spectrum was recorded after keeping the sample enclosed

in a darkened container for a further 39 days.
The results are presented in Table 3:4. The fact that the rate of increase
of neptunium(V) content is not significantly retarded by the total exclu-
sion of light suggests that the reaction is not photochemically dependent
and may in fact be the result of self irradiation. It is not clear why

the +6 oxidation state is not fully stabilised by the solid complexation.



- 103 -

Table 3:3 Experimental X-Ray Powder DiffractionData for LiUO;(CH3COO) 3

and LiNpO, (CH3COO) 3

LiuO, (CH3COO) 3 LiNpO; (CH3CO00) 3
Sinzeobs Iest Sinzeobs Iest
0.01016 wd 0.01047 W
0.01249 M d 0.01285 s d
0.01572 M - 0.01618 M
0.01645 S 0.01712 S
0.01726 M 0.01812 W
0.02415 W
0.02683 W 0.02709 M
0.03169 W 0.03304 W
0.03976 M. 0.04090 - M
0.04284 1y 0.04322 M
0.05123 M
0.05516 W 0.05458 W

d Diffuse line
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Table 3;4 Neptunium (V) Content in Potassium Neptunyl (VI) Triacetate

from Preparation 5

L Increase in Time Rate of Overall Rate
Conditions Np (V) No (V El d I
of Storage Content (%) p (V) apse ncrease of Increase
Content (%) (Days) (3 per day) ($ per day)
Normal 2.2 2.2" 83~ 0.027 0.027
Normal 4.1 1.9 58 0.033 0.029
Total
5.3 1.2 39 0.031 0.029
Darkness
a assuming no Np(V) content when first prepared
b from date of preparation

The rate of increase of neptunium(V) content in the other triacetates
from Preparation 5 was also monitored by recording two spectra for each

sample as indicated in Table 3:5.

It can be seen from Tables 3:4 and 3:5 that there is a decreasing trend
in the rate of increase in neptunium(V) content in the complexes on going
from sodium through potassium and rubidium to caesium. It may be signi-
ficant that this is in line with a decreasing percentage by weight of

neptunium in the complexes.

Table 3:5 Neptunium (V) Content in Sodium, Rubidium and Caesium Neptunyl

(VI) Triacetates from Preparation 5

Np (V) Np (V) I .
ncrease Time
Content Conte nt | Rate of Np (V)
in Np (V) Between
Sample from 1st from 2nd Increase
Spectrum Spectrum Content Spectra (% per day)
(%) (days)
(%) (%)
NaNpo 2 (CH3COO) 3 2.1 4.0 1.9 50 0.038
RbNpo0 2 (CH3COO) 3 2.3 10.2 7.9 302 0.026

CsNpo0 2 (CH3COO) 3 5.2 10.5 5.3 308 0.017
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Similar data obtained for the alkali metal neptunyl(VI) triacetates from

other preparations are presented in Table 3:6.

Table 3:6 Neptunium(V) Content in Alkali Metal Neptunyl(VI) Triacetates

from Preparations 4 and 6

Sample Preparation | Np(V) Content | Age from Preparation
(%) (days)
NaNpO, (CH3CO00) 3 4 4.3 197
KNpO, (CH3COQ) 5 4 4.5 183
RbNpO, (CH3CO0) 3 4 4.9 180
CsNpO, (CH3CO00) 3 4 4.3 118
6 2.7 1

It was apparent from the spectra recorded that in the case of the nep-
tunyl (V1) triacetate preparations there could be a presence of neptunium
(v) immediately after the preparation. The contamination in the other
complexes at this early age is unknown. However, since the oxide obtained
from the decomposition of 1 day old, Preparation 4 NaNpOj (CH3COO) 3 showed
no neptunium(V) contamination,vit can be inferred that this triacetate had

no such contamination immediately after its preparation.

3:2 THERMOGRAVIMETRIC RESULTS

Analysis of the data from the differential thermal analyses of the alkali
metal uranyl(VI) triacetates was limited to the measurement of the decom-
position temperatures, the weight loss occurring in the decomposition
(Table 3:7) and the identification, by X-ray powder diffraétion, of the
products. The twin peak traces obtained suggested a two-stage reaction

for the decomposition of alkali metal uranyl(VI) triacetates to alkali
metal diuranates(VI). It is possible that these stages are a decomposition

to uranium and alkali metal oxides followed by a recombination although it
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is not clear what the intermediates would be. Such a reaction scheme

may explain why the X-ray powder diffraction data obtained for the products
of the decompositions of the potassium and rubidium complexes differed
from those obtained in the furnace preparations 7, 8 and 9. It is
possible that a lack of oxygen or surface poisoning by carbon diostide

in the small, densely packed platinum reaction crucibles could result in

the formation of lower or substoicheiometric oxides.

In the case of the product of the differential thermal analysis of pot-
assium uranyl(VI) triacetate there were four extra lines visible on the

X-ray powder photograph. Three of these could be indexed as B—Uq3and
(94)

the fourth could be indexed based on the reported P21/m cell for
K,U,0; (Table 3:8) although it is not clear why this line does not feature

on other photographs.

The data in the analogous rubidium case differed totally from the data
obtained for the products of the furnace preparations and could not be
indexed. Like the films from the furnace preparations, the X-ray data
for the dta product could be indexed based on the reported orthorhombic
cell(133) with a = 24.00 X, b= 13.86 £ and c = 20.57 g. However, unlike
the films of the furnace preparation products this dta product data could

(12). The

not be indexed based on the preferred monoclinic P21/m cell
X-ray powder diffraction data for the product of the differential thermal

analysis of rubidium uranyl(VI) triacetate are listed in Table 3:9.

The data obtained for the sodium and caesium materials were in agreement
with the results from the respective furnace preparations. The product
from the decémposition of the ammonium uranyl(VI) triacetate was indexed
as U30g and the data for the lithium product were consistent with those

from a mixture of Li,U30;9 and Li,0.1.75U03.

Apart from the black U30g and the ochre LiyU3074/Lis0.1.75003 the products
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Table 3:8 X-Ray Powder Diffraction Data for the Product of the

Differential Thermal Analysis of Potassium Uranyl(VI)

Triacetate
Line No sin20 Iest P;#istZTi ﬁzt;:riézzs In:fgoﬁor
i Preparations

1 0.01392 M 001

2 0.04896 | VW * 230
3 0.05160 M 120

4 0.05532 M 002, 121

5 0.05629 S 200

6 0.06319 M * 320
7 0.07482 M 121

8 0.08847 W 201, 221

9 0.09942 | vw * 241
10 0.12394 W 203

11 0.14738 W 123, 202

12 0.14971 M 040

13 0.16016 | VVW 023, 223 *

14 0.16383 M 140

15 0.20089 M 401, 241, 204

16 0.20342 M 402

17 0.20522 s |o42, 321, 114, 240

18 0.21993 M 004

19 [0.22364 | M 242, 400
20 0.23478 W 203
21 0.27385 M | 243, 322, 401, 342

from the decompositions of the sodium, potassium, rubidium and caesium
uranyl (VI) triacetates were saffron yellow (Na, Rb), dark yellow (K),
and orange (Cs) in colour. These colours are consistent with alkali

metal uranate formation.
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Table 3:9 X-Ray Powder Diffraction Data for the Product of the

Differential Thermal Analysis of Rubidium Uranyl (VI)

Triacetate
n sin2@
1 0.01204
2 0.01385
3 0.04980
4 0.05147
5 0.05476
6 0.05785
7 0.06013
8 0.06208
9 0.06691
10 0.07505
11 0.08589
12 0.08751
13 0.12141
14 0.12348
15 0.13518
16 0.13851
17 0.14741
18 0.15106
19 0.15379
20 0.15740
21 0.16201
22 0.17041
23 0.17797
24 0.18321
25 0.19067
26 0.19523
27 0.19856
28 0.21041
29 0.21761
30 0.22196
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3:3 OXIDE COMPLEXES

3:3:1 Preparation and Analysis

The alkali metal diuranates(VI) and dineptunates(VI) were prepared by
the decomposition method previously described (Section 2:10:2). The
well characterised alkali metal actinyl(VI) triacetates (Section 3:1)
were used as starting materials as these contained both alkali metal

and actinide metal in the correct ratio for the required products.

X-ray powder diffraction data were collected for all the oxides in each
of the preparations, this being a convenient method of analysing the
decomposition products. The results are discussed in Section 3:3:2.
Chemical analyses for both alkali metal and actinide metal were performed.
These showed that the oxides prepared contained alkali metal and acti-
nide metal in a ratio consistent with the required products, M%MXIO7
(Tables 2:20 and 2:21). BAdditionally, as shown in Tables 2:15, 2:16 and
2:17, tﬁe weight losses for the neptunium complex decompositions were

monitored and the results were consistent with the required reaction,

I I
M NpO, (CH3CO0) 3 + 4¥M;Np,07.

As a further check on the purity of two of the diuranates(VI), Na,U,0;
and Cs,U,0,, and as a way of determining the potential of the decompo-
sition method as a route to pure oxide phases, the enthalpies of form-
ation were compared with the well-established, published data (see

Section 3:4:3).

3:3:2 X-Ray Powder Diffraction Results

As shown in Tables 1:12 and 1:16 crystallographic data have been deter-
mined for alkali metal diuranates(VI) and dineptunates(VI). The experi-
mental data obtained for materials prepared in this work were compared
with GENSTRUCK (Section 2:3:2) listingé generated from the published
crystallographic data. These published data are tabulated in Table 3:10.

Also included in this table are the unit cell parameters which had pre-
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viously been determined<106) for Na,Np,0; based on the data for Na,U,07.

Table 3:10 Published Crystallographic Data for Alkali Metal Diuranates

(VI) and Dineptunates (VI)

Complex 2523: Cell Parameters Ref
a (%) b | <c® | 8™

Na,U, 07 C2/m }12.796 | 7.822 | 6.896 111.42 92

K,U,05 P2l/m 6.925 | 7.973 |6.992 109.62 94

Rb,U,05 le/m 6.947 | 8.018 | 7.328 108.64 94

B-Cs,U,07 C2/m [14.516 | 4.320 | 7.465 |[113.78 95

Na,Np,0; c2/m [12.779 | 7.822 |6.902 |111.46 | 106

Cs,Np,0; c2/m [14.30 | 4.330 |7.400 [113.58 | 91

The experimental results obtained for K,Np,0; and Rb,Np,0; indicated
that these complexes are isostructural with their uranium analogues.
(91)

They therefore exhibited monoclinic rather than the reported

hexagonal cells.

The X-ray powder diffraction data obtained for the alkali metal di-
uranates(VI) and dineptunates(VI) are listed in Tables 3:11 to 3:19.
In these tables the estimated intensity (Iest) of each line is based
on the Guinier data as these films were of better definition and were

consequently easier to interpret than the ' Debye-Scherrer films.

Where there appear to be fairly large discrepancies between the sinZ
values from each set of data (up to 0.00200) this is due to inaccuracies
in the measurement of weak or diffuse lines on the Débye-Scherrer
films. Comparison of the films permitted the correlation éf the indi-
vidual lines between the two types of data set as tabulated in Tables

3:11 to 3:19.
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In these tables the Debye-Scherrer (D/S) and Guinier (G) data are
tabulated with the GENSTRUCK generated data for the published cells

(identified by space group) for comparison.
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3:3:2:1 Na,U-»07

The data obtained from the Debye-Scherrer films were indexed according
to the GENSTRUCK generated sin?f values for the published C2/m cell para-
meters. These data were refined to an accuracy of 0.00083 sin?f to yield
the experimental parameters,

a=12.8008; b= 7.8378; c = 6.8978 and B = 111.42°.
Some weak lines which could not be so indexed were observed on 16 hour
exposure Guinier films. However, these reflections have also been ob-

served by other researchers.(93)

The experimental Debye-Scherrer data for Na,U,0; from Preparations 7, 8
and 9 were identical. Additionally, matching X-ray powder diffraction
data were obtained by the Guinier method for the products from Prepara-
tions 7 and 8. Both sets of data included the lines which could not be

indexed according to the reported cell.

The X-ray powder diffraction data for sodium diuranate(VI) are summarised

in Table 3:11.



114

HTable 3:11 X-Ray Powder Diffraction Data for NapUpOy

18
19
20
21
22
23
24
25
26
27
28
29
30
3
32
33

C2/m
cell

.01390
.01442

0
0
0.01675
0.01982
0

.02264

0.03400
0.03885
0.04252
0.04480
0.04740
0.05173
0.05327
0.05560
0.0:5768
0.05867
0.05872
0.06023

.06701
.07103
.07885
.07928
.08138
.08293
.09058
.09160
.09653
.09714
.09758
.10035
.10045
.10413
.10586
11170

© O O O O O O ©O O © 0O 0o o ©o o o

sin~o0

D/s

0.01708

0.05220
0.05361

0.05806

0.05917

0.06721

0.08008
0.08151

0.09815

0.

o © o o

o o o

o

0.

01677

.02259
.02403
.02977
.03398

.04760
.05195
.05329

.05787

.05881

.06047
.06179
.06745
.07126

.07965
.08177
.08314

09807

.10046
.10197

.10764
11187

I est

VS

vvw

VA

wWw

WWwW

wWw

vvw

vvVw

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68

(Preparation 7)

C2/m
cell

O O O O O O 0O 0O 0O 0O O O O 0O O o o o o

11247
.11441
.11533
.11813
.12250
12511
.12610
.12665
.12867
.12978
13113
.13599
.13793
.13914
.14034
.14298

.14873
.15077
.15133
.15541

.15656
15721

.15905
.16064
.16071

.16753
.16863
.16983
.16998
.17010
17216
.17523
.17816
.17838
17919

sin”e

D/s

0.12695

0.15210
0.15542

0.16164

0.16905

0.17122

0.

o ©o o o o

.11488

11745
.12298

12728

.13815
.13953
.14092
.14214
.14389

.15189
.15532
.15641

.16171

.16915

17103
17254

I est

vw

Vs
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69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
920
91
92
93
94
95
96
97
98
99
100
101
102
103
104

C2/m
cell

o O © © © © o o o o o o o o o

O O O 0O O O O o O o o o o o

o O o o o o o

.18059
.18961
.18962
.19212
.19304
.19314
.19793
.19924
.20206
.20380
.20436
.20691
.20714
.20895
.21001
.21309
.21413
.21493
.21684
.32723
.21944
.22191
.22242
.22551
.22827
.22885
.23072
.23161
.23469
.23490
.23492
.23676
.23704)
.23810)
.23841

.240091

sin”G

D/S

0.20778

0.21356

0.21900

0.22310

0.23545

0.23846

0.

.19028

.20059

.20341

.20502

.20786

.20867

.21132
.21337

.21831

.21913

.22308

.22936

.23189

.23549

23762

.23932

Iest

VWW

VVWw

VW

WW

MS

MS

Vw

MS

115

105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140

C2/m
cell

0O O O o o o o o o o

o

O O O O O O 0O © O O O O O O O O O o o o o o o o o

.24526
.24576
.24701
.25254
.25576
.25954
.26159
.26490
.26711
.26732
.26732
.26788
.26803
.26908
.26957
.27084
.27375
.27590
.27656)
.27791)
.28052
.28408
.28411
.28519
.28654
.28671
.28771
.29263
.29288
.29334
.29574)
.29962)
.30044
.30321
.30375

.30414

sin”G
D/S G

0.24727
0.25268

0.26893 0.26961

0.27687 0.27786
0.28891
0.29414

0.29632 0.29734
0.30124

0.30300 0.30354

I est

VW

VVW

MW

VW
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141

142
143
144
145
146
147
148
149
150
151

152
153
154
155
156

157
158

159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176

Cc2/m
cell

0
0
0
0
0
0
0
0
0
0
0
0
0
0.
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0.
0
0
0
0

.30445
.30597
.30618
.30656
.30688
.30931
.31197
.31228
.31398
.31541
.31604
.31712
.32049
32276
.32547
.32550)

.327ssf

.32933
.33173
.33301
.33356
.33379
.33600
.34098
.34503
.34602
.34624
.34678
.34753
.34844
.34894
34967
.35207
.35284)
.354657
.35597)

sin*6

D/s

0.30680

0.32497

0.34715

0.35378

G

0.30492

0.30745

0.31859
0.32069

0.32490

0.32655

0.33125

0.33502

0.33810

0.34783

0.35524

I est

wv

MV

s g

wWw

ww

vvw

MV

116 -

177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212

C2/m
cell

©O O O O O O O O © O 0O O O O O 0O O O O O O O O ©O ©O © 0O © 0O ©O © 0o o © o o

.35747
.35921
.35934
.35976
.36050
.36232
.36296
.36409)

)

.36442)
.36642
.36671
.36949
.37225
.37532
.37646
.37676
.37830
.37984
.38216
.38272
.38613
.38854
.38998
.39030
.39033
.39216
.39219)
.39245)
.39382
.39935
.40047)
.400671
.40140
.40149
.40181
.40278

sin”G
D/s G

0.35884

0.36208 0.36172
0.36437

0.36827 0.36967

0.37156 END DATA

0.39080

0.39259

0.40055

I est
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sinZ@ sin26
n gg{T D/S Iest C2/m D/S Iest
213 0.40317 | 0.40325
214 0.40704
215 | 0.40735
216 | 0.40839 | 0.40860
217 0.41071 | END DATA
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3:3:2:2 KoU07

All the lines measured on both Debye-Scherrer and Guinier films for

potassium diuranate(VI), KyU,07, were indexed according to the data

generated for the reported P21/m cell. These results are summarised

in Table 3:12. 1Identical X-ray powder diffraction data were obtained

for the potassium diuranate(VI) products from preparations 7, 8 and 9.

Two differently coloured products were obtained during Preparation 9
after firing potassium uranyl(Vi) triacetate at 650°C for 2 hours. The
bulk of the product was dark yellow and gave X-ray powder diffraction
data in agreement with the published data. However, there was a thin
layer of orange material in the bottom of the crucible which gave an
X-ray pattern matching that from the dta/tg experiment (Section 3:2).
The extra diffraction lines, one of which was of medium to strong in-
tquity, were eliminated by refiring the material. These findings agree
with the suggestion in Section 3:2 that oxygen starvation or carbon
dioxide poisoning results in the formation of a lower or substoichejo

metric oxide.
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Table 3: 12 X-Ray Powder Diffraction Data for K,U,0, (Preparation 7)

sin26 sinZ0
n Pg;{‘f D/s G Iest n Pgé{? D/s G- Test
1 0.01370) 37 |0.11153
5 0.01397; 0.01428 | 0.01359 | vs 38 | o0.11875
3 |0.01838 39 |0.12088
4 0.02305) 0.02319 | wwW 40 |0.12110 |0.12169 | 0.12167 | W
5 0.02332; 41 |0.12331
6 |0.02773 42 |0.12343 |0.12410 | 0.12347 | Mw
7 |0.03696 43 10.12475
8 ]0.03740 44 |0.12476)
9 10.04631 45 0.12555; 0.12512 | w
10 |0.05019 .46 [0.12570
11 }0.05099) 47 |0.13266
12 0.05110; 0.05183 |0.05117 | s 48 10.13278
13 |0.05136) 49 |0.13411
14 |0.05480) 50 |0.13433)
15 0.05577; 0.05531 10.05499 | 8 51 0.13505; 0.13538 | 0.13488 | w
16 |0.05587 | 0.05633 |0.05579 | vs 52 |0.13512)
17 |0.05954 53 |0.13894
18 |0.06033 54 |0.14001
19 |0.06415 55 |0.14680)
20 |0.06522 0.06508 56 0.14784; 0.14706 0.14742 | M
21 [0.07351 0.07386 57 [0.14892
22 [0.07435 | 0.07479 |0.07451 58 [0.14958 [0.14995 | 0.14956 | M
23 |[0.08286 59 |0.15718
24 |0.08735 60 [0.15765
25 10.08758) , 61 |0.16071
26 o.0§815; 0.08812 [0.08932 | w 62 |[0.16082
27 |o0.08838) 63 |0.16215
28 [0.09220 64 |0.16310
29 [0.09326 65 |0.16328
30 |0.09670 66 [0.16355 |0.16349 | 0.16374 | ™
31 |0.09750 67 |0.16515
32 |0.09784 68 |0.16539
33 |0.09811 69 |0.16728
34 |0.10252 70 {0:.1679
35 |0.10940 71 }0.17149
36 |0.11090 72 [0.17229
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sinZ26 sine
n | P2/m D/S ¢ . |Test n | P2/m D/S G~ |Test
73 . | 0.17450 109 |0.23625
74 | 0.17474 110 [0.23693
75 | 0.17662 111 [0.23740
76 | 0.18523 112 0.23773
77 | 0.18654 113 |0.23815 0.23911 | vw
78 | 0.19354 114 |0.24134
79 | 0.19567 115 {0.24277
80 | 0:19602 116 |0.24427
81 0.19977 117 |0.24463
82 0.20000 118 |0.24560
83 | 0.20057 119 [0.24742
84 | 0.20075 | 0.20121 |0.20140 | w 120 |0.24769
85 | 0.20255 121 |0.24929
86 | 0.20278) 122 [0.24953
87 0.20394; 0.20341 W 123 |0.25141
88 | 0.20439 124 |0.25210
89 | 0.20467 125 |0.25661
90 ] 0.20537 | 0.20522 0.20522 | M 126 [0.25898
91 0.20545 127 |0.26086
92 | 0.20745 128 |0.26111
93 | 0.20757 129 10.27035
94 | 0.20890 130 |0.27068
95 | 0.20935) 131 |0.27082
% 0.20984; 0.20958 [0.21050 | w 132 ]0.27232 0.27228 | W
97 | 0.21010) , 133 |0.27268
98 | 0.21329 | 0.21408 |0.21419 | ww 134 [0.27289
99 | 0.21922 | 0.21960 {0.21996 | w 135 |0.27301
100 | 0.22309 136 |0.27365 )
101 | 0.22347 0.22384 0.22391 137 [0.27433 ; 0.27332 | 0.27428 |mw
102 | 0.22857 138 [0.27434 )
103 | 0.23198 139 [0.27528
104 | 0.23282 140 {0.27970
105 | 0.23341 141 (0.28016
106 | 0.23342 | 0.23387 |0.23387 | w 142 |0.28368
107 | 0.23492 143 |0.28391
108 | 0.23528 144 |0.28414
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sin20 sin26

O D/S ¢ . |Test| | n- |P2Ym D/s 6 |Test

145 | 0.28471 181 |0.34198

146 | 0.28489 182 |0.34246

147 | 0.28808 183 |0.34253

148 | 0.28852 184 |0.34288

149 | 0.28959 185 |0.34312 0.34402 | ww

150 | 0.29403 186 |0.34525

151 | 0.29742 | 0.29843 [0.20871 | ww 187 |0.34560

152 | 0.30336 188 |0.34743

153 | 0.30337 189 |0.34846

154 | 0.30548 190 [0.34917

155 | 0.30723 191 |0.34941

156 | 0.30761) 192 [0.34958

157 0.30774; 0.30796 |0.30907 | vw 193 |0.35026

158 | 0.31004) 194 |0.35034

159 | 0.31106 195 10.35052) | oo | 0 seras | o

160 | 0.31173 196 |0.35188)

161 | 0.31473 197 {0.35260

162 *| 0.31483 198 [0.35352

163 | 0.31497 199 |0.35381

164 | 0.31641 200 |0.35449

165 | 0.31686 201 10.35493) |0 oo b T |

166 | 0.31756 202 |0.35703)

167 | 0.31906 203 '[0.35715

168 | 0.31939 204 |0.35847

169 | 0.31942 205 |0.35848

170 | 0.32039° 206 [0.35852

171 | 0.32041 207 {0.35876

172 | 0.32107 208 [0.35942

173 | 0.32187 209 [0.36195

174 | 0.32576 210 [0.36626)

1 l0.36705 | 0.36798 |wvw

175 | 0.32886 211 |0.36880)

176 | 0.33142 212 {0.37003

177 | 0.33263 213 [0.37050 0.36996 | 0.37136 | ww
178 | 0.33311 214 [0.37305
179 | 0.33656 215 0.37352  [0.37415 | 0.37524 | ww
180 | 0.33821 216 [0.37817 |END DATA

e




END_DATA

Table 3: 12 Continued 92
sin26 sin29
P21/m le/m

- cels oIS ¢ Iest cell D/s Iest
217. | 0.37992
218 | 0.38017
219 | 0.38156
220 | 0.38256
221 }0.38300
222 | 0.38451
223 | 0.38486
224 | 0.38583 )
225 | 0.38656 § t ]0.38641 W
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3:3:2:3 Rb,U,07

The Debye-Scherrer data obtained for the rubidium diuranate(VI) products
from Preparations 7, 8 and 9 were identical. As shown in the summary
table of the X-ray powder diffraction results, Table 3:13, all the lines

visible were indexed based on the reported P2l/m cell.

As with the potassium analogue, two distinct phases were observed during
Preparation 9. The X-ray data for the main yellow sample matched those
from the previous preparations with the exception of two additional weak
lines. A thin layer of an orange product was found at the bottom of the
main sample. The X-ray powder diffraction data for this material differed
totally from previous data. Additionally, there was no similarity between
these data and those obtained in the dta./tg experiment. After grinding
and refiring a homogeneous yellow product was obtained. The Debye-
Scherrer data for this material was in agreement with the previous and

published values.

The Guinier films for the RboUs07 products from Preéarations 8 and 9
were identical. However, there were weak extra lines whichbcould ﬁot be
indexed according to the published cell. The Guinier film recorded for
the product from Preparation 7 exhibited further extra lines which could
not be indexed. These data are tabulated, for comparison with those for

the product from Preparation 9, in Table 3:14.
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Table 3: 13 X-Ray Powder Diffraction Data for Rb,U,0, (Preparation 7)

sin26 sin26
n | 2T D/s ¢ . |Test| | n |[P2YD /s G |Test
1 0.01233 | 0.01239 |0.01224 | vs 37 |0.10897
2 0.01371 38 |0.11082
3 0.01773 39 [0.11004 |o0.11124 | o0.11124 | w
4 0.02157 40 0.11594
5 0.02296 41 |0.11662
6 0.02696 42 |0.11755
7 0.03435 43 |0.12006
8 0.03698 44 ]0.12018 ) oai2094 0.12052 W
9 0.04359 45 |o.12078
10 | 0.04640 ‘46 |0.12287
11 | 0.04931) 47 ]0.12342
12 | 0.00031) | ©-02970 |0.04021 | s 18 lo.12518
13 | 0.05056 49 |0.12961
14 | 0.05069 | 0.05113 |0.05062 | M 50 [0.13212
15 | 0.05471 51 |o.13251
16 | 0.05485 | 0.05507 |0.05487 |vs 52 |0.13267
17 | 0.05565 53 |0.13377
18 | 0.05855 0.05741 | vwW 54 [0.13671
19 | 0.05981 0.05964 | w 55 0.13739  [0.13736 | 0.13763 | M
20 | 0.06410 9-06180 | v 56 |0.13806
21 0.07092 0-06657 | VW 57 |0.14664
22 | 0.07133 | 0.07167 8:8;;?2 e 58 [0.14780
23 | 0.07964 59 [0.14792 )
24 | 0.08017 60 [0.14792 ; 0.14867 | 0.14885 | s
25 | 0.08338 0.08342 |vw 61 |0.14958 )
26 | 0.08380 62 [0.15292
27 | 0.08629 63 |0.15413 0.15387 |vw
28 | 0.08754 64 [0.15882
29 | o0.08888 65 [0.15958
30 |0.09183 66 [0.15985
31 |0.09304 67 D.16025
32 |0.09553 68  D.16040
33 |0.09692 69 P.16067
34 {0.09973 70 p.16163 p.16101 | 0.16153 | M
35 |0.10094 71 D.16284
36 |0.10790 72 P.16565




Table 3:13 Continued - 125 -
sin26 sipze

n Pi;{'{ D/S G Iest n Pgé{’f D/s G Lest
73. | 0.16700 109 | 0.22489
74 | 0.16882 110 | ' 0.22756
75 0.16992 | 0.17012 | 0.17028 111 | 0.22866
76 0.17438 ' 112 | 0.23018
77 0.17770 113 | 0.23065 |0.23098
78 0.18227 114 | 0.23172
79 0.18293 115 { 0.23182
80 0.18561 116 | 0.23278
81 0.18656 117 | 0.23420
82 0.18695 | 0.18696 | 0.18753 118 | 0.23548

83 0.19403 ' 119 | 0.23923
84 0.19414 120 | 0.23989
85 0.19432 121 | 0.24278
86 0.19485 122 | 0.24345
87 0.19656 123 | 0.24388
88 0.19722 124 | 0.24417
89 0.19723 125 | 0.24484 |0.24484
90 0.19765) 126 | 0.24765
91 0.19848; 0.19814 | 0.19799 127 | 0.24886
92 0.19850) 128 | 0.25263
93 0.19914 129 | 0.25342
94 0.20225 130 | 0.25639
95 0.20277 | 0.20361 | 0.20401 131 | 0.25792
9 0.20608 132 | 0.25874
97 0.20647 133 | 0.25886)
98 0.20663 134 0.25956; 0.25955 0.26033 W
99 0.20775 135 | 0.26091)
100 | 0.21149 136 | 0.26386
101 | 0.21468 137 | 0.26498
102 | 0.21565 138 | 0.26548
103 | 0.21885 139 | 0.26763
104 { 0.21941 ’ 140 | 0.26881
105 | 0.22060 | 0.22023 | 0.22038 141 | 0.27079
106 | 0.22094 142 | 0.27134
107 ] 0.22258 143 | 0.27422
108 | 0.22259 144 | 0.27753




Table 3: 13 Continued - 126 -
sinZ6 sinZe
n | FPA/m D/s G . |Test n | P2ym D/S G |TIest
145 | 0.27993 181 | 0.31838) | 0.31764 | 0.31999 | ww
146 | 0.28033 182 0.31855;
147 | 0.28043 183 | 0.32068)
148 | 0.28043 184 | 0.32286
149 | 0.28115 185 | 0.32562
150 | 0.28169 186 | 0.32738
151 | 0.28171 187 | 0.32779
152 | 0.28370 188 | 0.32914
153 | 0.28532 189 | 0.33085
154 | 0.28545 190 | 0.33282
155 | 0.28598) | o ,ocoi | o.28801 191 | 0.33353
156 | 0.28917) 192 | 0.33519 | 0.33487
157 | 0.28958 193 | 0.33838 |
158 | 0.29294 194 | 0.34195
159 | 0.29750 195 | 0.34207
160 | 0.29885 196 | 0.34283
161 | 0.30196 197 | 0.34393
162 | 0.30205 198 | 0.34444
163 | 0.30262 199 | 0.34514
164 | 0.30414 200 | 0.34515)
165 | 0.30578 201 0.34515;
166 | 0.30695 202 | 0.34603)
167 | 0.30750 203 0.34612; 0.34581 | 0.34688 M
168 | 0.30816 204 | 0.34643)
169 | 0.30859 205 0.34654;
170 | 0.30905 206 | 0.34707)
171 | 0.30914 207 | 0.34818
172 | 0.31076 208 | 0.35017
173 | 0.31362 209 | 0.35055
174 | 0.31385 210 | 0.35060)
175 | 0.31493 211 0.35208; 0.35194 | 0.35309 W
176 | 0.31619 212 | 0.35400)
177 | 0.31691 213 | 0.35455
178 | 0.31731) 214 | 0.35553
179 0.31741; 215 | 0.36140
180 | 0.31830) 216 | 0.36313




Table 3: 13 Continued - 127 -
sin26 sinZo
n Piiﬁ’ D/s G Lest P21/m D/S Test
217 |0.36342
218 0.36354
219 0.36357
220 0.36612
221 0.36690
222 0.36717
223 |0.36734
224 0.36852)
225 0.36886; 0.36794 0.36967 W
226 0.37050)
END DATA | END DATA




Table 3:14 Comparison of Guinier Data for Rb,U,0, from Preparations

- 128 -

7 and 9

Experimental Data
P2l/m Cell Data Prep 7 D ] Prep O
n sin“@ sin49 I sin<@ I
| est est
1 0.01233 0.01224 Vs 0.01229 Vs
11,12 0.04931 0.04921 S 0.04921 Vs
14 0.05069 0.05062 M 0.05073 M
0.05239 W
16 0.05485 0.05487 Vs 0.05465 Vs
18 0.05855 0.05741 VW
19 0.05981 0.05964 W
0.06167 i 0.06179 W
20 0.06410 0.06410 VW 0.06435 W
0.06657 VW
21 0.07092 0.07113 M
22 0.07133 0.07152 M 0.07139 MS
0.07478 W
0.07663 W
25 0.08338 0.08342 VW 0.08287 W
"33 0.09692 0.09688 VW
39 0.11094 0.11124 W 0.11092 M
40 0.11594 0.11568 VW
42 0.11755 : 0.11712 VW
45 0.12078 0.12052 W 0.12069 M
48 0.12518 0.12529 VW
52 0.13267
53 0.13377 0.13318 Ve
54 0.13671
cc 0.13739 0.13763 0.13711 MS
59,60 0.14792 0.14885 S 0.14814 Vs
63 0.15413 0.15387 VW
67 0.16025
68 0.16040
€9 0. 16067 0.16153 M 0.16043 S
70 0.16163
75 0.16992 0.17028 VW 0.16990 W
82 0.18695 0.18753 W 0.18675 M
90 0.19765 0.19799 S 0.19760 Vs
95 0.20277 0.20401 M 0.20341 M
104 0.21941
105 0.22060} 0.22038 M 0.21955
113 0.23065 0.23084 VW
125 0.24484 0.24511 VW
134 0.25956 0.26033 W 0.25946 MW
155 - 0.28598 0.28801 W 0.28665 W
168 0.30816 0.30815 W
182 0.31855
183 0.32068 0.31999 W 0.31859 W
191 0.33353 0.33408 W
202 0.34603 0.34688 M 0.34569 S
211 0.35208 0.35309 W 0.35213 MS
225 0.36886 0.36967 W 0.36895 MW
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3:3:2:4 Cs,0,07
The Debye-Scherrer data obtained for caesium diuranate(VI) from Prepara-
tions 7, 8 and 9 were identical. The X-ray powder diffraction results
generated by both the Debye—Scherrer and Guinier methods for the product
of Preparation 7 are tabulated with the pubiished data in Table 3:15.
This summary shows that all the lines on the Debye-Scherrer film could
be indexed based on the GENSTRUCK generated data for the reported cell.
A COHEN refinement to an accuracy of 0.00083 sin?9 gave the experimental
cell parameters,

a = 14.5298; b = 4.3158; c = 7.501% and B = 113.64°.
However, there were many extra lines visible on the Guinier film which
could not be indexed according to the published data. Theée are

unexplained.



Table 3:15 X-Ray Powder Diffraction Data for Cszl}207 (preparation 7)

- 130 -
sinZ6 sin26
C2/m C2/m
n il D/S G I est n call D/S G Iest
10.01059 W 28 0.11604 0.11664 MW
1 0.0i273 | 0.01259 | 0.01274| vs 29 0.12124 0.12118 \%%)
2 0.01347 0.01342 | ww 0.12331 VW
3 0.01564 0.01557 W 30 0.12738 0.12778 - S
4 0.03521 0.03545 W 31 0.12924 | 0.12861 | 0.12980 S
5 0.03677 0.03694 M 32 0.13398 0.13488 |vvw
6 0.04267 | 0.04305 | 0.04271 S _ 0.13763 |vvw
7 0.04328 0.04343 [ Mw 33 0.14012)
0.04435 W 34 0.14079; 0.14079 | 0.14092 M
8 0.04550 0.04559 W 35 0.14085)
0.04975| vw 36 0.14302
9 0.05094 | 0.05087 | 0.05106 S 37 0.14478 | 0.14446 | 0.14513 MS
10 0.05323 | 0.05361 | 0.05340| vs 38 0.14708 | 0.14760 W
11 0.05389 0.05419 S 39 0.15143 0.15243 W
0.05706 | VW 40 0.15518 | 0.15465 | 0.15550 M
12 0.05905 | 0.05949 | 0.05917| vs 41 0.15977 0.16043 | vvw
0.06023 | vww 42 0.16415 | 0.16503 | 0.16504 M
13 0.06216 43 0.16567)
. ‘ 0.16635 MS
14 0.06257 | 0.06275 | 0.06264 S 44 0.16567}
0.06496 | MW 45 0.17067 0.17141 M
0.07191 | wvw 46 0.17264
15 0.07559 | 0.07586 | 0.07597 M 47 0.17288)
0.17300 | 0.17349 S
0.07904 | vvw 48 0.17314;
16 0.08141 0.08177 W 49 0.17387 0.17463 W
0.08383 | vww 50 0.17498 0.17558 | vvW
17 0.08554 0.08579 w 51 0.17832 | 0.17879 | 0.17902 S
18 0.08775 0.08790 W 52 0.18127 | 0.18212 | 0.18210
19 0.09074 | 0.09071 { 0.09104 M 53 0.18198 0.18268 W
20 0.09640) : 54 0.18603
0.09673 | vvw
21 0.096713 55 0.18995 | 0.19070 | 0.19087 s
22 0.10229 56 0.19687 | 0.19703| 0.19760 MS
0.10280 | 0.10258 S
23 0.10237) 57 0.19825 0.19919 M
24 0.10512 0.10517| vvw 58 0.20057 | 0.20059| 0.20120 S
25 0.10881 | 0.10918 | 0.10920| MS 59 0.20254)
) 0.20341 VW
26 0.11417 60 0.20340)
0.11422 | 0.11472| Ms
27 0.11461) 61 0.20376 0.20442 VW




‘Table3; 15 Continued

- 131 -

sin26 sin26

n Sii? D/S G Iest n €2/m D/S G Iest

0.20826 | vvwW 9 0.29671| END DATA
62 | 0.21292 0.21357 | vvw 97 0.29743 0.29803 M
63 | 0.21417 98 0.30052
64 | 0.21513 99 0.30130) 0.30216
65 | 0.21554 | 0.21603 | 0.21624 100 | 0.30236)) S
66 | 0.21784 0.21831 101 | 0.30238 0.30331
67 | 0.21980 102 | 0.30464 0.30584
68 | 0.22378 0.22350 | VVW 103 | 0.30799
69 | 0.22430 0.22496 | vvw 104 | 0.30936 0.30953
70 | 0.22967 | 0.23012 | 0.23020| wms 105 | 0.30988 0.31092 M
71 | 0.23188 106 | 0.31341 ‘
72 | 0.23250 0.23295| Mw 107 | 0.31381 0.31510 | Ms
73 | 0.23556 108 | 0.31692
74 | 0.23619 | 0.23644 | 0.23719] wms 109 | 0.31827
75 | 0.24199 | 0.24204 | 0.24275| wms 110 | 0.31837 0.31906 W
76 0.24658 0.24705) vw 111 0.32175
77 | 0.24862) 112 | 0.32266 0.32303 | Ms
78 0.250303 0.24986 | vvw 113 | 0.32563 0.32678 M
79 | 0.25275 0.25355 | vvw 114 | 0.32718

0.25617 | vvw 115 | 0.32929))
80 | 0.25948 116 | 0.32929]}
81 | 0.26010 117. 0.33035 ; 0.33054 | ms
82 0.26052 | 0.26104 | 0.26165 M 118 0.33039])
83 | 0.26663 0.26717 | vvw 119 | 0.33078()
84 | 0.26817) 120 | 0.33092))

) 0.26916 | vvW

85 | 0.26985) 121 | 0.33114 0.33219 | Ms
86 | 0.27053 0.27183 | VW 122 | 0.33617
87 | 0.27446 0.27540 | Mw 123 | 0.33679 0.33786 | vvw
88 | 0.27666 124 | 0.34215
89 | 0.27903 125 | 0.34293 0.34379 | vvw
90 | 0.28117 126 | 0.34550 0.34736 | ww
91 | 0.28210 0.28303| w 127 | 0.35099
92 0.28715 0.28823 | wvwW 128 0.35148
93 | 0.28997 129 | 0.35713 0.35884 | ww
94 | 0.2929 A 130 | 0.35926 0.36076 | mMw
95 | 0.29305 | 0.29308 | 0.29437 | ms 131 | 0.36294




Table 3:15 Continued

- 132 -
sin20 sine

n gg{‘i‘ D/S G Iest n gg{’f D/S G I est

132 | 0.36491 169 | 0.42740

133 | 0.36893 170 0.42863 0.42969 W

134 | 0.37080 171 0.43350)

135 | 0.37411 0.37548 | w | [172 | 0.43433) 0.43489 | vvw

136 | 0.37768 173 0.43522)

137 | 0.37969 174 0.43936 0.44060

138 | 0.37999 0.38106 | MW 175 | 0.44575 0.44682

139 | 0.38400 176 0.45004

140 | 0.38466 177 | 0.45065

141 | 0.38535 0.38569 M 178 0.45163

142 | 0.38558 179 0.45176 0.45304 W

143 | 0.38686 180 | 0.45534 '

144 | 0.38874 181 0.45667)

145 | 0.38957) 182 0.45691) 0.45703 M

146 0.391093 039036 v 183 0.45730;

147 | 0.39400 184 | 0.45830)

148 | 0.39401 0.39545 | W 185 | 0.45845) 0.45902 M

149 | 0.39797 186 | 0.45975)

150 | 0.39954 0.40084 187 0.46198

151 | 0.40234 0.40403 188 0.46417

152 | 0.40619 189 0.46725)

153 | 0.40641 190 0.46893; 0.46876 W

154 | 0.40855 191 | 0.46953)

155 | 0.40855 192 0.47260)

156 | 0.40916 193 0.474563 0.47425 | Vv

157 | 0.40946 194 | 0.47789

158 | 0.40948 195 | 0.47790

159 | 0.40995) 196 | 0.47836

160 0.41073; 0-41067 " 197 0.47837

161 | 0.41605 198 | 0.47906 | 0.47975 W

162 | 0.42034 199 0.48498 END DATA |

163 | 0.42043)

164 0.42049; 0.42177 | ™w

165 | 0.42240)

166 | 0.42409)

167 0.42543; 0.42597 | Mw

168 = 0.42554)
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3:3:2:5 Na,Np, 07

The Debye-Scherrer films for the sodium dineptunate(VI) products from
Preparations 10, 11 and 12 were identical. The data also matched the
analogous diuranate films from Preparations 7, 8 and 9. All the lines
could therefore be indexed according to the generated data for sodium

(106)

diuranate(VI). Parameters had previously been calculated for

NapNp,O7 based on a COHEN refinement of the data indexed in this way.

The data obtained from both Debye-Scherrer and Guinier films are sum-
marised in Table 3:16. The individual lines have been assigned to theo-
retical lines generated for the parameters previously calculated for

NayNp,07.

Large discrepancies (up to 0.00400 sin20) between these theoretical
values and the experimental values were found when each line was assigned
the index allocated to its analiogue on the NajU,07 films. This may
simply reflect a need to recalculate the cell parameters for Na,Np,07

by refining the latest experimental data.

The extra lines on the Guinier films which can not be indexed from this

data also feature on the films of NajU507.



.Table3: 16 X-Ray Powder Diffraction Data for NasNp;07
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sin2o sinZe
n SZ{T D/S G Lest n €2/m D/S G Iest
1 0.01391 37 0.11815
2 0.01440 38 0.12256 0.12397 W
3 0.01681 | 0.01768 | 0.01709 | vs 39 0.12523
4. 0.01982 40 0.12592
5 0.02263 41 0.12646 0.12812 W
0.02825 | vvw 42 0.12855
6 0.03401 0.03299 [ ww 43 0.12962
7 0.03885 44 0.13150
8 0.04259 45 0.13604
9 0.04485 46 0.13785
10 0.04753 a7 0.13929) 0.14110 | vww
11 0.05165)| o [(0-05306 g 48 0.14056) o 14477 .
12 0.05325) (0.05408 | Vs 49 0.14325 | 0.14540 | " o2 i
13 0.05566 50 0.14869
14 0.05761 51 0.15113
15 0.05868) 52 0.15125| 0.15475 | 0.15459 vs
16 0.05886; 0.05976 | 0.05917 | vs 53 0.15541 | 0.15665 | 0.15641 M
17 0.06014) 54 0.15671
18 0.06722 0.06914 | 0.06884 S 55 0.15761
19 0.07099 56 0.15900
20 0.07900 57 0.16061)
21 0.07930 58 0.16061; 0.16245 v
22 0.08144)| s |(7-08177 M 59 0.16740
23 0.08291) (0.08259 S 60 0.16848
24 0.09050 61 0.16981
zz g:gz;iz 62 0-17036) o.17148 | 0.17160 s
. 63 0.17037)
27 0.09718 64 0.17221 | 0.17445 | 0.17406 vs
28 0.09771 | 0.09990 | 0.09807 s o5 0.17523
29 | 0.10033 66 | 0.17840
30 0.10069 7 0.17842
31 0.10439 68 0.17941
32 0-10608 69 0.18058
33 0.11171 70 0.19010
34 0.11225 71 0.19014
35 SRRt 72 0.19245
36 0.11544




Table 3; 16 Continued
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sin26 sin2e

n gg{? D/S G Iest n gg{T D/S G Iest
73 0.19315 109 | 0.25574 0.25573 W
74 0.19351 110 | 0.25980

75 | 0.19800 111 | 0.26191

76 | 0.19981 112 | 0.26515

77 | 0.20171 113 | 0.26712

78 | 0.20363 114 | 0.26713

79 | 0.20417 115 | 0.26769

80 | 0.20660) 116 | 0.26785

81 0.20706; 0.20745 W 117 | 0.26889

82 0.20922 0.20928 MW 118 | 0.26930

83 0.20967% 0.21275 g, 119 | 0.26983

84 | 0.21302) 120 | 0.27121

85 | 0-2142N1 4 71558 |0.21542 | Mw t21 ] 0.27429) 0.27585 W
86 0.215583 122 } 0.27661)

87 | 0.21699 123 | 0.27717

88 | 0.21728 124 | 0.27797

89 | 0.21943 125 | 0.28064)

90 | 0.22159 126 0.283943 0.28341 | 0.28371 "
91 0.22263 | 0.22273 | 0.22308 M 127 | 0.28395)

92 0.22568 | 0.22557 | 0.22538 | - MW 128 0-285033

93 | 0.22838 129 | 0.28666

94 | 0.22928 130 | 0.28691

95 | 0.23044 131 | 0.28737

9% | 0.23136 132 | 0.29278

97 | 0.23471 133 | 0.29325

98 | 0.23532 134 | 0.29329

99 | 0:23543 135 | 0.29597

100 | 0.23670) 136 | 0.29929)

101 0.23776; 0.23727 | 0.23826 | Mw 137 | 0.30077)| 0-30079 | 0.30078 W
102 | 0.23832) 138 | 0.30338

103 0.23866; 139 | 0.30400

104 0.24057; ©sarar (020275 | 140 [ 0.30410

105 | 0.24509)| °° (0.24361 | MW 141 | 0.30519

106 | 0.24545 142 | 0.30608

107 | 0.24703 0.24770 | vvw 143 | 0.30666

108 | 0.25259 144 | 0.30698




Table3: 16 Continued
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sinZ6 sinZo
n Si{rf D/s G Iest gé{‘f D/s Iest
145 | 0.30775) (0.30930| M
146 | 0.30906) R CIETEEEY B
147 | 0.31212 | END DATA
148 | 0.31321
149 | 0.31345
150 | 0.31602
151 | 0.31602
152 | 0.31720
153 | 0.31996
154 | 0.32222
155 | 0.32578) 0.32678 | W
156 | 0.32598)
157 | 0.32883
158 | 0.32975 0.33078 | Mw
159 | 0.33164 END DATH
160 | 0.33252
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3:3:2:6 K, Np, Oy
The Debye-Scherrer data for K,Np,0; were indexed according to the
GENSTRUCK:* generated data for the published monoclinic, P2l/m, cell of

K,U,07. The data d4id not agree with the reported(gl)

hexagonal, R3m,
cell for Ky;Np,O;. The Debye-Scherrer films from Preparations 10, 11

and 12 were all in agreement. These data also matched the analogous

diuranate films from Preparations 7, 8 and 9.

T@e Guinier data for the product from Preparation 11 were used to deter-
mine the cell parameters for KoNp;O07. Tﬁe data were first indexed accord-
ing to the P21/m cell for KyU,07. Cell paramaters calculated in a COHEN
refinement to an accuracy of 0.00124 sin?6 were used in the GENSTRUCK
programme to generate the theoretical lines for KpNp,O7. The experi-
mental data were then indexed again from these new generated data and
refined a secohd time to an accuracy of 0.00124 sin26. The following
cell parameters were obtained:

a=6.9088; b=7.9778; c = 6.998%; g = 109.67°.
These parameters were used to generate the theoretical data presented in
Table 3:17. Experimental Debye-Scherrer and Guinier data are also

tabulated.!.



_Table3: 17 X-Ray Powder Diffraction Data for K,Np40, - 138 -
sin26 sine

n Pg;ﬁ_‘ D/S G I est n Pgé{‘{ D/S G- Iest
1 0.01369) 37 | 0.11210

) 0.01405) | 0-01414 0.01371 | vs 38 | 0.11856

3 0.01840 39 | 0.12111

4 0.02302 40 | 0.12144 0.12196 W
5 0.02338 41 0.12318

6 0.02774 42 | 0.12336)

7 0.03706 43 | 0.i2481)

8 0.03735 a4 0{12516; 0.12513 | 0.12453 M
9 0.04640 45 | 0.12589)

10 | 0.05013 46 | 0.12641

11 0.05104) 47 | 0.13251

12 0.051203 0.05249 | 0.05179 | s 48 | 0.13270

13 | 0.05140) 49 | 0.13417

14 | 0.05475 50 | 0.13450

15 0.05575 | 0.05569 | 0.05531 | Vs 51 0.13525) 0.13591 .
16 0.05618 | 0.05714 | 0.05643 S 52 0.13575;

17 | 0.05946 53 | 0.13879

18 "| 0.06054 0.06035 | vw 54 | 0.14023

19 | 0.06408 0.06452 | vw 55 | 0.14658

20 | 0.06552 56 | 0.14826

21 0.07360) 57 | 0.14941) 0.15028

22 | 0.07242) | ©-07°% 8:8;??3 3 58 0.149453 0-15112 0.15139

23 | 0.08294 59 | 0.15760

24 | 0.08746 60 | 0.15764

25 | 0.08748 61 0.16053

26 0.98853; 0. 08850 | 62 | 0.16072

27 | 0.08856) 63 | 0.16251

28 | 0.09210 64 | 0.16310

29 | 0.09354 65 | 0.16346

30 | 0.09679 66 | 0.16376 0.16419 M
31 0.09773 67 0.16522) 0-16487 0.16519 M
32 0.09787 68 0.16560

33 | 0.09809 69 | 0.16781

34 | 0.10244 70 | 0.16809

35 | 0.10922 7 0.17150

36 | 0.11095 72 | 0.17258




Table3: 17 Continued

- 139 -
sin26 sinZe

n Pg;ﬁ' D/S G Iest n Pgé{rj_‘ D/S G- Iest
73 0.17456 109 0.23687

74 0.17493 110 | 0.23715

75 | 0.17743 0.17741 | wW 111 | 0.23786

76 | 0.18561 112 | 0.23795

77 | 0.18648 0.18836 | wW 113 1 0.23844

28 | 0.19327 114 | 0.24217

79 0.19570 115 1 0.24274

80 | 0.19614 0.19776 | W 116 | 0.24469

81 0.19954 117 | 0.24526

82 | 0.20050 118 | 0.24649 0.24645 | vw
83 0.20062 119 | 0.24714

84 0.20109 120 0.24750

85 0.20257 121 | 0.24926

86 0.20295 122 | 0.24964

87 0.20416) 123 | 0.25186

88 0,20482; 124 0.25214; 0. 25451 -
89 ,} 0.20503) | 0.20487 | 0.20559 | s 125 1 0.25633)

90 0.20545; 126 | 0.25864

91 0.20560) 127 | 0.26151

92 0.20722) 128 | 0.26208

93 0.20741; 0.20826 | 0.20709 M 129 | 0.27036

94 0.20921) 130 | 0.27052

95 0.20984 131 | 0.27076

% 0.21043 132 | 0.27259

97 | o0.21046 133 | 0.27271

98 |0.21415 134 | 0.27278

99 | 0.21898) 135 | 0.27327

100 | o0.22301} 0-22158 | W 136 | 0.27450

101 | 0.22473 0.22600 | W 137 | 0.27457

102 |0.22832 138 0.275753 0.27586 | 0.27558 | s
103 ] 0.23230 ] 139 | 0.27582)

104 }0.23305 140 | 0.27969

105 |0.23340 141 |0.27974

106 [0.23407 142 | 0.28358

107 |[0.23535 143 | 0.28455

108 |[0.23592 144 | 0.28466




Table 3: 17 Continued - 140 -
sin26 sin2e

n Pg’é{‘]’j D/S G Iest n Pgé{’f D/S G- Iest
145 | 0.28508 181 | 0.34216

146 | 0.28513 182 | 0.34237

147 | 0.28820 183 | 0.34268

148 | 0.28886 184 | 0.34292

149 | 0.28964 185 | 0.34367

150 | 0.29439 186 | 0.34511

151 | 0.29767 187 | 0.34556

152 | 0.30303 188 | 0.34689

153 | 0.30373 189 | 0.34982

154 | 0.30502 190 | 0.34986

155 | 0.30705 191 | 0.34992

156 | 0.30771 192 | 0.34992

157 | 0.30878 193 | 0.35022

158 | 0.30954 194 | 0.35050

159 | 0.31256 195 | 0.35114

160 | 0.31310 196 | 0.35150

161 | 0.31435 197 | 0.35414

162°| 0.31463 198 | 0.35423

163 | 0.31501 199 | 0.35440

164 | 0.31745 200 | 0.35458

165 | 0.31751 201 | 0.35552)

166 | 0.31817 202 | 0.35663] 0.35793 | 0.35577 "
167 | 0.31888 203 0.35682;

168 | 0.31940 204 | 0.35862)

169 | 0.3199 205 | 0.35916

170 | 0.32091 206 | 0.35979

171 | 0.32120 207 0.35987

172 | 0.32190 208 | 0.36048

173 | 0.32199 0.32298| VW 209 | 0.36347

174 | 0.32750 210 | 0.36593

175 | 0.32858 0.32866| ww | |211 | 0.36839

176 | 0.33175 212 | 0.37093

177 | 0.33358 213 | 0.37168)

178 | 0.33433 214 | 0.37324] 0-37294 | 0.37253 "
179 | 0.33618 215 | 0.37414 | END DATA END DATA
180 | 0.33792 216 | 0.37844
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3:3:2:7 Rbs Np,O7

The Debye-Scherrer films for szNp207 from Preparations 10, 11 and 12
were identical and were indexed using the GENSTRUCK listing for the mono-
clinic, P21/m, diuranate analogue, RbyU;07. These data could not be

d(91)

indexed according to the publishe R3m cell. Comparison of the

films showed the dineptunate to be isostructural with the diuranate.

As with the potassium dineptunate, the Guinier data for the product from
Preparation 11 were used to determine the cell parameters based on the
unit cell of the uranium complex, RbyU,07. The experimental Guinier
X-ray diffraction data obtained for Rb,Np,0; were first indexed in accor-
dance with the GENSTRUCK generated data for Rb,U,07. The data were then
refined in the COHEN programme to an accuracy of 0.00166 sin26. The
resulting cell parameters were used to generate the theoretical listing
from which the measured lines were re-indexed. A second COHEN refinement
to an accuracy of 0.00166 sin2¢ gave the cell parameters,

a=7.0278; b = 8.0468; c = 7.4308; and g = 109.53°.
The theoretical lines generated for these parameters for a P21/m cell are
tabulated with the experimental Debye-Scherrer and Guinier data in Table

3:18.



Table 3:18 X-Ray Powder Diffraction Data for Rb,Np,0- - 142 -
sin26 sinZe
n | Pl D/S 6 . |Test| | n | P2} D/8 G |Test
1 | 0.01212 0.01240 | vs 37 0.10610
2 0.01355 38 0.10838
3 0.01710 39 0.10906
4 0.02130 40 0.11187 0.11218 M
5 0.02273 41 0.11588
6 0.02628 42 0.11685
7 0.03424 43 0.11756
8 0.03672 44 0.11824
9 0.04342 45 0.11903
10 | 0.04489 46 0.12017
11 0.04847 47 0.12105 0.12150 M
12 0.04884 48 0.12196
13 0.04919 | 0.05080 | 0.04975 | VS 49 0.12751
14 0.05027 0.05162 W 50 0.12821
15 0.05382 | 0.05219 | 0.05318 51 0.13109
16 0.05407 52 0.13114
17 0.05420 [ 0.05610 |0.05533 s 53 0.13181
18 0.05765 54 0.13363 0.13454 W
19 0.05837 0.06059 | W 55 0.13682
20 0.06338 56 0.13694
21 0.06841 57 0.14509
22 0.07095 | 0.07224 | 0.07243 | vw 58 0.14578
23 0.07759 59 0.14612
24 0.07916 60 0.14688
25 | 0.08161 61 0.14831
26 | 0-08345 62 0'14859; 0.15063 | 0.15028 | wvs
27 0.08519 63 0.15103)
28 0.08591 64 0.15392
29 0.08834 65 0.15575
30 | 0.09092 66 0.15749
31 0.09263 67 0.15868
32 0.09474 68 0.15899
33 0.09617 69 0.15977
34 0.09692 70 0.16043
35 | 6.09972 71 0.16177
36 | 0.10513 72 0.16310) | 0-16233 | 0.16264 S
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sin26 sin28
o Pzé{T D/s G Test n Pgé{T D/s G Iest
73 - | 0.16398 109 | 0.22223 | 0.22276| 0.22266 VW
74 | 0.16607 110 | 0.22308 | END DATA
i e N R B o i
76 0.17318) .
77 | 0.17366 113 | 0.22603
78 0.17953 114 0.23033
79 0.17956 115 | 0.23061
80 0.18111 116 0.23093
81 0.18236 117 0.23101
82 0.18503 118 | 0.23138
83 0.18874 119 0.23226
84 0.19064 120 0.23347
85 0.19099 121 | 0.23654
86 0.19168 122 0.24161
87 0.19177 123 0.24171
88 0.19389 124 0.24239
89 0.19449 125 | 0.24304
90 0.19466 126 0.24379
91 0.19535 127 | 0.24660
92 0.19606 128 | 0.24977
93 0.19649 129 | 0.25089
94 0.19675) 130 0.25139
95 0.20108; 0.20037 |0.20019 | VS 131 ] 0.25353
96 0.20165) 132 0.25525
97 0.20307) 133 | 0.25579
98 0120384; 0.20381 | ww 134 | 0.25594
99 0.20457) 135 | 0.25855
100 | 0.20593 |0.20685 |0.20583 | ww 136 | 0.25874
101 | 0.20990 137 | 0.25980 0.26187 "
102 | 0.21305 138 | . 0.26218)
103 | 0.21467 139 ] 0.26320
104 | 0.21529 140 | 0.26373
105 0.21628 141 0.26591
106 0.21681 142 0.26883
107 | 0.21956 143 | 0.27149
108 | 0.22183 144 | 0.27238
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Sinze sinze

n Piéi? D/s Iest n Pgé{? D/S el Test
145. | 0.27364 181 | 0.31295
146 | 0.27367 182 | 0.31663
147 | 0.27438 183 | 0.31723
148 | 0.27651 184 | 0.31730
149 | 0.27728 }85 0.31934
150 | 0.27797 186 | 0.32005
151 | 0.27843 ;87 0.32433
152 | 0.27868 188 | 0.32581
153 0.27937 189 0.32641
154 | 0.28067 190 | 0.32644
155 | 0.28282 191 | 0.32852
156 0.28285 192 0.33047
157 | 0.28370 193 | 0.33313
158 0.28382 194 0.33382
159 | 0.29519 195 | 0.33787
160 | 0.29567 196 | 0.33830
161 0.29642 197 0.33856
162" | 0.29728 198 | 0.33877
163 0.29790 199 0.33968
164 | 0.29943 200 | 0.34077
165 | 0.29991 201 | 0.34136
166 | 0.30080 202 | 0.34154
167 | 0.30158 203 | 0.34259
168 0.30296 204 0.34300
169 | 0.30445 205 | 0.34363
170 0.30560 206 0.34402
171 | 0:30570 207 | 0.34477
172 | 0.30665 208 | 0.34484
173 | 0.30805 209 | 0.34581
174 | 0.30812 210| 0.34757
175 | .0.30821 211 0.34795
176 | 0.30865 212 | 0.34844)
177 | 0.31036 213 0.34852; 0.34998 s
178 | 0.31039 214 0.35145)
1791 0.31076 215 0.35335
180 | 0.31214 216| 0.35411)
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sin26 sinZ6
P21/m P21/m
n cell D/S G Test cell D/S Iest
217 | 0.35605) '
: ) 0.35548 W
218 0.35626)
219 0.35629)
220 0.35762 END DATA




- 146 -

3:3:2:8 CsoNpsyO7
The Debye-Scherrer films for the CsyNp,O; products of Preparations 10,
11,12 and 13 were identical. These data were indexed from the GENSTRUCK

listing for the published(gl)

C2/m cell parameters,
a = 14.3008; b = 4.3308; c = 7.4008; B = 113.58°.

The films were similar but not identical to those obtained for the

analogous diuranate, Cs,U,07.

As with B-Cs,;Up07 extra lines, which could not be indexed according to
the reported cell, were found on the Guinier films. There were only two
such lines found for Cs;Np;07 and these matched two of the extra lines

found on the B-Cs;U307 films. These extra lines remain unresolved.

The Debye-Scherrer and Guinier data are summarised in Table 3:19 with

the theoretical sin?® values for the C2/m cell.



Table 3: 19 X-Ray Powder Diffraction Data for CspNpz0
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sin20 sinZe
n Siﬁ’ D/S G Iest n gg{'{‘ D/S G Iest
0.01080 | w 34 | 0.14063
1 0.01292 | 0.01304 | 0.01302 S 35 0.14285
2 0.01384 0.01465 | ww 36 | 0.14455
3 0.01606 0.01563 | ww 37 | 0.14661 0.14735 [0.14778 W
4 0.03516 0.03517 | ww 38 | 0.14983
5 0.03746 | 0.03774 | 0.03770| w 39 | 0.15423
6 0.04273 | 0.04268 | 0.04282| M 40 | 0.15786 0.15896 W
7 0.04412 | 0.04439 | 0.04414| w 41 | 0.16221
8 0.04688 0.04497 | ww 42 | 0.16424 0.16504 W
9 0.05168 | 0.05197 | 0.05206 | M 43 | 0.16748
10 | 0.05343 | 0.05373 | 0.05385| M 44 | 0.16957
11 0.05536 | 0.05588 | 0.05579| M 45 | 0.17091 [0.17025 |0.17141 v
12 | 0.05971 | 0.05974 | 0.05988| s a6 | 0.17367 | -
13 | 0.06283 | 0.06295 | 0.06300| Mw 47 | 0.17649
14 | 0.06424 | 0.06449 | 0.06447| Mw 48 | 0.17670
0.06607 | ww 49 | 0.17776 [0.17791 |o0.17787 W
15 | 0.07614 0.07636| W 50 | 0.17802
16 | 0.08242 51 | 0.17847 0.17902 W
17 | 0.08691 52 | 0.18214 |0.18184 |0.18268 W
18 | 0.08967 53 | 0.18752 0.18871 VW
19 | 0.09180 0.09263 | vw 54 | 0.19103 |0.19062 |0.19146 W
20 | 0.09753 55 | 0.19155
21 0.09802 56 | 0.20123
22 | 0.10437 0.10502 | vw 57 | 0.20289 [0.20198 | 0.20260 W
23 | 0.10538 | 0.10578 | 0.10610 W 58 0.20518; 0.20483 | 0.20603 v
24 | 0.10745 59 | 0.20536)
25 | 0.11204 | 0.11199 | 0.11281| w 60 | 0.20672
26 | 0.11628 61 0.20933
27 | 0.11638) | 41on | 0.117a5] W 62 | 0.21370
28 | 0.11819) 63 | 0.21646
29 | 0.12455 64 | 0.21793
30 | 0.12679 | 0.12661 | 0.12728]| M 65 | 0.22048
31 | 0.13097 | 0.13127 | 0.13148| Mw 66 | 0.22143 0.22162 | VW
32 | 0.13539 67 | 0.22336
33 | 0.13971 | 0.13944 | 0.14005| w 68 | 0.22481




Table 3219 Continued
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sinZ6 sinZo
n | et B/s G . |Test| | n | S2/m D/s G Iest

69 0.22725 104 | 0.31328 | 0.31314| 0.31304 | ww
70 0.23216 | 0.23225 | 0.23295| ww 105 | 0.31431

71 0.23423 106 0.31471

72 0.23582 107 | 0.31641

73 0.23883 | 0.23781 | 0.23932f ww 108 | 0.31834

74 0.24042 109 | 0.32300

75 0.24307 | 0.24297 | 0.24425| wwm 110 } 0.32609

76 0.25134 111 | 0.32779
i'77 0.25159 112 0.32968)

78 0.25698 113 o.32971; 0.32931| 0.33007 | ww
79 0.25817 114 0.33046) END DATA
80 0.26327 115 0.33141

81 0.26335 116 | 0.33350

82 0.26734 | 0.26617 | 0.26894| ww 117 | 0.33374

83 0.27134 118 | 0.33599

84 0.27137 119 | 0.33612

85 0.27661 120 | 0.33701

86 0.27672 121 | 0.33711 | 0.33722

87 0.27714 122 | 0.33874

88 0.28335 123 0.34537

89 0.28379 124 | 0.34598

90 0.28708 125 | 0.34766

91 0.28873 126.| 0.34821

92 0.28900 127 0.35111

93 0.29068 128 0.35794

> 0:29630) ( 29635| 0.29757] ww 1291 0.33869

95 0.29635) 130] 0.36261 0.36325

96 0.30179 131 0.36721

97 0.30328 132] 0.36995

98 0.30455 133 0.37176

99 0.30541 134| 0.37300)

100 | 0.30560 135| o0.38376) ©-38343

101 0.30700) 136 0.38433 | END DATA

) 0.30768 vw
102 | 0.30746
103 | 0.31194
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3:3:3 Spectroscopic Properties of the Alkali Metal Dineptunates(VI)

As discussed in Section 3:1:3 an increasing level of Np(V) contamination
with time was found in the alkali metal neptunyl(VI) triacetates. This

was also found to be the case for the alkali metal dineptunates(VI).

Following the measurement of the enthalpy of solution in 1 mol am~3 HC1
by calorimetry the resulting solution was monitored for Np(V) contamina-
tion by uv/visible spectrophotometry. The results obtained are summarised
in Table 3:20. The level of Np(V) contamination in the starting tri-

acetates at the time of decomposition was unknown.

Samples from these preparations surplus to calorimetry requirements were
left in storage and monitored at a later date for Np(V) content. All the
samples showed an increasing level of contamination with time. Exclusion

of light from the samples did not affect the increase.

Table 3:20 Percentage Np(V) Contamination in Neptunyl(VI) Solutions

Following Calorimetry

Startin Time From Np (V)
c leg Preparation Preparation Contamination

ompLex (Days) (%)
NajyNp,07 10 142

12 41 <1.0

K;Np,07 10 121 <2.0

11 99 <2.7

12 35 <4.0

Rb,;Np,07 10 120 6.5

11 95 5.0

12 45 2.5

CsyNpy07 10 99 9.1

11 88 9.6

12 48 21.0

a determined by sodium nitrite reduction (Section 2:4:1)

Owing to the high levels of Np(V) contamination of 9.1, 9.6 and 21% in

the caesium dineptunate samples from Preparations 10, 11 and 12, respec-
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rively, a further sample was prepared for calorimetry. However, the
starting aCetate (Preparation 6) showed a neptunium(V) content of 2.7%
only 18 hours after its preparation. The decomposition of this triace-
tate, Preparation 13, was carried out when the acetate was 5 days old.
Using the Beer-Lambert method (Section 2:4:2) the Np(V) content of the
oxide was determined as 3.6% on the day of preparation. After a further
290 days storage in total darkness this had risen to 15%. The sample

was not used for calorimetric measurements.

3:3:4 Stability of Alkali Metal Diuranates(VI) in Air

It is known that sodium uranates other than NaUlO3 and the uranates(VI)

with Na/U < 1 are hygroscopic(93) and therefore have to be handled in

dry atmospheres. In a study of the Cs-U-O systems(ge) only Cs,UO, was

described as being hygroscopic. In the analogous potassium and rubidium

systems the complexes K,U0, and Rb,UO, were likewise the only compounds
(94)

identified as being hygroscopic. However, all the oxides in this

particular investigation were handled in a dry box.

As a precaution, therefore, and to gain experience in glove-box handling
techniques prior to the neptunate work, all the uranate handling was

performed in dry atmosphere boxes.

The investigation of the stability of the alkali metal diuranates(VI) was
limited to the decomposition of the alkali metal uranyl (VI) triacetates
in the laboratory atmosphere and the exposure of the products from dry
oxygen preparations to the laboratory air. All the materials were moni-
tored by Debye-Scherrer X-ray powder diffraction and the samples exposed
to the laboratory atmosphere were checked for weight changes. Within the
limits of detection of these techniques the results (see Section 2:10:2:2)
suggest that the diuranates, M%UZO7 (MI = Na, K, Rb, Cs), are indeed
stable with respect to moist air. This is perhaps not unexpected in view

of the fact that in a previous study of alkali metal uranates(lgg) Na,U,07
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and KyUp07 prepared by heating U3Og with alkali metal chloride were washed

in water to remove excess alkali metal chloride.
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3:4 THERMODYNAMIC RESULTS

3:4:1 Auxiliary Data

Enthalpy of solution measurements were obtained by calorimetry at 298K,
for the dissolution reaction,

I VI I VI
M,M, "0, (s) + {aHCl,bH,0} » {2M"C1,2M "0O,Cl,, (a -6)HC1, (b + 3)H20};  OH;.
In the experiments the ratio b/a was 54.4 and the molar ratio of HCl to

M%Mg167, a4, ranged from ca 600 to 2200.

The enthalpies of formation of the alkali metal diuranates(VI) and di-
neptunates(VI) at 298K,
() + 2M"T(s) + 40, (g) > MiMyTO,(s); al,

were calculated from the ernthalpies of solution, AH;, and the following

relationships, AH, to AH5.

Mi(s) + %C1,(q) > MCL(s) ; AH,
mici(s) + {ancl, bu,0} > {MICl,aHCl,bHZO}; AH3
M'E(s) + 0,(g) + Cl,(q) > MTo,c1,(s) ; pH,
MV102C12(s) + {aHC1,bH,0} »—{MVIOZC12,aH01,bH20}; AHg
Hp(g) + %03(g) + {aHC1,bH,0} -~ {aHCl, (b + 1)Hy0}; AHg
L4H, (g) + %Cl,(g) + {aHCl,bH,0} > {(a + 1)HC1l,bH,0}; AH7

These relationships complete the thermochemical cycle such that,

MHY (MM '0,S) = 20Hp + 2MH3 + 20H, + 20Hs + 3MHg - 6MHy - OH,.

The enthalpy data for these reactions are summarised in Tables 3:21 to

3:25. The appropriate discussion accompanies each table.

Table 3:21 Enthalpy of Formation of MICl(S)(165) (AH5)

Alkali Metal Chloride AH;(MICl,s) (k3 mol~1)

NaCl -411.258 + 0.109
KCl -436.467 + 0.138
RbC1 -435.019 + 0.201

CsCl -442.688 + 0.201
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Table 3:22 Heat of Solution of MICl(s) in 1 mol dm~3 HCl (AH.)
=)

Alkali Metal He?t of Solution, Heat of Solution,
Chloride Literature Data Ref Value Used
. (kJ mol-T) (kJ mol~')
NaCl + 4.60 £ 0.40 190
+ 4.31 + 0.40 90 + 4.46 * 0.40
KC1 +18.02 + 0.06 191
+18.13 + 0.22 a '+18.08 + 0.23
RbC1 +17.36 + 0.33 191 +17.36 + 0.33
CsCl +16.48 + 0.08 192
+16.92 + 0.04 193 +16.69 + 0.40

a This work see accompanying text

The experimental results for the measurement of the heat of solution of
NBS SRM999 (KC1l) in 1 mol dm~3 HCl are summarised in Table 3:23. The
material had been treated in the recommended manner(151) by drying at
760°C for 18 hours followed by regrinding to a fine powder. The powder
was stored over P,0y for the hour before use. The calorimetry was per-

formed on an LKB calorimeter using a 25ml reaction vessel. The data

were corrected to allow for a Relative Humidity of 50% in the ampoules.

Table 3:23 Heat of Solution of KCl in ! mol dm-3 HCl

Sample | Concentration of | Enthalpy AR soln

Experiment | Weight } Compound in Soln } Effect 1
(mg) | (103 mol am-3) (@ | (kI mol™D

1 13.80 7.404 3.4161 18.46

2 11.45 6.143 2.7986 18.22

3 12.40 6.653 3.0031 18.06

4 12.49 6.701 2.9988 17.90

5 12.33 6.615 2.9674 17.94

6 13.57 7.281 3.3163 18.22

Average 18.13 * 0.22

Two measurements of the heat of solution of the same batch of SRM999 in
water were also made. The average result of 17.49 * 0.25 kJ mol~! for a
final solution ca 7 x 10-3 mol cidm 3 compares well with the IUPAC recom-—

mended(194) value of 17.55 * 0.04 kJ mol=! for the reaction,
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KCl(s) + 200 H,0(1) » {Kcl, 200 H,0}(1),

and a value of 17.22 * 0.03 kJ mol~! at infinite dilution(195).

Table 3:24 Enthalpy of Formation of MVIOZCIZ in 1 mol dm'.3 HC1

(AH, and AHg)

Compound 8% (' 70,C1p, 1 mol am™3 HCL)
(kJ mol™l)
UO,C1, ~1345.2 £ 2.1
NpO,Cl, ~1187.1 + 4.9

The value for UO,Cl, was calculated as the sum of the enthalpy of forma-

1 (196)

tion, Aer(UOZC12,s) = =-1243.5 + 1.2 kJ mol~ (AHyY) , and the heat

of solution in 1 mol dm~ 3 HC1, A
1-1(196,174)

. - =3 _
oln (U02Clz,s, 1 mol “dm > HC1)

-101.7 + 1,7 kJ mo (AHg) .

Solid NpO,Cl, does not exist as a stable compound hence an alternative

(137)

method of calculation, as published elsewhere , was used. The value

for the heat of formation of NpO,Cl, in 1 mol dm~3 HCl was taken as the

sum of the heat of formation of Np022+ in aqueous solution and the differ-

ence between the heats of formation of UO,2% in aqueous solution and in

1 mol dm~3 HC1, respectively,

BH_(NpO;2¥, 1 mol ~am™3 HC1) = AH_(NpO,?*, aq) + AH_(U0,2+,1 mol . dm~3 HC1)
- AHf(U022+, aq)

This assumes that the enthalpy of solution in.l mol de‘3 HC1 of NpO,Cl,

would be the same as that of U62C12. The values for Aer(Np022+, aq) =

-860.6 + 4.6 kJ mol~! and Aer(U022+, aq) = -1018.8 * 1.7 kJ mol~! were

taken from the literature(167).
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Table 3:25 Enthalpy of Formation of Water and Hydrochloric Acid in

1 mol "dm~3 BCl (AH. and AH7)

Enthalp

Reaction (kJ mol'¥) Ref

8H_° (H,0, 1) -285.830 + 0.042 15
_3 _

BH4 1 (H20, 1, 1 mol dm~3 HCL) 0.017 197
AHg{AH_(H0, 1 mol dm~3 HCL1)} -285.85 + 0.04
s (C17, aq) ~167.080 + 0.088 15
AHdil(Cl—, aq, 1 mol !dm~3 HC1) +2.175 165
AH7{AH_(HC1, 1 mol dm~3 HC1)} -164.36 + 0.10

The two values, AHg and AH,, represent the partial molar enthalpy of

formation of water and hydrochloric acid, respectively.

3:4:2 Enthalpy of Solution Results

3:4:2:1 Alkali Metal Diuranates(VI)

All the calorimetric data for the alkali metal diuranates(VI), Na,U,07,
K,U,07, RbyU,057 and Cs,U,05, were measured on an LKB calorimeter using a
100ml reaction vessel. These enthalpy of solution in 1 mol dm~3 HCl

results are summarised in Table 3:26.

3:4:2:2 Alkali Metal Dineptunates (VI)

The enthalpies of solutionin 1 mol dm~3 HCl of the alkali metal dinep-
tunates(VI), NayNpy07, K,Npy,O7, RbyNp,O7 and Cs,Np,0;, were measured using
the microcalorimeter with its 8.5ml reaction vessel. The results are

summarised in Table 3:27.

The enthalpy of solution of caesium dineptunate(VI) from Preparation 12
was measured. A result of -184.9 % 2.7 kJ mol~! obtained from three ex-

perimental runs is not included in Table 3:27 because of the high level
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(21%) of Np(V) contamination in the material. The product from Prepara-

tion 13 was not used for calorimetry due to the 15% Np(V) contamination.
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Table 3:26 Calorimetry Results for the Alkali Metal Diuranates(VI) (AH )
T

Concentra-
tion of
Compound Prepara- | Experi- Sample Compound Eg;?:éiy AH sol?
tion ment | Wt (mg) in Soln (kJ mol™")
(10‘3 mol )
dm=3)
Na,U,07 7 1 41.61 0.656 11.194 -170.6
2 48.84 0.770 13.329 -173.0
3 39.16 0.618 10.571 -171.2
8 1 46.53 0.734 12.585 -171.5
2 40.14 0.633 10.923 -172.5
9 1 60.87 0.960 16.480 -171.6
2 49.57 0.782 13.504 -172.7
3 53.63 0.846 14.519 -171.7
Average: -171.8 + 0.7
KoU,07 7 1 38.78 0.582 8.7132| -149.7
2 33.63 0.505 7.4140 | -146.9
8 1 32.12 0.482 7.1358 1 -148.0
2 67.17 1.008 14.620 -145.0
9 1 46.42 0.682 10.171% -149.2
2 53.34 0.801 11.888 -148.7
3 50.49 0.758 11.270 -148.7
4 57.87 0.869 12.981 -149.4
Average: -148.2 * 1.3
'Rb,U,07 7 1 49.36 0.650 10.770 | -165.6
8 1 56.22 0.741 12.267 -165.6
2 48.22 0.635 10.575 -166.4
3 44.65 0.588 9.6942 | -164.8
4 53.16 0.700 11.637 -166.1
9 1 59.84 0.788 13.111 -166.3
2 51.01 0.672 11.109 -165.3
3 52.17 0.687 11.351 -165.1
Average: =-165.6 * 0.5
Cs,U,04 7 1 38.52 0.451 8.5527| -189.6
2 39.15 0.459 8.6970| -189.7
9 1 48.68 0.570 10.577 -185.5
2 43.62 0.511 9.4762{ -185.5
-3 40.62 0.476 8.8916| -186.9
4 43.44 0.509 9.5345| -187.4
Average: -187.4 + 2.0
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Table 3:27 Calorimetry Results for the Alkali Metal Dineptunates(VI) (AHp)
Concentra-
Prepara- | Experi- Sample Czigguﬁg Euthalpy AH 5451
Compound tion ment | Wt (mq) in Soln Effect (kJ mgi'?)
(10~3 mol )
. ~dm—3) :
|

Na,Np,0- 10 1 8.846 1.647 2.3168 -165.5
2 7.346 1.368 1.9201 -165.2
3 7.962 1.482 2.0813 -165.2
4 5.672 1.056 1.4733 -164.2
12 1 8.452 © 1.573 2.2177 -165.8
2 8.634 1.607 2.2712 -166.2

Average: -165.4 * 0.7
KoNp, O 10 1 8.066 1.429 1.8121 -149.2
2 7.784 1.379 1.7523 -149.5
3 7.831 1.387 1.7568 -149.0
4 9.328 1.652 2.1050 -149.9
5 7.201 1.275 1.6289 -150.2
11 1 7.009 1.241 1.5601 -147.8
2 8.803 1.559 1.9735 -148.9
3 8.651 1.532 1.9477 -149.5
12 1 7.911 1.401 1.8127 -152.2
2 7.589 1.344 1.7465 -152.9
3 7.546 1.337 1.7199 -151.4

Average: -150.0 % 1.0
Rb,Np,07 10 1 8.301 1.287 1.8803 -171.9
2 7.504 1.163 1.6519 -167.1
3 7.592 1.177 1.6130 -161.2
4 6.881 1.067 1.4941 -164.8
5 6.984 1.083 1.5110 -164.2
11 1 7.813 1.211 1.7117 -166.3
2 7.630 1.183 1.6589 -165.0
3 6.136 0.951 1.3514 -167.1
12 1 6.491 1.006 1.4350 -167.8
2 9.822 1.523 2.2079 -170.6
3 8.391 1.301 1.8498 -167.3
4 7.603 1.179 1.7116 -170.9
5 9.212 1.428 2.0337 -167.5

Average: -167.0 + 1.8
CsoNpoO7 10 1 7.155 0.988 1.6756 -199.5
: 2 5.402 0.746 1.2829 -202.3
3 5.094 0.704 1.1912 -199.2
11 1 6.614 0.913 1.5487 -199.5
2 7.441 1.028 1.7421 -199.4

Average: -200.0 * 1.6




- 159 -

3:4:3 Standard Enthalpy of Formation of Alkali Metal Diuranates

(VI) and ‘Dineptunates(VI)

Using the data from Tables 3:21, 3:22, 3:24, 3:25, 3:26 and 3:27 the
standard enthalpies of formationof the alkali metal diuranates(VI) and
dineptunates(VI) have been calculated. These results are tabulated in

Table 3:28.

Table 3:28 Standard Enthalpy of Formation of Alkali Metal Diuranates

(VI) and Dineptunates(VI) at 298.15 + 0.10K

Aer (M%M\ZIIO7 ,S)
Oxide (kJ mol-1) Remarks
Na,U,07 -3203.6 * 4.4
K,U,07 -3250.4 * 4.5
Rb,U,07 -3231.5 * 4.3
Cs,U505 -3226.4 + 4.8
Na,Np,07 -2893.8 + 9.9 < 1% Np(V)
K,Np,07 ~-2932.4 *+ 9.9 < 2%, 2.7% and 4% Np(V)
Rb,Np,0- -2913.9 + 10.0 6.5%, 5% and 2% Np(V)
Cs,Np,0- -2897.6 *+ 10.0 9.1% and 9.6% Np(V)

The result for NayU,07 is in excellent agreement with that obtained by

TC Tso(go) (-3203.5 + 4.4 kJ mol~!) using the same calorimeter. It

is also in reasonable agreement with results obtained elsewhere. A

value of -3194.5 + 2.1 kJ mol~! was the result based on a cycle invol-

(93)

ving 6 mol dm~3 HC1 Utilising a cycle based on 1.505 mol dm~3

HySO, a value of -3194.8 * 1.8 kJ mol™! was obtained(lgs). The slight

discrepancy in the results may be due to unidentified inconsistencies
in the auxiliary data used in the various thermodynamic cycles. This is

supported by the fact that a value of -172.4 + 2.0 kJ mol~! was obtained

(199).for the enthalpy of solution in 1 mol dm~3 HCl1 using part of the

(198)
l+ .

sample employed in the determination in 1.505 mol - .dm~3 H,S0 This -

vélue is in excellent agreement with the result of 171.8 + 0.7 kJ mol~l
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obtained in this work.

The value of -3226.4 + 4.8 kJ mol_l obtained for B-CsyU07 is in

fair agreement with the recalculated result of -3220.8 £ 1.5 kJ
(11)

mol_l published in the literature
* 12 kJ

(106) value for NajsNp,O7 of -2887

The previously reported
was based on three experimental runs from only one preparation.

mol
The data presented here are based on six experimental runs using
As there was good

material from two separate preparations.
enthalpy

agreement between the two samples the value of the
based on

of formation included in Table 3:28 was calculated

In combining all the data

these latest experimental data only.

the overall enthalpy of solution in 1 mol dm—3 HC1l becomes,

AH soln (NaoNpoO77 s, 1 mol dm_3 HCl) = -165.9 + 1.0 kJ mol_l. This
g (NapNpy07, s) =

yields a value for the enthalpy of formation of, AH

-1
-2894.3 + kJ mol

Apart from the result for Na,Np,0, the data for the alkali metal

dineptunates (VI), particularly that for Cs,Np,0;, must be considered

as preliminary results because of the varying levels of Np (V)

contamination found in the solutions following calorimetry.

Enthalpy of Binary Oxide Complexation

3:4:4
. o ,,I VI _
The standard enthalpy of formation, AHf (MM 5,07, s), values given

in Section 3:4:3 can be combined with additional auxiliary data in

order to calculate the enthalpy of complexation of binary oxides
to form the alkali metal diuranates (VI) and dineptunates (VI).

These complexation reactions are between alkali metal monoxide and
either actinide trioxide or dioxide.

The two reactions to be considered therefore are,

1) MIZO (s) + 2MVIO3 (s) > MIZMVIZO7~ (s) and,



- 161 -~

I : I VI
(). M0(s) + 240, (s) + 0,(g) + MzMy O, (s).

Thermodynamic data are also available for chromium, molybdenum and
tungsten complexes such that the enthalpy of complexation, based on
reaction (1) above, can be calculated to compare with the results for

the actinide compounds.

The thermodynamic data required for the calculations are presented in

Table 3:19.
Table 3:29 Additional Thermodynamic Data
Complex AHf0 (kI mol~1) Ref
Nay0 (s) -414.22 20
K,0 (s) -361.50 20
Rb,0 (s) -338.90 20
Cs,0 (s) -345.77 20
Y-UO3 (s) -1223.82 + 1.26 11
Npog ()% | -1070  t 6 200
CrOj -589.53 201
MoO4 -745,09 201
Wo3 (s) -842.87 201
Na,Cr,07 -1978.61 20
Na,Mo,07 -2245.05 20
Na,W,07 -2404.96 20
K,Cr,05 -2061.46 20
K,Mo,04 -2291.66 20
Rb,Cr,05 -1992.84 20
Cs,Cr,04 -2088.82 20
Cs,Mo,05 -2302.87 20
a Npo3 does not exist as a stable solid complex

The calculated enthalpy of complexation results for the reaction involving

actinide or transition metal trioxide are summarised in Table 3:30.
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. I vI ... I VI -1
Table 3:30 AHcomplex (M50(s) + 2M "04(s) >M5My 07(s)) (kJ mol™ ")
A\YA
MI M Ua Npa Cr ~ Mo W

Na -341.7 + 6.6 | -340 + 16 |-385.3 | -340.6 | -305.0

K -441.3 + 6.7 | -431 + 16 | -520.9 | -440.0

Rb -445.0 + 6.5 | -435 + 16 | -474.9

Cs -433.0 + 6.9 | -412 +

16 | -564.0 | -466.9

a An estimate of * 4.2 kJ mol~! was applied as the

uncertainty for the alkali metal dioxide data

With the complexation reactions involving neptunium it is more realistic
to consider reaction (2). above, which involves actinide dioxide, due
to the instability of solid NpO3. This reaction is also valid for the

complexes of uranium.

The auxiliary data required are the standard enthalpies of formation of

U0z (s) and NpO, (s) which are -1085.0 + 1.0 kJ mo1~1(!®)
2 2

)

and -1074.0 £
2.5 kJ mol—l(31 , respectively. The enthalpies of complexation of alkali

metal monoxide and actinide dioxide to form the alkali metal diuranates

(VI) and dineptunates(VI) are tabulated in Table 3:31.

Table 3:31 MM, (MT0p(s) + 2MT70,(s) + Op + MaMyT0,(s)) (kJ mol~1)%
v
MI ! ¢] Np
Na -619.4 * 6.4 -332 ¢ 12
K ~718.9 + 6.5 ~423 £ 12
Rb ~722.6 £ 6.3 ~427 + 12
cs ~710.6 + 6.7 ~404 + 12

a An estimate of * 4.2 kJ mol~! was applied as the uncer-

tainty for the alkali metal dioxide data
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(79) (80)

With reference to the Lux -Flood theﬁry of an acid-base reaction
between the binary oxides it would be expected that the énthalpy of com-
plexation would become more exothermic (a more favourable reaction) with
the increasing basicity of the alkali metal monoxide (ie NayO + Cs,0).
This is, in fact, the case for both uranium and neptunium with the alkali
metals Na, K and Rb (Tables 3:30 and 3:31). However, there is the
anomaly of the enthalpy of complexation to form Cs,U,0; and Cs;Np,0y
regardless of whether actinide dioxide (Table 3:31) or actinide trioxide
(Table 3:30) is considered. 1In the case of the dineptunate(VI) this
could be conveniently explained by the uncertainty in the accuracy of the
standard enthalpy of formation resulting from the high level (v 9%) of
Np(V) contamination. The result for the diuranate(Vi) can not be so
readily explained. Even allowing for a possible impurity suggested by
the unindexed lines on the Guinier X-ray powder diffraction films the
standard enthalpy of formation is so close to previously reported values
(93,198,199) that this can no£ be the reason for the anomaly. It
appears, therefore, that this is a real effect not observed previously

in other alkali metal actinide oxide series(lz).~ An explanation might

be that steric hinderance between the large caesium and uraniuft or nep-

tunium atoms renders the formation of Cs,U50; and Cs,Np,0; less favour-

able than would otherwise be expected.

The anomaly in the caesium complex is not. found in the two series

M%Cr207 and M%M0207 where the enthalpy of complexation is more exothermic
for the caesium complex than for the potassium complex, unlike in the
uranium and neptunium series. However, since chromium and molybdenum

are much smaller than uranium and neptunium, the concept of steric hin-

derance still holds.

It should be noted that in the series MiCr207 the enthalpy of complexation

to form Rb,Cr,0; is lower than expected and may be worthy of further study.
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In considering the series Na;Cr,07, NajyMoy07, NasW,07 it can be seen
in Table 3:30 that a decrease in the acidity of the trtioxide on going

down the group renders the complexation reaction less exothermic.
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4. SUMMARY

An alternative method of preparation to the classical methods has been
used successfully to prepare samples of alkali metal diuranates(VI) and
dineptunates (VI) for enthalpy of solution measurements. This route in-
volves the controlled decomposition of well-characterised alkali metal

actinyl(VI) triacetates.

The two series of alkali metal actinyl(V1) triacetates with uranium

and neptunium were prepared for decomposition to the ternary oxides.
With the exception of the two lithium salts, iiUOz(CH3COO)3 and

LiNpO, (CH3COO0) 3, and caesium uranyl (VI) triacetate, unit cell parameters
have been determined for these acetate complexes from X-ray powder dif-
fraction data. In the case of the alkali metal uranyl(VI) triacetates
with sodium, potassium and rubidium good agreement was found with pub-
lished results. However, the B-phase of KUO, (CH3COO) 3 was not observed.
In the analogous neptunyl (VI) series no such data had previously been
reported for the potassium, rubidium and caesium salts. A sample of
sodium neptunyl (VI) triacetate prepared in this work was used by other

(182). Un—

researchers for single crystal X-ray diffraction‘measurements
like the uranium series, two phases of KNpO, (CH3COO) ; were observed
during this work and these were identified as the o- and B-modifications
based on the published data for the uranyl analogue. The X-ray powder
diffraction data for CsUO,(CH3COO) 3 could not be fully interpreted. How-
ever, most reflections could be indexed based on a tetragonal cell
similar to the neptunyl analogue. The data obtained for the two lithium

salts have simply been presented as sinZ@ listings to indicate the com-

plexes being isostructural.

A disadvantage of this route to the dineptunates(VI) was foumd to be the
occurence of Np(V) contamination in the alkali metal neptunyl(VI) tri-

acetates which was carried through to the oxides. However, NaNpO, (CH3COO) 3
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was prepared without any such contamination and subsequently decomposed
to uncontaminated Na,Np,07. It is felt, therefore, that more careful
control in the preparations might result in the isoiation of purer
samples of the triacetates and thence, oxides. The levél of Np(V) con-
tamination in both the triacetate complexes and the ternary oxides has
been found to increase gradually with time. The unavoidable delay bet-
ween sample preparation and measurement of the enthalpy of solution un-
doubtedly gave rise to higher levels of contamination at the time of
the calorimetry. This increasing Np(V) level requires further examina-
tion. The mechanism may involve self-radiolysis but this requires con-

firmation.

Some discrepancies have been found between the experimental X-ray powder
diffraction results and the published data for the alkali metal diura-
nates(VI) and dineptunates{VI). The two dineptunates, K,yNpy0O5 and
RbZNp207, were found to be isostructural with their diuranate analogues
and as such were indexed based on a monoclinic, Pél/m, cell. It was not

(91)

possible to index all the reflections based on the reported hexa-
gonal, Rsﬁ, cell. Weak reflections which could not be indexed according
to literature data were found on the films of Na,U,07, Rb,U,07, Cs,U,07
and Cs,Np,0,. However, a listing for Na,U,0; which had been prepared by
the classical method of heating stoicheiometric amounts of uranium oxide
and sodium carbonate also shows the unindexed_reflections found for
Na,U,07 during this research. Exact equivalents to some of fhese unin-
dexed reflections were also visible in the data collected for Na,Np,0;.
Similarly, unindexed reflections were found to be common to both
B-Cs,U,07 ané Cs,Np,07. These resﬁlts indicate that these unindexed weak
reflections for all the ternary oxides are a feature of the structure and
do not represent any impurity. The experimental listings from this work

require comparison with complete listings from previous research.
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The enthalpy of formation results obtained for Na,U,0; and B-Cs,U,07 show
good agreement with the previously reported data. This is a further
indication of the absence of impurities and illustrates the success of
the method of preparation. When considering the enthalpy of complexa-
tion of binary oxides to form the alkali metal diuranates(VI) and di-
neptunates (VI), the data show good agreement between the two series.

The higher (ie less negative) values obtained in the neptunium series

(6) of the neptunates(VI) compared

reflect the lower thermal stability
with the uranates(VI). There is also general agreement with the results
for similar complexes of chromium, molybdenum and tungsten. The
enthalpy of formation results for NajNp;O7 confirm the results for the

. . . (106) .
one previous determination for this complex. The results for
K,Np,07, RbyNp,07 and CsyNp,0;7 are new data. However, these data should

be considered as preliminary results due to the varying levels of Np(V)

contamination found following calorimetry.

No further evidence was found for the existence of the controversial
ternary oxide, LijUp07. Similarly, LijNp;07 was not the product of the

decomposition of LiNpO, (CH3COO) 3.
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