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Summary

Since the discovery of neptunium in 1940 there has been consider—
able progress in the chemistry of the actinide elements and the halides
and halogen complexes, especially, have received a good deal of
attention. The purpose of this work was to further investigate some
preparative and structural aspects of certain halogen compounds of the
earlier actinides, in particular those of protactinium and neptunium.

The availability and valency states of the actinide elements are
outlined in Chapter 1, and in the next chapter, a short review of the
actinide halides,'oxyhalides'ahdvpéntaﬁaieht fiubrb-éoﬁplexes, is
followed by a discussion of the proposed aims of the investigation.

A general method for the preparation of actinide (IV) oxydihalides
of the type MOXZ (M is variously Th, Pa, U and Np with X = Cl, Br and
I) has been developed and has also been successfully applied to the
preparation of protactinium (V) oxyhalides. The preparation of the
new oxyhaiides PaOIB, PaOZI, N’pOF3 and 'NpOZF' is described together
with new methods for obtaining Np02F2. The attempted preparation of
new protactinium (V) oxyfluorides and new neptunium (V) fully fluorinated
complexes has led to the characterisation of PaF.H20 and NaBN'pF8
respectively. NpBrlF has now been obtained in high yield by a new
method. The infrared spectra, x-ray powder diffraction properties and

chemical properties of the new compounds and of the actinide (IV)

oxydihalides are reported.



X-ray single crystal studies have shown that in NaBPaF8 there
is an almost perfect cubic arrangement of the fluorine atoms around
the protactinium. This is the first reported instance of this type of
co-ordination. CsZPdF7 has been shown on the basis of x-ray single
crystal studies to be isostructural with KzPaF7, the structure of
which is known. Preliminary results of single crystal studies on
PaI5, TaI5 and UBrL are also discussed.

Finally the proposed aims are compared with the achievements and

the review of the actinide halogen compounds is brought up to date.
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Chapter 1
THE ACTINIDE ELENMENTS

The elements with atomic number 89 to 103 a) are now generally
known as the 'actinide elements' although perhaps a more correct defi-
nition would cover only the f transition series of which actinium is
the precursor, namely, elements 90 to 103. Other nomenclatures(z) such
as 'uranides', 'protactinides' and 'thorides' have been suggested to
cover various features of the chemistry of the group but these terms
were not generally accepted and are little used.

Availability

Thorium and uranium occur in the earth's crust with abundances of
I2ppm and 4ppm, respectively. Both elements have been known for many
years; thorium was discovered by Berzelius in 1828 and uranium by
Klaproth in 1789. Up to 1939 some properties and compounds were fairly
well established but only thorium had been commercially exploited.
Research into the development and production of nuclear reactors and
nuclear weapons, which follov/ed the discovery of atomic fission by Hahn
and Strassmann”'”\ considerably advanced the knowledge of the properties

of thorium, uranium and their compounds.

252Th is the naturally occurring long-lived isotope (j = 1.39 x
2
10 , 228
10 yr.). One of its decay products, Th (£t~ = 1.9 yr.) also occurs
2
naturally.

The two longest-lived, naturally occurring isotopes of uranium are



(t~ =4*5 X 10~ yr.) and (ty = 7*1 x 107 yr.). gives
> 2

another uranium isotope in its decay chain, G =2.5x 10" yr.).

2

The isotopic composition of naturally occurring uranium is 99-27/0

0.723b and 0.0056%0 The decay chain of includes
. . . . 231
the two longest-lived isotopes of protactinium and actinium, Pa
, 227 , ,
(ti = 32,340 yr.) and Ac (" = 22 yr.), respectively.
2 2
235, 231p" _a ~ 227 A 227\

Neither isotope has a long enough half-life for independent occurrence

. g , . A 231

in nature although at equilibrium there is approximately 300716 P&
227 .

and 0.2mg Ac per tonne of uranium ore.

As a consequence of the vast quantities of uranium ores processed
for nuclear purposes the amounts of protactinium-231 accummulated in
certain residues became sufficiently high (over 100g) to make a large
scale separation a worthv/hile proposition. By 1960 the U.K.A.E.A. had
separated”some 120g """Pa from é0 tonnes of ethereal sludge residues.
The availability of this material has been responsible for most of the
impetus given to protactinium chemistry in the last few years.

Isotopes of the synthetic actinide elements Np to Fm are best
prepared by successive neutron capture from uranium in a nuclear reactor.
Eventually the thermal neutron capture cross-section and the thermal

neutron fission cross-section, wiiich compete at each stage, reducing

the yields for each successive step, become so biased towards fission



that no further increase in atomic number can be obtained. Each pro-
duct nucleus invariably undergoes further neutron capture making the

product isotopically impure. Neptunium is one of the few elements that

237

can be produced isotopically pure, as Np. It is a non-fissionable

isotope with a hglf-life of 2.2 x 106 years and is produced by two
235,

U, which undergoes slow neutron capture,

237U which decays by B emission with a

different routes. One from

instead of fission, to produce

half-life of 6.75 days. The other route is from fast neutron capture
238

by U, which is non-fissile, giving a (n, 2n) reaction to produce
251y.
Thermal neutron capture by 238U gives 239U which decays by $

239

emission with a 23.5 minmute half-life to

239

Np, which in turn decays

Pu. Plutonium-239 can undergo further

neutron capture to yield the heavier isotopes ZhoPu to 24#Pu, inclusive.

238 237

with a 2.33% day half-life to

Pu is obtained from Np by the route:-

25T (n, ) 238, §:$3 238,

Neptunium-237 and plutonium-239 have both been detected in uranium

ores at a steady state concentration of about 15/106 tonnes. Their

238

presence is due to neutron reactions with U. Kilogram amounts of

neptunium and plutonium are now available.

244

Americium-241 (t; = 458 yr.) is the B decay product of Pu. The
2

longer-lived americium isotope 243Am (ti = 7,950 yr.) is obtained by
2

242

neutron capture reactions starting with Pu. Gram amounts of both

-3 -



(5)

are now available, largely as a result of the transplutonium programmes
mainly underteken in the U.S.A.
The space programme in the U.S.A. was also indirectly responsible

for boosting the amountsof transplutonium elements available. For

(6) of 24&0

example, 3 kilograms m was needed to assess its value as a

thermoelectric power source for satellites. In one experiment 500g of

zthu was irradiated in the High Flux Isotope Reactor at Oak Ridge

2ALC

(1015 neutronq/cm%/sec.). 2158 of m were obtained after 80% burn-

up, together with 10mg of berkelium isotopes, 50mg of californium

isotopes and 2mg of einsteinium. It was estimated that if the demand

2Ly,

for Cm were to continue a recycling process would yield 5 to 10

milligrams of 2520f at steady state conditions.
257

The only long-lived isotope of fermium, Fm, is best formed under
the conditions of a nuclear explosion using targets of 238U, zthu or
b3,

The last three actinides, mendelevium, 102*% and lawrencium are

produced at the rate of a few atoms per experiment by the reaction of

12, 11

heavy ions such as “C or B with the heavier actinides in a cyclotron.

Valency States

With the exception of actinium and thorium all the actinide ele-
ments possess £ electrons in the ground state configurations of the
neutral gaseous atoms (Teble 1). As the thorium atom is progressively

ionised the f electrons become more stable(7) and occur in the ground

*originally named nobelium

-4 -



3

states of Th2+ end Th”’*. The presence of these f electrons supports
the assumption that the actinide series parallels the lanthanide series
as an f transition group. A comparison of the valency states of the
lanthanide and actinide elements (Table 2), however, shows that there
is a higher multiplicity of valency states for the earlier actinides.
Heptavalent neptunium and plutonium have only recently been reported.
Russian workers(B) claim to have oxidised Np (VI) and Pu (VI) in alka-
line solution with ozone. Some insoluble alkaline earth and rare earth
compounds have been prepared and it will be interesting to see what
physical properties these haye.

The underlying reasons for the differences in oxidation states
are not yet completely understood. The environment of the 4f and Hf
electrons is different. The 4f orbitals do not penetrate the 5s, 5p
and 6s orbitals and there is, therefore, considerable shielding from
external forces. The magnetic and spectral properties of the lanthanide
elements support this. The 5f electrons, however, are thought to pene-
trate the outer valence regions, since the atomic radii of the corres-
ponding lanthanides and actinides do not differ much,and are, therefore,
not shielded as well as the 4f electrons. There is, therefore, the
possibility that the 5f electrons can participate in bonding due either
to the lower binding energy or to the greater spacial size allowing
better orbital overlap. The effect of the 5f electrons will not,
however, be as great as that of the 6d in bonding. The stability of

the M02+ and M%;+ ions(9), which are peculiar to the actinide elements,

-5 =



Table 1

Quter electronic ground state configurations of the

gaseous actinide elements*

Ac 6d732 Cm 5f76d752
Th  63%7s° Bk 57752 or 5£56a7s2
Pa  5£%6a7s% or 5¢6a°7s> Cf  5£197s2
v se%ars®  Es 571782
Np 5£%6a7s2 or 562752 Fn 51272
pu 565752 ua  5¢1972
A 52776% 102 58147s2

I 56 *6a7s°

2_6_10,2, 6
*the inner core is 1522522p63323p63d1Ohszhp64d1ohf145s 5p 5d 6s 6p
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has in fact been attributed to the participation of £ orbitals in
the bonding.

The ease of oxidation of the actinides is not adequately
explained(10) by these factors alone. The major factor is probably
the screening of the 5f electrons from the nucleus by the lower
lying 4f and 5d electrons which results in the 5f electrons experi-
encing a relatively smaller nuclear charge than the 4Lf. A similar
type of screening also accounts for the differences in oxidation
state in descending the first, second and third row d transition
series, although the situation here is also influenced by the
increasing atomic radii(11). Cunningham(7) has also discussed the
greater ease of obtaining higher oxidation states in terms of varia-
tions in ionisation potentials and heats of sublimation of the
metals.

Corbett (references 12-16) has suggested that the prime factor
determining oxidation in the lanthanide series is the heat of sub-

limation of the metal and that the electronic structure is not so
L

important. Previously the hfo, Lf7 and hf1 electronic configura-

tions were thought to be important in explaining the divalency and
tetravalency of certain lanthanides.

Divalent lanthanides have recently received a great deal of
attention(17-19) and almost all have been prepared in a CaF2 matrix.

. . 20) .
Attempts to stabilise divalent neptunium, plutonium and curlum( ) in

-8 -



CaF, have failed but divalent americiun'2!) has been obtained. Under
similar conditions it is quite probable that the elements beyond curium
will show divalency. Divalent californium(22), mendelevium(23’ 24)
and element 102(25) have, in fact, recently been reported in aqueous
solution. This was predicted for mendelevium by Seaborg(26).

The ionic radii of the M'% ions of the actinide elements show a
small but significant decrease with increasing atomic number giving
an actinide contraction analogous to the lanthanide contraction.

The f electrons do not shield one another at all effectively due to
the shape of the orbitals so that successive addition of f electrons
causes a greater effective nuclear charge on each f electron, reducing
the size of the whole shell and hence gives rise to a contraction.
This is shown effectively by a comparison of the M3+ ions (Table 3).
With the contraction of the orbitals the tendency to form higher
oxidation states decreases and there is no evidence for oxidation
states greater than three for the actinides following berkelium.

The curves of binding energy/atomic number for the 5f and 64
electrons cross between thorium and protactinium and there is only
a small difference between these levels for the earlier actinides.

As a consequence there may be a tendency in Th, Pa, U and perhaps Np
for d orbitals to be filled in preference to f. The electronic
structures of very few compounds have been determined and those

results that have been interpreted indicate that the f level is



Table )
Atomic and ionic radii for the actinide elements (&)

Atomic M3+ . ML""'

Ac 1.88 1.4 -
Th 1.79 (1.08) 0.99
Pa 1.63 (1.05) 0.96
U 1.56 1,03 0.93
Np 1.55 1.01 0.92
Pu 1.59 1.00 0.90
Am 1.73 0.99 0.89
Cm 1.74 0.98 0.88




preferentially filled. Examples of the compounds studied
L

are(27’ 28) CszPa016 in Cszer16’ in which the Pa*"’ ion was shown
to possess the 5f' configuration, and CsUF6(29), in which the U°*
ion was also shown to be 5f1.

Magnetic properties, which are very useful in the determination
of electronic configurations in the 4f and the 4 transition groups,
are less useful with the 5f group as it is not possible, as yet,
to predict the exact behaviour of specific 5f or 6d configurations.
The magnetic moments observed generally lie between those calculated
" on the basis of a spin 6n1y'c6nditioniahd those baicﬁlétéd'assﬁming
Russell-Saunders coupling for the 68" condition. In limited cases
electronic configurations have been predicted by comparison with
corresponding lanthanide compounds. Thus, the electronic configura-

tion of$3%) y3* in uc1, and’3") o Pu3* in PuCl, have been predicted

3
as 5f3 and 5f5 respectively by comparison of magnetic properties
with those of N&’* in NaCl, and Sw’* in SaCl,.
There is some resemblence between the chemistry of the early
actinides and the vertical 4 group elements. For example,

zirconium and hafnium have close analogies with thorium, niobium

and tantalum with protactinium, and molybdenum and tungsten with

-1 -



uranium. The greatest differences occur in the vertical groups

between molybdenum and tungsten and uranium.

- 42 -



~ Chapter 2
SURVEY AND AIMS

Actinide halogen compounds can be obtained in almost all of the
wide range of valency states shown in Table 2. There are, nevertheless,
certain compounds that have not been reported which ought to be capable
of existence. Such compounds, together with the lack of reported pro-
perties for certain of the known halides and oxyhalides, will be dis-
cussed in this Chapter. Some potentially interesting and fruitful areas
for further investigation, which existed in 1965, will be highlighted
and those chosen for investigation during this study will be discussed
later.

Tebles 4, 5 and 6 list respectively the then known binary actinide
halides, the actinide oxyhalides and the pentavalent actinide fluoro-
complexes. Review articles by Haissinsky(32>, Katz and Sheft(BB),
Bagnall(3h’ 35), Hodge(36) and by Tananaev(37) deal in varying detail
with the individual preparations and properties. Structural and prepar-
ative details are also to be found in the boocks by Katz and Seaborg(js)
and by Brown(sg). Consequently, individual preparative details and
properties are not discussed here.

Binary actinide halides

The stability of the hexafluorides decreases rapidly from uranium
to plutonium. Plutonium hexafluoride is a powerful fluorinating agent

and will, for example, oxidise Ber(ho) to BrF5. It is likely, there-

fore, that americium hexafluoride will not be prepared. However, most

an (44 = 457 yr.)

. - . 2
experimental work on americium has been done with q
z

- 13 -



Yo

i
£ mH I Hw
5]
= o
o f | o
2o
HO)J
2 v
O ¢ = m
— 8
8 w.w»
B T
| -O 7 + J.I +
e —
e ©0 30)

EH

S

o

v

d

Ss—enEg,

€)0

LN-—af

A} 14\\



The actinide oxyhalides

Table 5

Ac Th Pa U Np Pu Am
Fluorides AcOF - - - - PuCF -
i[‘hOF‘,2 - - -
U02F2 - Pu02]i‘2
Chlorides AcOCl - - voc1 - Pu0Cl  AmOC1
ThOCl2 PaOCl2 UOCl2 NpOCl2
Pa,20018 -
Pa203014 UOCl3 -
Pa0201 - -
U02012
Bromides AcOBr - - - - PuOBr -
ThOBr2 PaOBr2 UOBr2 -
0
Pal Br‘3 UOBr3
PaOzBr UOzBr
U02Br2
Todides AcOI - - - - PulI -
ThOI‘,2 PaOI2 - -
(V0,1,)

( ): existence not proven.

- 15 -




A selection of actinide (V) fluoro complexes (88, 90=93, 96-101)

Tsble 6

v
MIMF6

v
MIMF6

v
M31M Fg

Na Pa

Rb

Cs

Rb

Cs

Li Pa

Na

Rb

Cs

Cs

Na

Rb
Cs
Ag

Ti

- 16 -




43

and if 2 Am (ti = 7,950 yr.) were used, the resulting reduction in
2

radiation damage might be sufficient to allow formation of americium

hexafluoride provided it is chemically stable. This aspect is
(41, 42)

important with curium tetrafluoride, which cannot be prepared

242 Ly

using Cm but has been obtained with 2 Cm.

The only known pentafluorides are PaF5 and UF5. Thermodynamic

studies show(h5’ 1) that NpF,. and PuF_. ought to be capable of exis-

5 5
tence. However, despite considerable work these compounds have not
yet been prepared. UF_ exists in two crystal modifications(45’ h6)’

5

a low temperature P form prepared below 1250 and a high temperature
o form. PaF5(47) has only been observed in one crystal form which is

isostructural with p UF This is an interesting fact when one con-

5.
siders that the only direct method of preparing PaF5 is to react
fluorine and PaF4 at 7000. X-ray powder diffraction data for UF5(48)

have been interpreted by Zachariasen on the basis of a six co-ordinate
structure for the o form and a seven co-ordinate one for the B modi-
fication. Unfortunately no single crystal studies have been reported
and the known 'd' transition metal pentafluorides are not isostructural
with either form of UF_.. It would be interesting to have accurate

5

structural information on UF5 and PaF..

5
The instability of UClS, which readily undergoes thermal decomposi-

tion and also disproportionates, would seem to preclude the existence
of either NpCl5 or Pu015. The possibility of obtaining pentabromides

of elements beyond uranium would also seem remote since even NpBr, is

L

-17 -



(49)

unstable and ,when sublimed,extensive decomposition occurs.

Thermodynamic calculations indicate(so) that NpBr}+ should be unstable

above 4500.

The structures of Pa015(51), U015(52) and PaBr5(53) have either
recently been or are being determined and in view of the dimeric or
polymer nature of the pentachlorides structural data for protactinium

pentaiodide would be of interest. It has in fact been predicted(SA) that
(55)

PaIl_ will be monomeric. The only actinide pentaiodide known is Pal

5

and only two d transition metal pentaiodides are known, NbI5(56) and

Tal (57). Single crystals of PaI5(58) and Tal (59) have been studied

5 5
and although both possess orthorhombic symmetry the unit cell dimensions

indicate that they possess different structures. (Table 7).

Teble 7
0
Unit cell dimensions (in A) for PaI5 and TaI5
e, bO LR Symme try
TaI 6.65  13.95  20.10 p}
5 2h
P&I5 1622 21.20 6.85

Thermodynamic calculations(so) for solid PuCl, suggest that it is

4

incapable of existence as the equilibrium pressure of chlorine over

solid PuClh at room temperature should be about 107 etmospheres. The

formation of PuClA in the gaseous phase(61) has, however, been

- 18 =~



postulated by Abrahams to explain the enhanced volatility of PuCl, in

3
a chlorine flow at 600°-800°. In view of the instebility of NpBr# and
UIA and the non-existence of PuCl, , higher actinide tetrachlorides,

tetrabromides and tetraiodides are not anticipated.

There is a structural change in the tetrabromides in going from
thorium to neptunium. PaBr4(62) and B ThBr4(63) are isostructural with
UClh, possessing tetragonal symmetry, while UBrA(éh) and NpBr4(65’ 66),
which are monoclinic, are isostructural. The structural properties of
NpBr# have not been reported. It would be of interest to have details
of this structural qhange,

| Both thorium and uranium form triiodides and the absence of tri-
halides for protactinium is probably due to lack of investigation.
Powerful reducing conditions will, of course, be necessary to prepare
protactinium trihalides.

The only known dihalide is Th12. Much of the earlier conflicting
evidence on the properties of ThI2 was resolved by the investigations of
Clark and Cofbett(67) and Scaife and Wylie(68). It appears to be a
semi-metallic compound and is probably best regarded as, in the case of
B Th12(67), Th"H'(e)zI2 and not as an example of divalent thorium. Ameri-
cium by analogy with europium, its counterpart in the lanthanide series,

might be expected to give stable dihalides but none have been observed.

The actinide oxyhalides

As a group the actinide oxyhalides have been poorly characterised

and there are numerous gaps in Table 5, indicative of the lack of

- 19 =



investigation of these compounds.

0f the hexavalent oxyfluorides only U02F2 has been thoroughly
(69)

contaminated with sodium

studied. NpO has only been prepared

2¥2
fluoride by the reaction between sodium neptunyl acetate and hydrogen

(70, 71)

fluoride at 325° to 350°. PuO_F has been prepared pure but

272
no thorough study of its properties has been reported. Despite the

2+

existence of hexavalent americium in solution,as Am02 ’ Am02F2 has

not been prepared. The only other pure hexavalent oxyhalides reported

are U02012(72), and U023r2(73) though it should be possible using the

correct preparative conditions to thain_NpOZClz, NpO_ZB_r2 and Pu02012,

Only two pentavalent oxyfluorides are known, Pa20F8(47) and

(74)
U20F8 o

by protactinium(75’ 76) other pentavalent oxyfluorides ought to be

In view of the range of oxychlorides and oxybromides given

obtainable and so should protactinium (V) oxyiodides.

78) and

The only tetravalent oxyfluoride known is Th0F2(77’
certainly analogous compounds for the other actinides from protactinium
to plutonium might be expected if a suitable preparative method can be
found. The only general method for the preparation of tetravalent oxy-
dihalides is the reaction between a dioxide and a tetrahalide(79_82),
This, unfortunately, does not have a general application as it is not
always possible to obtain a reactive dioxide. For example, Pa02(83) is
prepared by hydrogen reduction of Pa205 at 1600°. Only microgram amounts
of Np0012(49) have been obtained as the residue from the sublimation of

NpClh and although X-ray powder diffraction data are available for
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NpOBrz(BA) no preparative details are known. The preparation of the
tetravalent actinide oxydihalides requires further study, particularly

if a general preparative method is to be established. The properties

of the oxydihalides are also poorly documented. For example, no struc-
tural information is available for these compounds. Few infrared studies
have so far been reported and those data available are not wholely con-
sistent. For example, Selbin and Schober(85) have studied UOCl2 and its
various hydrates and for UOCl2, obtained by reaction of UCll+ with U02,
assigned a band at 7300m-1 to a U-0-U vibrational mode. Scaife et a1§81)
havg observed‘nQ bands above 600cmf1 in the spectrum of ThOI, and

2
(86) 1

Prigent reported two bands at 500cm | and 51+6c>m-1 for UOBrz.

Trivalent oxyhalides have not been reported for thorium, protac-
tinium or neptunium. The only trivalent uranium compound is the

(87) but the oxymonobromide and oxymonoiodide of both

oxymonochloride
uranium and neptunium should be obtainable.

Pentavalent actinide fluorocomplexes

A wide range of actinide halogen complexes are known (see refer-
ences 35, 39 and 88) but it is beyond the scope of this thesis to
comprehensively review them all. The preparation of new pentavalent
fluorocomplexes was undertaken as one of the topics for the work for
this thesis (see Chapters 3 and 4) so only this class of compound will
be discussed.

Fluorocomplexes of the typesMIMVFé, MZIMVF7 and MBIMVFB are known

only for protactinium and uranium (Table 6). Most pairs of
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hexafluoro-protactinates (V) and uranates (V) are isostructural (Teble
8). The structure of RbPaF6(89), which is typical of a number of the
hexafluoro complexes, is currently under investigation. Rb2UF7(9O),

which has the K,TeF_ structure, is mot isostructural with szPaF7(91).

However, the preparative methods were completely different so poly-

morphism could have occurred. K2PaF7, Rb,PaF._ and (NHh)zPaF are

7

has Jjust been deter-

7
(92)
7

mined. The X-ray powder diffraction data for Cs.PeF_, however, suggest

"7
there may be a structural change for the caesium compound.

(93)

isostructura1(91) and the structure of KzPaF

The first method used for the preparation of Na3UF8 was the

oxidation of NajUF7 with fluorine. This method may also be useful for

obtaining neptunium (V) and plutonium (V) fluoro complexes from mix-

tures of Nth or PUFA with alkali metal fluorides.

Some pentavalent oxyfluoro complexes are known for the elements

(9%, 95, 99, 100)

from neptunium to americium « These have the general

formule MIMVOZF2 (MI = K, NH, and Rb, W = Np, Pu and Am). These com-

pounds have received less attention than the fully fluorinated complexes

and no fluorides analogous to the known pentavalent oxychloro complexes

(102) M2IMV0015 ' = cs and P, As, ' = Np) and MBIMV02C14 @t - cs,

W = Np) are known.

Aims

The choice of topics to be studied was influenced by the work being
investigated in Professor Bagnall's group at Harwell. At the start

of the work it was decided that three main aspects of the actinide
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halides should be studied. These would involve the pentavaelent fluoro-
complexes, pentavalent and tetravalent oxyhalides and certain structural

studies.

The preparation of the fully fluorinated protactinium (V) com~-

(91)(100) and the structure of K_PaF (92) had just been completed

2 7

and to further characterise this group of compounds it seemed worthwhile

plexes

investigating the structures of Cs2Pa;F7 and Na3PaF8. Since both com-

pounds could be prepared from agueous solution it was likely that
suitable single crystals could be obtained. No fully fluorinated com-
plexes were known for neptunium (V) and fluorine oxidation of Np (IV),
in the presence of an alkali metal fluoride, seemed a likely method of
achieving a series of compounds analogous to those prepared for pro-
tactinium (V) and uranium (V).

NpO;HZO and Np205(103), which had recently been characterised,

appeared to be attractive starting materials for an investigation of
the preparation and properties of penta- and hexavalent neptunium oxy-

fluorides and, possibly, NpF In addition, since Pa20F8(47) was the

5

only protactinium (V) oxyfluoride known and PaF_ had only been prepared

5
directly by one method (fluorination of Pth), it was decided to in-

vestigate the possibility of preparing new pentavalent oxyfluorides and

also loock at alternative routes to PaFB. The possibility of obtaining

single crystals of the latter, suitable for structural studies, was also

considered.

(75)

Protactinium (V) oxychlorides and oxybromides(76) had just been
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prepared and it was anticipated that similar methods might yield pro-
tactinium (V) oxyiodides. Improved preparative methods for PaI5 were
being studied and the preperation of single crysteals for X-ray studies
might be possible,

There was scope for further work on the actinide (IV) oxydihalides,
particularly concerning their infrared spectra and structures and a

(104)

timely review by Dehnicke , together with a later publication on the

preparation of CsTaOle(105), indicated that it might be possible to
develop a general method suitable for the preparation of both tetra-
and pentavalent actinide oxyhalides.

Apart from these three main areas of investigation there were some
relatively minor topics which were worth looking at. For example, the
preparation of NpBrh needed further study and, if single crystals were
obtained, the structure could be investigated. In addition, NpCl5 might
be obtained using reaction conditions analogous to those used for the

15(75).

preparation of PaC

-25 =



Chapter 3
EXPERIMENTAL

In this chapter the glove box techniques employed during the
course of this work are described along with the methods used to col-
lect X-ray and infrared results and the analytical procedures. This
is followed by the preparative details for the compounds investigated.

Glove boxes

ost of the experimental work had to be carried out in glove boxes
because of the radioactive hazard associated with weighable quantities
of protactinium-231 and neptunium-237. Argon atmosphere dry boxes,
which were continually flushed with dry argon (3-8 litreq/minute when
in use and 2 litres at other times) were also used to protect moisture
sensitive compounds from atmospheric attack. The box atmospheres were
continually monitored for oxygen and water. A small portion of the box
etmosphere, removed using a Capex Mk.II diaphragm pump (produced by
Charles Austin Pumps Ltd.), was split into two portions, one was bubbled
at a constant flow rate (100ml/minute) through a calibrated Hersch cell
to determine the oxygen concentration and the other was passed through
an Elliot Moisture Meter from which the water content was read directly.
Under normal operating conditions the oxygen content was ™4Oppm and the
water content ~50ppm. The use of phosphorus pentoxide as a dehydrating
agent for dry boxes was not satisfactory since a protective film of
hydrated oxide prevented further removal of water and, in addition, the

disposal of hydrated phosphorus pentoxide from active dry boxes was

- 26 -



Figure 1

Schematlic representation of the fluorination and
hydrofluorination apparatus



(X%

N80

- . 7
Al sopo

g
o <

Qoox

aNM






(106)

tedious. Molecular sieves, type S5A, were found to be more effective
These were first degassed at 250o in vacuum and then opened up in a dry
box and placed in a brass bowl with a gauze base through which the box
atmosphere could be circulated using a fan. This method gave quick,
efficient desiccation and the molecular sieves were easily regenerated
by degassing in a vacuum at 2500.

Two additional special purpose boxes were used for part of the
work. One contained a glass vacuum line designed so that controlled
amounts of gases could be added to vessels for solid/gas reactions.
Moisture or oxygen sensitive compounds were loaded in their reaction
vessels in an argon atmosphere dry box and then transferred, joined to
a tap with a cone and socket comnection, to this box when sealing off
was required.

The other box (Figure 1) was used for reactions involving fluorine
or hydrogen fluoride. Fluorine, produced from an I,C.I. medium tempera-
ture electrolytic cell, was freed from hydrogen fluoride by passing it

over a bed of sodium fluoride powder, B,, then through a tower of sodium

.1’

fluoride pellets, B A different nickel furnace tube, F, was used for

o
each isotope to prevent cross—contamination. Any unreacted fluorine

was converted to carbon fluorides by passing it over a charcoal bed, J,
heated to 200°. When the apparatus was used for hydrogen fluoride reac-
tions, the heating tapes, G, on the inlet and outlet pipework were run

at 500 to prevent condensation. Unreacted hydrogen fluoride was

removed by passing it through water, H, and a sodium hydroxide

-27 -



solution, I. The apparatus could be flushed with either nitrogen or
argon, dried by passing through 5A molecular sieves. Other gas cylin-
ders could be connected to the system so that, for example, reactions
with fluorine and oxygen, or, hydrogen and hydrogen fluoride, could be
undertaken.

Physical measurements

Infrared spectra The spectra from 4,000 to 6000111-1 were measured

using an Infrascan spectrometer and from 660-225cm-1 using a Grubb-
Parsons D.M.4 spectrometer.

Either KBr (4,000 to GOOcm-1).or polythene plates (660 to 225cm-1)
were used to contain the mulls, which were 5-10mg of compound in either

(107)

Nujol or Florube. Alternatively a wax mull pressed between poly-
thene discs was used. A radio frequency heat sealer does not seal
polythene but, if P,V.C. is placed either side of two pieces, enough
heat is generated to fuse polythene together, without forming a seal
with the P.V.C. Radioactive mulls were safely handled by sealing the
polythene discs containing wax mulls in outer polythene bags. The wax
disc technique had the disadvantage that broad C-H absorption bands,
from the wax and polythene, made parts of the spectrum unobtainable.
Large interference bands were also observed with the discs mounted flat
but these were eliminated by bending the disc to the circumference of a
1cm circle. The advantages of the wax technique are the ability to

cover the range from 4,000 to 225cm‘-1 using one sample and highly mois-

ture sensitive compounds can be examined.
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X-ray powder diffraction studies Two techniques were used for the

collection of X-ray powder diffraction results. For the Debye-Scherrer
19cm camera finely ground specimens were loaded into silica capilleries,
about 100 microns in diameter. If the sample was moisture sensitive the
capillary was first flamed out under vacuum to remove traces of mois-
ture.

For the Guinier focusing camera the sample was ﬁounted on a brass
ring between two strips of sellotape and a coat of Bostikote applied to
the ring to contain the ¢ activity. The sellotape and Bostikote pre-
vent hydrolysis of the sample if it is only slightly moisture sensitive,
.8, PaOZBr, but this technique cannot be used with very moisture sensi-
tive compounds as the sellotape does contain traces of moisture. An
internal stendard, such as thoria, was added to the samples. To counter-
act f£ilm shrinkage scales were contact printed on to the films before
development. Descriptions of both powder techniques are to be found in

(108)

the book by Wait and D'Eye All X-ray powder diffraction results

0
were collected using Cuk radiation (?& = 1.54051 A).
1

All cell dimensions were refined, where required, using a computer

programme(1o9) based on the Cohen~Hess method to obtain the best least-
squares fit between observed and calculated sin29 values.

Single crystal studies All the single crystals studied had to

be sealed in capillaries since they were either protactinium compounds

or were moisture sensitive (or both). The single crystals were obtained
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either by sublimation in an evacuated, sealed silica capillary

(Pal_, Tal_ and UBrh) or by crystallisation from aqueous hydrofluoric

5 5

acid (NaBPaF8 and Cs PaF7). The crystals were examined under a pola-

2
rising microscope, where possible, to determine whether or not they
were single.

They were lined up using a Charles Supper Buerger precession
camera, model E, following which various layers were examined about
two crystallographic axes. The results provided information on the
cell dimensions, symmetry and space group. The crystal was transferred
to a Unicam single crystal goniometer (S25) and, using either filtered
Cqu or MoKa radiation, results for intensity measurements were collected
using the Vieissenberg method. Intensities were visually estimated using
scales prepared by photogravhing a suitable reflection from the cry-

stal being studied.

Analytical procedures

Determination of thorium (IV), protactinium (IV) and (V) and uran-

ium (IV) For this determination 50-200mg of compound was hydrolysed
with aqueous ammonia. The gelatinous hydrous oxide was filtered through
a weighed, silica filter crucible and washed well with water. Gentle
heating to 100° dried the precipitate which was then heated fo 700O for
30 minutes. The metal content was determined assuming the composition
of the resulting oxide to be Th02, Pa205 or U308'

Determination of neptunium (IV) in the absence of fluoride Nep-

tunium (IV) hydrous oxide, precipitated with aqueous ammonia, was
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dissolved in a known volume of molar A.R. nitric acid. Suitable ali-
quots of this solution were mounted on stainless steel trays and the
neptunium content determined by a assay. 257

1.562 x 106 o disintegrations min~T mg—1 (110)

Np, specific activity
s, was used throughout
this study.

Determination of fluoride Protactinium compounds were hydrolysed

using dilute aqueous ammonia and the fluoride was determined, after
removal of the protactinium (V) hydrous oxide, using the lead chloro=-
fluoride methodl!!!).

However, hydrolysis of neptunium (V) fluoro compounds with aqueous
ammonia always resulted in some disproportionation and irreproducible
results were obtained using the lead chlorofluoride technique. It was

(112) could be

found that the colorimetric method of Belcher and West
used without separation of the neptunium, provided the neptunium was in
the hexavalent state.

A suspension of the neptunium (V) compounds (20-50mg) was ozonised
in the minimum volume of dilute nitric acid (0.01M) until dissolution
was complete. The excess ozone was removed by purging the solution with
nitrogen and the solution was mede up to a known volume. Neptunium (VI)
compounds were soluble and so were dissolved directly in the dilute
nitric acid. The fluoride was determined according to the published

method(112)

taking suitable aliquots of the stock solutions
(10-70ng- was the concentration range studied) and using matched 4cm

quartz cells. The calibration point used was 620my and, for each
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solution, the spectrum was scanned from 550mu to 650mp using an Optika
CF4/DR direct recording spectrometer.

Determination of chloride, bromide and iodide Halide, present in

(111)

the supernatants from the metal assays, was determined by direct
titration against standard silver nitrate solution or gravimetrically
as the silver salt.

To prevent loss of halide during hydrolysis, where the reaction was
particularly vigorous, the compounds were cooled momentarily in liquid
nitrogen before addition of the aqueous ammonia. The hydrolysis pro-

ceeded slowly and smoothly as the mixture warmed to room temperature.

Determination of the oxidation state of the neptunium compounds

Neptunium (IV) and (V) give several characteristic peaks between 350mu
and 1000mp(113). The two peaks selected for each oxidation state
(Table 9) obeyed Beer's Law for the concentration range studied (0.5
to 5mg/ml). Np (VI), however, has only two weak, broad peaks in this
region, at 476mu and 557my, and its presence is usually indicated by
the tail of its charge transfer band, which extends into the 350mp-
LOOmp range. The most satisfactory method of estimating the amount of
Np (VI) present(103) was to quantitatively reduce it to Np (V) with

sodium nitrite and measure the increase in height of the Np (V) peak.
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Table 9

Some characteristic Np (IV) and Np (V) absorption peaks
(in 1MHC10) or 1MHN03)

peek position (my) molar extinction coefficient
Np (IV) . 725 145
960 185
Np (V) 617 20
970 295

Since it was not always possible to dissolve neptunium compounds
in moler perchloric acid, molar nitric acid was also used. Np (VI),
Np (V) and Np (IV) are all stable in this solvent provided all traces
of NO2 have been removed by boiling. The neptunium (V) fluorocomplexes
and oxyfluorides were only soluble in molar perchloric or nitric acid
in the presence of 0.2M boric acid. Fortunately the stability of the
various oxidation states was unaffected by the presence of boric acid.
Spectra were measured between 350mu and 1000mp using en Optika
CFL/DR direct recording spectrometer with matched 1cm guartz cells,
The solutions contained approximately 2mg Np per ml.

Reagents
(102, 114,

The actinide tetrachlorides 15) (Th to Np inclusive),
tetrabromides(115’ 116) (Th to U inclusive), thorium tetraiodide(117),

neptunium trioxide monohydrate(103), neptunium pentoxide(103)’
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(102)
L
(119)

(102) , Cssz02014(102), uranyl £luoride(118),

(59) (91)
: CszPa'F7 R

and oxybromides(76) and

Cs_ NpOCl1l
SprPPbEg 3

uranyl fluoride dihydrate
(100)

; Cs,NpO,C1

, tantalum pentaiodide

(75)

, protactinium (V) oxychlorides

(120)

Najpan

protactinium pentaiodide were prepared by published methods.

Np02 was obtained by thermal decomposition of a sample of NpOCl2

above 600°. Neptunium and protactinium metals were kindly supplied by
Mr. J. A. C. Marples (Ceramics Division, A.E.R.E.).

Fluorine was generated using an I.C.I. medium temperature fluorine
cell, 10 amp model, Hydrogen fluoride was removed by passing the fluo-
rine through_sodium_fluoride pellets. High purity hydrogen fluoride
(supplied by I.C.L), suitable for recharging the fluorine cell, was
used for the hydrofluorination experiments.

Other reagents were commercially available and fine or analytical

grade materials were used where possible.

Preparsative methods

Preparation of the actinide (IV) oxyhalides and halides Two main

methods have been used for the preparation of actinide (IV) oxyhalides.

The new method involves reaction between antimony sesquioxide, Sb2 32

and an actinide tetrahalide in a sealed evacuated vessel athZOOO.

Compounds of the types ThOXz, X=F, Cl, Br and I, UOX,, X = C1 and Br,

2
and NpOXZ, X = Cl and Br, were prepared by this method. The previously
(79-82)

known method involving the reaction between an actinide dioxide
and tetrahalide in a sealed vessel at 500o was also used for the

preparation of UOClz, NpOCl2 and NpOBr, so that the infrared and X-ray

2
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results for compounds prepared by the Sb203 method could be checked.

Despite much work the only actinide (IV) oxydifluoride obtained was

ThOFz.

Preparation of actinide (IV) oxydihalides using antimony ses-

guioxide 50 to 200mg of actinide tetrahalide was thoroughly
ground, in an argon atmosphere dry box, with the stoicheiometric

amount of antimony sesquioxide required by the equation:-

BMK, + Sb0; =3 3MOK, + 25bK, (1)

The mixture was sealed in a pyrex reaction vessel, evacuated to
‘10_3 torr, and heated at 150°-200° (300o in the éaée of fhe -
ThOF2 preparation). At this temperature the antimony trihalide so
formed sublimed off leaving the non-volatile actinide oxydi-
halide, which was further heated at 400° for 6 hours to improve
crystallinity. The reaction between UF, and Sb203 yielded only

I

o
UO2 and UF# even at 200" .

The analytical results are listed in Table 10.

Preparation of actinide (IV) oxydihalides from actinide dioxide

and tetrahalide 50 to 200mg of actinide tetrahalide was carefully

ground, in an argon atmosphere dry box, with the stoicheiometric
amount of the appropriate actinide dioxide required by the reac-

tiong-

MX, 4 MO, —— 2MOX, (2)
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Table 10

Analytical results for the actinide (IV) oxydihalides

Th0012
PaOCl2
' U0012
Np0C12
ThOBr
PaOBr2
UOBr
NpOBr

ThOI2

Found %

M X
72.64 22.25
72.15 22,07
73.38 21,71
72.96 21.62
56.81 38.89
56.81 39.21
57.18 38.67
56.81 38.69
L6141 50441

Required %

M X
72.75 22,23
72.66 22.30

 73.25 21.82
73.17 21.88
56.86 39.22
56.76 39.31
57.49 38.65
57.38 38,74
46.21 50.60
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The mixture was sealed in a silica reaction tube, evacuated to
'10-3 torr and heated for several hours at 5000. Analytical
results are listed in Table 10.

PaFu/PaO2 andeFh_/UO2 mixtures both failed to react under these
conditions.

Preparation of neptunium tetrabromide 4100mg of neptunium metal,

in the form of wire, was placed in a silica reaction vessel with a
side-arm similar to that described elsewhere(76). 1-2ml of bromine
was placed in the side-arm and degassed under vacuum using a freezing
and melting technique. After several degassings the silica tube was
evacuated to 10-3 torr with the bromine frozen, sealed off and heated
at L,.OO0 for several hours. The NpBrA

apparatus as it formed. When the reaction was complete the remaining

sublimed to cooler parts of the

bromine was condensed in the side-erm, which was then sealed off.
Preliminary reactions at higher temperatures (up to 6000)
resulted in the formation of a mixture of NpBr3 and NpBrh.

Preparation of actinide (V) oxyhalides and PaF_ hydrates New
4

protactinium (V) oxyiodides, PaOI3 and PaOZI,and neptunium (V) oxy-

fluorides, NpOF, and 'NpOzF', have been prepared. Attempts to prepare

3

new protactinium (V) oxyfluorides were unsuccessful but new preparative
methods have been established for PaZOFS and the previously unknown

monohydrate PaFS.Héo has been characterised.

Protactinium (V) oxytriiodide, Pa0I, In a typical experiment

5

PaI5 (50mg) was placed in a pyrex reaction vessel of known volume
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and a slight deficiency of oxygen for reaction 3 was admitted.
The reaction vessel was sealed and totally enclosed in a furnace
at 300-350o for several hours. The temperature was raised to
14.00o and the tube partially withdrawn to allow the excess pro-

tactinium pentaiodide to sublime leaving the non-volatile, dark

brown. PaOIB.
350
2PaI5 + 0, ===> 2Pa013 + 21, (3)
150-20Q°
5pely + szo3 ------ S 3Pa013 + 2SbI3 (4)

Aitérhafiveiy; Pa15 (SOﬁg) was infiﬁatély ﬁixed ﬁith.the sfoicheio;
metric amount of Sb203 required for reaction 4. The mixture was

sealed in an evacuated pyrex reaction vessel (10-'3 torr) and heated
at 150-200°. SbI, rapidly sublimed leeving the oxytriiodide, which
was then heated for several hours at 1...00o to increase crystallinity.

Both preparations gave products with virtually identical analyses

(Teble 11).

Protactinium (V) dioxyiodide, PaO»I PaOI3 (50mg) sealed in an eva=

L

cuated pyrex vessel (10 & torr), was heated at 1450°. During the

disproportionation (reaction 5) the resulting Pal_ sublimed to

5

cooler parts of the reaction vessel leaving a residue of the non-

volatile,chocolate coloured PaOZI.
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Table 11

Analytical results for actinide (V) and (VI) oxyhalides

and protactinium pentafluoride hydrates

Compound

Pa20F8
PaF5.2H20

PEFS.HQO

PaOI
3

- Pa0,.I

2

NpOF 1.5H20

3

0
Np F3

INPOZF t

N’pOZF2

Colour

white
white
white
dark brown
dark brown
blue-green
blue—green

light green

pink

Required (%)

M X
73433 2L.13
63.81 26.24
67.15 27.62
36.78 60.67
61.76  33.96
70.4 16.95
7645 1844
82.8 6.6
77.2 12.38

Found (%)

M
72.8
63.2
66.5
36.8

61.2°

70.4
7549
79.6
77.8
78.8

80.2

77.0

X
25.0
26.9
28.4
60.5
3hi1
16.3
17.7

6.9%
7.4°
8.8°
9.3%

12.4

M = metal X = halogen

&reaction time 5 days temperature 325°C

breaction time 5 days temperature 325°C

Creaction time 2 days temperature 350°C

d'reaction time 2 days temperature 35000
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4502
213&013 225 Pa0,I + Pa15 (5)

3Pal, + 2500, ---3 3Pal,l +L|.Sb13 (6)

5 3

Reaction between the stoicheiometric amounts of PaI5 and Sb203
(reaction 6), as described for PaOIB, provided an alternative
method of preparation. Samples from both preparations gave al-

most identical analytical results (Table 11).

Neptunium (V) oxytrifluoride hydrate,NpOF;:1.5H29 Np205 (0.18),
contained in a platinium boat, was heated at AOO in gaseous,
anhydrous hydrogen fluoride. After 3-4 hours the hydrogen fluoride
flow was shut off and the apparatus purged with dry, high.pﬁrity
argon. The blue-green product had a composition close to

NpOF ,  1+5H,0 (Table 11).

3
Neptunium (V) oxytrifluoride, NpOF., The above hydrate, when heated
7

at 150—200o in a stream of anhydrous hydrogen fluoride, was con-

verted to the blue-green NpOF Above 200° some reduction to

3.
Nth occurred. Fluorine was not an effective dehydrating agent
below 180° and above this temperature oxidation took place. Analy-
tical results are listed in Teble 11.

Neptunium (V) dioxymonofluoride, NpO,F In a typical reaction NpOF,

(0.108g) was heated at 325o with the stoicheiometric amount of
hydrogen to remove one fluorine atom (12.5cm Hg at 250) in a vessel
of known volume (2400) for 5 to 6 days. During this time the

initial pink solid (Np02F2) gradually changed to pale green. Above
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350o the product was extensively contaminated with Np02.
U02F2 underwent a similar reaction but the product gave irre-
producible analytical results.

Protactinium pentafluoride dihydrate, PaF_.2H,0 0.1g of vacuum
<

2

dried protactinium (V) hydrous oxide was treated in a platinium

boat with anhydrous,gaseous hydrogen fluoride at room tempera-
ture. The deliquescent white product was identified analytically

as PaF5.2H2O (Table 11).
The previously reported method(47’ 121)

for the preparation of

PaF_.2H 0 was found to yield a mixture of PaF .2H20, PaF_.H, O and

5 72 5 572
PaZOFB’
Protactinium pentafluoride monohydrate, PaF_.H.O 0.1g of
H—2—

PaF5.2H20 was heated in a stream of anhydrous hydrogen fluoride at

40°-60°. The product was identified analytically as PaF ;. H,0

(Table 11).

Diprotactinium oxyoctafluoride, Pa2928 The numerous attempts to
prepare new protactinium (V) oxyfluorides (discussed later) all
resulted in the formation of Pa20F8. For example, it was obtained
when PaF5.H20 (0.1g) was heated in gaseous hydrogen fluoride at
1400 for 2 hours or treated with fluorine at room temperature, when
the hydrous oxide was heated in hydrogen fluoride at 1&00-3500 and
when PaOBrB,or PaOzBr,was treated with fluorine at room temperature.
The vacuum evaporation of a hydrofluoric acid solution of Pa (V)

(0.1g in 2ml) initielly yielded & mixture of PaF.2H,0,

5
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PaF5°H20 and Pa,0Fg (identified crystallographically). Pumping
the solid for 2-3 days produced pure Pa20F8. Typical analyses

are given in Table 11.

The preparation of neptunyl fluoride,NpOOEQ Pure Np02F2 has been
prepared for the first time by a variety of methods. Neptunium
pentoxide (0.1g) and neptunium oxytrifluoride hydrate were oxi-

dised to Np02F2 by fluorine at 3300 and bromine trifluoride

converted NpO .H20 to Np02F2 at room temperature. The most con-

3

venient methods of preparation are the reaction between NpO

3

and anhydrous, gaseous hydrogen fluoride or fluorine, and‘the

'HZO

reaction between NpO .H20 and aqueous hydrofluoric acid. Typical

3

analyses are given in Table 11.

Anhydrous ngzggkfrom agueous solution NPO}'HZO (0.5g) was dis-
solved in molar hydrofluoric acid and the resulting grey-green
solution evaporated to dryness under vacuum to yield a pink solid.
The final traces of water were removed by vacuum drying the pro-
duct at room temperature for 8-12 hours (10-3 torr).

-H,0 (0.58) was heated at

Anhydrous Npozg2 from dry reactions NpO3
225O for L4 hours in a flow of either anhydrous hydrogen fluoride or
fluorine. In both cases the reaction tube was cooled to room tem-
perature before the fluorinating gases were flushed out with high

purity argon.

The preparation of fully fluorinated actinide (V) complexes Only

two new neptunium (V) complexes have been prepared pure, these are
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Na_NpF
3 D.

8 and ijNpFS' Identical preparative methods were used.

NpF) (50mg) was ground with 3 moles of either NaF or RbLF and the
mixture, in a nickel boat, was heated at BOOO-AOOO for 2-8 hours in
fluorine.

Alternatively, the required amounts of NpO2 and alkali metal
fluoride were dissolved in nitric acid containing a little hydro-
fluoric acid and the solution evaporated to dryness. The solid product
was heated, in a nickel boat, at 3000-14.00o for 2-8 hours in fluorine.

In each case the products were identified crystallographically and

shown spectrophotometrically to contain only neptunium (V).
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Chapter 4
RESULTS AND DISCUSSION

Actinide Oxyhsalides

With the exception of the oxyfluorides, antimony sesquioxide has
proved useful for preparing actinide (IV) and (V) oxyhalides. Pre-
viously the preparation of certain thorium (IV) and uranium (IV) oxy-
dihalides, MOX, (M = Th, X = F, C1, Br and I; ¥ = U, X = C1 and Br) had

involved either the reaction between an 'active! dioxide and a tetra-

halide(79’ 80) or the thermal decomposition of a tetrahalide hydrate(77).

The reaction between Sb, 0, and actinide tetrahalides, however, has the

2°3

advantages of a low reaction temperature and easy removal of the anti-
mony trihalides from the reaction zone by sublimation. In addition no
reactive reagents need to be prepared.

The known protactinium (V) oxyhalides and uranium (V) oxytri-

(75, 76,

chloride have previously been obtained as reaction by-products

122) during the preparation of the pentahalides. UOCl5(123) can be pre-

pared by heating together a 41:1 mixture of UClA and U02012 but this

method cannot be applied to the preparation of pentavalent protactinium
or neptunium oxyhalides. Protactinium (V) oxychlorides and oxybromides
have also previously been prepared directly, by reacting the pentehalides
with oxygen. PaOBr, and some new protacfinium (V) oxyiodides have now

3

been prepared by the reaction between Sb and the appropriate penta-

203
halide. This is a better method since lower reaction temperatures are

required and the solid/gas reactions are less convenient.
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The Sb203/pentahalide reaction was not used for the attempted
preparation of protactinium (V) and neptunium (V) oxyfluorides since

has yet to be reported. The

PaF5 is difficult to prepare and NpF5
reactions of Pa205 and Np205 with gaseous,anhydrous hydrogen fluoride
produced the previously known(47) Pa20F8 and the new neptunium CV)

oxyfluoride, NpOFj, respectively. The new protactinium pentafluoride

hydrate, PalF 0 and the previously reported(h7’ 121) PaF .2H20 have

5.H2 5

also been prepared by reactions involving protactinium (V) oxide and

gaseous hydrogen fluoride. NpOzF has been prepared pure for the first

2
~time by a number of different methods and hydrogen reduction of Np02F2
has produced another new neptunium (V) oxyfluoride, 'NpOZF'.

Several unsuccessful attempts have been made to prepare new pro-

tactinium (V) oxyfluorides by a variety of halogen exchange reactions.

Actinide (IV) oxydichlorides, oxydibromides and oxydiiodides

The tetrahalides, NXIF, (M = Th with X =F, Cl, Br and I; M = Pa

cl

with X = C1l and Br; ¥ = U with X = C1 and Br, and M = Np with X

and Br), react with Sb at 150°-200° in a vacuum and crystalline

203
samples of the oxydihalides are obtained by heating the non-volatile
residue at 4500. A few oxydihalides have also been prepared by the
actinide tetrahalide/actinide dioxide reaction, so that crystallo-
graphic and infrared results could be checked. Neptunium (IV)
oxydichloride has also been obtained from the reaction between thionyl
chloride and neptunium (V) hydrous oxide at about 200° (higher tem-

peratures caused further chlorination and neptunium tetrachloride was

the major product) in an apparstus similar to that used to prepare
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protactinium pentachloride§79This reaction was an unsuccessful attempt
to prepare neptunium pentachloride or a neptunium (V) oxychloride.

In order to study the preparation and properties of NpOBr2 in this
general study of the actinide (IV) oxydihalides, it was necessary to
improve the preparative method for NpBr, . The previous method of pre-

4
(49)

paration , the reaction between neptunium dioxide and aluminium

bromide at 3500, resulted in extensive decomposition to NpBrB. The
search for an improved method of preparing NpBJ:'I+ was greatly aided by
the availability of neptunium metal prepsred by Mr. J. A. C. Marples,
Metallurgy division at Harwell. The reaction between the metel and
bromine vapour proceeds smoothly at h.OOo with complete conversion to

NpB The partial X-ray powder diffraction results, together with

r).
visually estimated intensities, are listed in Table 12. These have
been interpreted on the basis of a monoclinic cell, isostructural with
UBr, , having &, = 10.89 4+ 0.02, bo = 8.74 + 0.02, c, = 7.06 4+ 0.01 Z
and B = 94.190‘1 0.06. These cell dimensions are almost identical

to those for UBrh and do not show the expected contraction. This is
probably because insufficient high angle lines, which show the effect
of small changes in cell dimensions most markedly, were present on the

films,.

Crystallographic properties The actinide (IV) oxydichlorides

form an isostructural series of compounds for which X-ray powder

diffraction results have been interpreted on the basis of the orthorhom-

(122)

bic unit cell, space group Pbam, reported for PaOCl2 whilst this work
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Table 12

Partial X-ray pov’der diffraction results for NpBr

SinAeobs SinAeCaic h,k,1 I*
0.0120 0.0116 0,0,1 s
0.0198 0.0197 2,0,0 m
0.0257 0.0254 1,1,1 m-
0.0293 0.0293 2,0,7 m+
0.0307 0.0305 0,2,0 8—
0.0503 0.0505 2,2,0 W
0.0628 0.0628 2,0,2 S—
0.0646 0.0647 2,2,1 m+
0.0675 0.0677 3,1,1 S
0.0739 0.0741 1,3,0 m-
0.0872 0.0871 4,0,7 m
0.0931 0.0934 3,1,2 dw+
0.1068 0.1069 3,1,2 m
0.1099 0.1109 4,2,0 w
0.1136 0.1146 3,3,0 W
0.1170 0.1165 1,1,3 m
0.1199 jo.1197 0,3,2 W
(0.1203 12,0,3
0.1230 fo.1229 [3,3,7 dm+
I10.1232 11,1,3
0.1368 0.1366 4,0,2 m
0.1514 0.1513 2,2,3 dw

“Visually estimated.
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was in progress. The cell parameters, which are listed in Table 13, show
the effect of the actinide contraction, decreasing with increasing atomic
number. Smith et al.used the X-ray powder diffraction data of Brown end

Jones(115) to confirm that crystals of PaOCl, had been obtained during

2
an attempted preparation of Pa014 and these crystals were used in the

determination of the recently published(124) structure. The X-ray dif-

fraction results obtained for UOCl2 are identical,with those reported by

Table 1 2

Unit cell dimensions for the actinide (IV) oxydichlorides*

Lattice parameters (X)
2, bo c,
ThOC12 15490 18.095 4.078
PaOCl2 15.332 17.903 4,012
U0C12 15.255 17.828 3,992
Np0012 15.209 17.670 3.948
standard deviation +0.008 +0.008 +0.002

*A1] possess orthorhombic symmetry, space group Pbam.
Dunn(125). The actinide (IV) oxydibromides also form an isostructural
series. Their X-ray powder diffraction results suggest that they possess
low symmetry and no interpretation has been made. Typical)partial
X-ray powder diffraction results, for NpOCl2 and NpOBrz, are listed,
together with visually estimated intensities, in Tebles 14 and 15
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L0197
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.0487
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.0657
.0685

.0692
L0711

Sin”
calc
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T O
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Oé)OOOOOOOO
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0.0579
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Table 14
Partial X-ray powder diffraction results for NpOCl“#

3
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w+

VW

w+

visually estimated intensities.
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.0790
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.0886

.0918

.0922

.0947

.0999
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.10091
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.1194
L1243
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.1326

s, strong;

Sin”® 6

0

£0.
(0.

0.
[O.

(0.

p

(0.
0.

ro.

cacl’

.0793
0812

0814

0869
0883

0887

.0917
0916

0925
0944

.0947
.1000

.1035
.1042

.1066
.1092
.1088
.1099
.1096

.1096

.I096
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.1243
L1267
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.1326
L1327
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Table 13

Partial X-ray powder diffraction results for NpOBr#

I» I*
0.0094 s+ 0.0858 m
0.0178 W 0.0910 m
0.0247 W 0.0930 m
0.0273 w 0.0971 w
0.0366 S 0.0985 wt
0.0443 wt 0.1010 W
0.0462 W 0.1025 w+t
0.0482 m+ 0.1049 W=
0.0521 W 0.1116 W+
0.0546 w+t 0.1172 W
0.0600 wW— 0.1274 W=
0.0614 W= 0.1307 W
0.0642 W 0.1361 W
0.0665 m+ 0.1421 w—
0.0737 ni+ 0.1482 8-
0.0762 m+ 0.1572 W
0.0802 m+ 0.1675 w
0.0813 m+
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respectively. The unit cell dimensions (Teble 13) for each of the
actinide (IV) oxydichlorides were obtained by least squares refine-
ment of over 100 individual reflections.

Infrared spectra Selbin and Schober(85) have reported the infra-

red spectra of various hydrated uranium (IV) hydroxychlorides and of the
‘compound,, UO1 15012 1° obtained by thermally decomposing the hydrates.

This last compound gave medium intensity bands at 736cm"1 and 719cm-1,

1 1

which were assigned to 0-U-0 modes, strong bands at 555cm— and 5150m-
(2lso present in similar positions in the various hydrates), which were
~ assigned to U-O stretching vibrations and bands showing that traces of
OH and H2O were present. Selbin and Schober also prepared U0012 from

UO2 and UClh at 700o and reported a band at 7300m_1. The only other
available infrared data for the actinide (IV) oxyhalides have been
reported by Prigent(86), who found two bands for UOBrz, one strong and
broad at SOOcm-1 and the other a shoulder at 546cm_1, and by Scaife et
al€81)’ who found no bands above 600c:m-1 for ThOI2.

| In this work no actinide (IV) oxydihelide. has been found to give
absorption bands in the region of 73Ocm-1 (Table 16) and samples of
UOCl2 and NpOC12 prepared from the tetrahalide by both the Sb203 and
the dioxide method give no bands zbove 6OOcm-1. The oxydichloride and
oxydibromide spectra (Th to Np inclusive) are very similar between
600cn™ ! and 225cm”'. Small shifts in band positions (to longer wave-

length) occur with increasing atomic number and certain oxydichlorides

have two extra weak bands around 2900m-1 and 2800m-1, which are
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Table 16

Metal-oxygen and metal-halogen stretching vibrations in the infrared
spectra of actinide (iv) oxydihalides

Compound

ThO?2 *

ThOClg

PaOClg

UOClg

NpOC1l

ThOBr#

PaOBr”*

UOBr

NpOBr*

ThOI

PaOIg

S—-strong;

Colour

White

V/hite

Yellow-green

Green

Light brown

White

Orange

Pale green

Orange

V*hite

Burgundy

541m, 377s,b, 330w, 307w

571sh, 540s, 481s, 344s,b,
25%9m, 246m

555sh, 523, 471s, 327s,
256sh, 243m

555sh, 521s, 453m, 300s,b,
259m, 242m

555s, 529s, 460m, 333s,b,
233m, 240m

343s, 329s, 493s, 463s,
333s,b, 256m, 243vw

546sh, 518s, 493s, 446s,
319s,b, 259m, 240vw

538sh, 505s, 429s, 294s,b,
253w

540sh, 500s, 424s,b,
315s,b, 258w

500m, 444m, 325s,b

459m, 434m, 303s,b

sh-shoulder; m-medium; w-weak; b-broad.

*the stretching vibrations are unassigned.
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Figure 2
Infrared spectra of ThOClz, '.I.‘hOfBr2 and Pa.()I2
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tentatively assigned to metal-chlorine stretching vibrations. The
absence of these weak bands in the spectrum of U0012 may be due to
masking by the strong, broad band at around BOOcm-1, which occurs in all
the oxydichloride spectra. Certain spectra are illustrated in Figure 2
and band positions are given in Table 16. There is a large difference
in the positions of M-Cl and l[-Br vibrational frequencies (about 26Ocm-1
and 1800m-1, respectively) in the spectra of the actinide (IV) hexa-
halogeno-complexes and, therefore, the two weak bands discussed above
would seem to be the only ones likely to be associated with metal-
_ halogen vibrations. The close similarity of all the remaining peaks in
the spectra of the oxydichlorides, oxydibromides and oxydiiodides
(Th012 and PaOIZ) suggests that these bands should be assigned to metal-~
oxygen vibrations.

The recent structuralvdetermination of PaOCl2 has shown that each
protactinium is co-ordinated to either three or four oxygens and, there-.
fore, the above infrared results show that all the actinide (IV) com~-

pounds of the type MOX, do not contain discrete MO2+ groupse.

2
The band observed by Selbin and Schober at 7_'500m-1 for anhydrous

UOCl2 is not compatible with these results. Unfortunately no X-ray
powder diffraction data were given by these authors so no direct deduc-

tions can be made. It is possible, however, that the UO, used by them

2

was contaminated with,U308 and some uranium (V) oxytrichloride was

obtained. The spectrum of a sample of UOCl, prepared in this laboratory

3

by reacting uranyl chloride with uranium tetrachloride showed a strong
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band around 7300m-1. All the compounds described here were perfectly

anhydrous, no bands being observed around B,AOOcm-1 (OH stretching
vibration) or around 1,600(':mm1 (H20 wagging mode) so that the bands
observed around 500(:111'-1 are not due to (U—O)OH modes.

Chemical properties The oxydihalides are less moisture sensitive

then the tetrahalides and are sufficiently stable in contact with sello-
tape to allow the Guinier method to be used for the collection of X-ray
powder diffraction results. Only PaOCl2 showed signs of slight decom-
position. The oxydihalides are rapidly hydrolysed by dilute agqueous
ammonia. They are soluble in minergl_agids but insqluble_in organic
solvents such as benzene, isopentane, carbon tetrachloride, chloroform,
methyl cyanide, methylene dichloride and nitromethane.

NpOCl2 is thermally unstable with respect to the tetrahalide and
dioxide above 600°. This disproportionation reaction is characteristic
of the actinide (IV) oxydihalides apart from Th0F2(39).

Actinide (IV) oxydifluorides

A number of different methods have been used in attempts to pre-

pare compounds of the type MOFZ. However, only the previously known

ThOF2(77’ 78) has been obtained.

n and Th02 at

900°. UOZ/UFA and PaOZ/FBFh mixtures have been heated to 700° and

ThOF2 has been prepared by the reaction between ThF

I+50o respectively without reaction taking place. The reaction between
Sb203 and the appropriate tetrafluoride has also been tried. Sb203
and ThFh reacted at 300o in a vacuum to produce ThOFz, which was
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identified crystallographically. The analogous reaction between Sb203

and UFh.produced e mixture of UF, and U02.

4

Another possible route to the oxydifluorides which was investi-
gated involved the reaction between antimony trifluoride and one of the
other oxydihalides. ThOF2 was formed by the reaction between Th0012

end SbF, at 200° but the product of the UOClz/Sij reaction was shown

3

by X-ray powder diffraction analysis to again be a mixture of UO2 and

UF#'

Arsenic trifluoride converted protactinium (V) oxyhalides to Pa,0Fg

(see later) but it did not react with ThOBr
(126, 127)

o OT UOCl2 at room temperature.

Two reports on the preparation of UOF2 have appeared
recently. One states that the compound is black, the other states it is
green. Neither paper gives sufficient detail for the reliability of

the work to be assessed.

Actinide (V) and (VI) oxyhalides

Protactinium (V) oxyiodides

(75) (76)

Several protactinium (V) oxychlorides and oxybromides and

(47)

one oxyfluoride, Pa,‘O]i‘8 are known, but no protactinium (V) oxy-

jodides have previously been prepared. With the improved methods for
the preparation of protactinium pentaiodide (developed by Dr. D. Brown
and Mr. P, J. Jones in this laboratory) it has been possible to investi-

gate the preparation of protactinium (V) oxyiodides. By reacting Pal

5

with Sb,0; (equations 4 and 6,p,38&40) the two new oxyiodides PalI,

and Pa02I have now been prepared. Oxygen has also been reacted with

the pentaiodide but this is a less satisfactory method. The oxyiodides
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Figure 3

Infx_‘ared_ spectra of PaOBr, and PaOZBr _
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have also been observed as by-products during the preperation of Pal

5

by the reaction between protactinium pentoxide and silicon tetraiodide.
Protactinium (V) oxytriiodide disproportionates above 1.;.50O in vacuo to
give protactinium (V) dioxymonoiodide and protactinium pentaiodide

(equation 5, p.40 ). The Pa0,I so obtained is a fluffy, mustard coloured

2

compound in contrast to thedark brown solid obtained from the Sb203
reaction. Both samples give identical X-ray powder diffraction patterns,
infrared and analytical results.

Crystallogrephic properties The X-ray powder diffraction results

for PaOI_, and PaOZI are listed in Table 17. Those for PaOZI have_been

3
interpreted on the basis of & hexagonal unit cell with a, = 12.64.1 0.01
and ¢ = 4.07 + 0.01 X. Unfortunately no single crystal date are avail-
eble and the assignments can only be regarded as tentative. PaOI3
gave poor quality X-rey powder diffraction photographs even after sam-
ples had been heated at l;.OOO for a number of hours.

Infréred spectra The absorption bands observed in the spectra of

PaOI3 and PaOZI are very similar to those of PaOBr5 and PaOzBr. (Table
18). The presence of an extra very weak band at 1.;.69(:1:1—1 in the spec-
trum of PaOzI is the only difference from that of PaOZBr. Improved
spectra have been obtained for the oxybromides and these are illus-
trated in Figure 3. The similsrities between the oxybromide and oxy-
iodide spectra support the assignment of the bands as metal-oxygen
vibrations rather than metal halogen. No bands are observed above

6000m-1, which would seem to exclude the presence of discrete PaO3+ or
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Table 1 /

Partial X-ray powder diffraction results for PaOI, and Pal0,_ I
4 2

PaOI3

Sin?eobs
0.0414
0.0492
0.0540
0.0587
0.0647
0.0670
0.0930
0.0997
0.1142
0.1204
0.1312
0.1367
0.1430
0.1493
0.4622
0.1707
0.2104

W+

. 2
Sin eobs

0.0349
0.0400
0.0438
0.0546
0.0779
0.080k
0.0935

0.0998
0.1136
0.1292
0.1327
0.1365
0.1410
0.1766

0.1915
0.2135
0.2210
0.2362

0.2764

Pal_. I

Sin29
0.0351
0.0400
0.0439
0.0547
0.0781
0.0796
"0.0930
: {0.0941
0.0992
0.1138
0.1288
0.1323
0.1374
0.1418
0.1767
{6.1767
0.1915
0.2129
0.2205
0.2360
{0.2360
0.2768

cale

h,k,1

0,0,1
1,0,1
3,0,0
2,0,1
4,0,0
3,0,1
3,2,0

" 2,231

3,151
4,0,1
3,2,1
3,3,0
L,2,0
0,2,2
6,0,0
2,1,2
5,2,0
6,0,1
4,0,2
3,2,2
I,k ,0
7,0,1

I*

W4

d,w
d,w

d,w

w-weak; m-medium; s-strong; d-diffuse.

¥isually estimated.
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Paoz+ groups in any of these compounds. The structure of PaOBr3(128)

has been reported recently. It is a polymeric 6xygen and bromine

bridged molecule and in view of the similarities between the infrared
spectra of PatOB:c‘3 and PaOI3 ’
similar oxygen bridged molecule with the oxygens at least three co-

the latter would also be expected to be a

ordinate.

Chemical properties Both oxyiodides are moisture sensitive and

immediately hydrolysed by water and dilute aqueous ammonia but they
may be safely stored in a dry atmosphere box. They are insoluble in
carbon tetrachloride, cyclohexane and isopentane..

Tsble 18

Protactinium-oxygen stretching vibrations for the
pentavalent oxybromides and oxyiodides

Compound Colour vPa-O (cm_1)
PaOBr5 Green 515m; L476w; 36Ls; 303w
PELOI3 Dark brown 480m; -; 339s; 276w

PaOzBr Off-white 575m; -; 386s; 286w

PaOQI Dark brown 555m; L4L69vw; 386s; 281w

Neptunium (V) and (VI) oxyfluorides

Although protactinium (V) (47) and uranium (V) (74) oxyfluorides of

the type M,0Fg (M = Pa and U) are known, the only recorded neptunium

(69)

oxyfluoride is Np02F2 , and this has only been prepared contaminated
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with sodium fluoride by the reaction of sodium neptunyl (VI) acetate
and anhydrous hydrogen fluoride at 300-3500. The product was identi-
fied by its X-ray powder diffraction pattern which showed it to be
isostructural with U02F2. The recent preparation of neptunium tri-
oxide(1o3) hydrate and neptunium pentoxide(103) has now led to the

direct preparation of NpO end some neptunium (V) oxyfluorides.

2F2
NpO2F2 has been prepared by the reaction between neptunium trioxide

hydrate and anhydrous hydrogen fluoride at 2250-2500. Above 250o

some reduction tekes place. For example, 200mg of Np02F2 yielded a

product containing 30% Np (V) when heated at 350° in anhydrous hydro-

gen fluoride. X-ray powder diffraction patterns of the product sug-

gested that only Np02F2 was present but, should NpOF, be produced, no

3
extra lines will be observed since, as discussed later, the compounds
are isostructural. The pentavalent compound could not be isolated

because longer reaction times and higher temperatures caused further

reduction to NpF Between 350O and )+5OO mixtures of Np02F2, NpF

4° 4
and the pentavalent compound were obtained in varying ratios. The
pale green product obtained at 550O was insoluble in acids and the
X-ray powder diffraction pattern showed it to be NpFA. Neptunyl
fluoride is thus less stable than uranyl fluoride which has been
reported(129) to be stable in anhydrous hydrogen fluoride to 600°.
This observation has been confirmed but at 6500 some 10% reduction to

UF, does occur though only in the layer in direct contact with the

N
platinum container. Hydrogen impurity was at first thought to be the
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cause of the reduction but gas chromatography indicated that less than
0.1% total impurity was present in the HF and this, coupled with the
uranyl fluoride observations suggested that the observations were
genuine. As discussed later the hydrogen reduction of Np02F2 and U02F2
in sealed systems starts at 325° and 360° respectively.

Neptunium pentoxide is readily oxidised to NpO,F,, by fluorine at

350° but the reaction is slow at lower temperatures. No neptunium (v)
fluoride was detected as an intermediate product. Np02F2 is also ob-
tained by the action of either fluorine at 225° or bromine trifluoride
at 25° on neptunium trioxide monohydrate. It is conveniently prepared
’mérely by vacﬁum evaporation of a dilute hydrofluoric acid solution
containing neptunium (VI). In addition the evaporation of hydro-
fluoric acid solutions of neptunium (VI) in air et 50° gives anhydrous
NpO,F, wherees under similar conditions a uranium (vi) solution(119)
deposits crystals of U02F2.2H20.

Neptunium pentoxide reacts with anhydrous hydrogen fluoride at
10°-60° to yield the hydrated oxytrifluoride, NpOF ; . xH,0 (1< x <2),
which is readily dehydrated at 100%-150° in anhydrous hydrogen fluoride.
Above 225o some reduction to NpF, occurs. An unusual feature of the

4
reaction is the fact that if the N’p205 is heated to 300° before the
hydrogen fluoride is admitted, no reaction occurs. This is strange
since Np205(103) is prepared by vacuum thermal decomposition of
NPOB'H2O at 550°-L00°. The lack of reactivity may be due to surface

deactivation or possibly the water produced dﬁring the reaction,

Np205 + GHF —~—> 2Np0F31.5H20 (7)
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is necessary as a catalyst and is driven off too rapidly at 3000. The
water content of the hydrate appears to be due solely to that produced
during the reaction and not to the presence of traces of moisture in the
anhydrous hydrogen fluoride since no increase in hydration is detected
on prolonged contact with anhydrous hydrogen fluoride at 400-600. With
relatively small amounts (0.1g) of the compound available for analysis
and the water content being inferred from the results for the neptun-

ium end fluorine the compound is referred to as NpOF.xH,0 (1< x <2).

3
The products obtained from reactions between hydrogen and Np02F2
have given anelytical results depgndent_on the duratiqn and temperature
of.tﬁe reaction. Thus, the products of reactions done at 325o for five
to six days analyse approximately as NpOzF, the range of composition

. ) . 0o
being NpO, ooF, oo to NpO g» Whereas reactions at 340 (two to

1.9171.1

three days) have given products in the composition range NpO1 89F1 29

‘to Np01.8F1.4. Above 350o considerable reduction to Np02 occurs, but
between 3250 and 350O the essentially pentavalent produce contains only
a little (L4-6%) Np0O,. All the products gave X-ray powder diffraction
patterns which were virtually identical with that of Np01.96F1.08'
Slight changes in unit cell parameters would be expected if the products
were single phases of varying composition. There were, however, insuf-
ficient high-angle reflections present to obtain the high accuracy in
the cell dimensions necessary to prove this point. It is also possible

that impure samples of NpO,F were prepared and the impurity was an

2

amorphous neptunium (V) compound. In view of the uncertainty the
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compound is represented as ’NpOZF'.

Preliminary work on the analogous reaction between UO and hydro-

2F2

gen showed that reduction starts at 360o but after 17 hours at this

temperature only a quarter of the U02F2 had been reduced. Reaction

periods of six days changed the colour of this initial product from

green to dark brown. The resulting solid analysed as UO A

F .
1.9271.13
dark brown product was also obtained from reactions at L4.80o and al-
though this gave an identical X-ray powder pattern to the product ob-

tained at 360o it contained no fluorine.

Crystallographic properties On the basis of the X-ray powder

3 is isostructural with Np02F2. The

close similarity in the unit cell dimensions of NpOF3 and Np02F2 is not

dififraction results (Table 19) NpOF

surprising as the sizes of oxygen and fluorine atoms are very similar.
The oxytrifluoride hydrate gives an X-ray powder diffraction pattern very
similar to that of the anhydrous compound with Jjust a few extra diffuse
lines present. The films were of poor quality, however, and the results
have not been interpreted.

The X-ray powder diffraction results for 'Np02F' have been tenta-
tively interpreted, in the absence of single crystal data, on the basis
of a tetragonal cell (Table 19). The close agreement between the ob-
served sin2 © values and those calculated on the basis of the tetragonal
cell is shown in Table 20.

The UOzFJHz products all gave X-ray powder photographs identical

with those of UO (Table 19).

2.9
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Table 20

Partial X-ray pov/der diffraction pattern of NpO"

Sin”e
obs

0.0084
0.0118

0.0175
0.0200
0.0338
0.0430

0.0460

0.0544

0.0693
0.0798

0.0837
0.08%
0.1030

0.1119
0.1139
0.1377
0.1462

0.1487
0.1574

w-weak; m-medium;

A

calc

0.0087
0.0116
0.0173
0.0202
0.0344
0.0430
. 0461
0.0459
[0.0647
100545
0.0687
.0.0801
JO.8
0.0887
0.0891
0.1037

0115
01022
0.1147
101371
ID.I376
10.1456
0.1464
0.1484

1573
1570

Sin”e

“Visually estimated.

k,1 D
100 W
00 1 W
110 w—d
101 w
200 m+
210 w-
002
201 °
102
211 "
22 0 wd
221 |
202 ™
301 w-
212 w/-
003 w-
320
103 "
2 % % W
4
2 O 3 m+
4 10
213 "
e
3
411 "

s-strong; d-diffuse

_64 A\Y

obs

0.1718

0.1813
0.1840

0.2177

0.2219
0.2268
0.2409
0.2505
0.2736
0.2843

.2933
.3042

.3193

.3216
.3499

.3353

.3842
.4136
.4216
.4426
.4476
.4569

O O O OO O O o o [eNe]

'_\
coocooocog coBoooooocoocolREgs0053

Sin”e

96”1

calc

0.1712
.1720
.I806
.1840
L2171
.2182
.2224
L2267
.2403
.2522
L2735
.2850
.2938
.3043
L3191
.3194
.3214
.3503
.3553
.3546
.3844
.4134
L4219
.4436
.4475
.4569
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The X-ray diffraction results for Np02F2 agree with the published
<3.:a.‘t:ta,(13 0) .

AInfrared spectra The Np-O stretching vibration for both NpOF3 and

NpOFB.xHZO (Table 21) occurs very close to 1:he"y3 (asymmetric Np-0

stretching vibration) for Np02F2.v It has previously been noted that

related compounds containing Np05 * and Npo?_2+ groups have very similar

Np-0 stretching vibrations. For example, the chloro-complexes(wz)

CsszOCI5 and Cs,Np0,C1) (~ 9200m-1) and the nitrates(131)

NpO(NO,) ;. 3H,0 &nd NpO,(NO,) ,.6i1,0 (~/960cm™'). A sharp band observed

1

at 852cm ' in the spectra of NpO]s"3 and Np0F5.xH20 may be associated with

a Np-F vibration since no analogous metal oxygen bands have been ob-
served in the spectrum of CsszOCl5 or NpO(N03) 3.3H20 and the sharpness
rules out a combination mode. Despite NpOF, and NpO,F, being iso-

structurel their infrared spectra are quite different below 900cm-'1

(Table 21).

Samples of Np02F2 prepared by high temperature reactions involving

hydrogen fluoride or fluorine have a slightly different "V3 position

from samples prepared from aqueous solution (Table 21). It has pre-
viously been reported(“g) that - )/3 occurs at 1010cm | for U0, ¥,
prepared by dehydration of U02F2.21-120 whereas it is observed at

990cmmJl in sample of U02F2 prepared by reactipg anhydrous hydrogen

fluoride with UOB' During this study neither the symmetric Np-0

stretching vibration,2/,, nor the combination band, )/ 1+V3, have

-1
been observed, although the latter has been observed(119) at 1872cm
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Table 21

-1 . .
Infrared spectra écm } of neptunium and uranium pentavalent

and hexavalent oxyfluorides

Compound "*"Np-0 "~"Np-P

Uo2p / 990s. 286s.b.

NpOgF~* 980s. 278s.b.;255s.b.

NpOgEg ' ™ 990s. 278s.b.;255s.b.

NpOF 985 s. 8$2w.sh.;350b. ;
300s.b.

NpOP .xHgO 985 s. 852vEt.sh. ;300s.b.

"NpO 825s.;705s. 274s.b.

'Uo 800 s

Anhydrous preparative method

"Prepared from aqueous hydrofluoric acid

*0f variable intensity

s-strong; sh.-sharp; m-medium; w-weak; b-broad,

66

Other bands

1160s.

3450 (OH s t.)
1630 (H"O rock)

1160w.

1100w.b.*";955w.";
400w.

1075W.b .~ ;990w.b *»



for U02F2. Neptunium oxygen stretching vibrations for compounds con-

taining the Np02+ group have previously been observed at 759cm-1

(102)

(1¥pO,,NO 0)(131) ang gooen™ (Cs5Np0,01, ) . The two bands ob-

3.H2
served in the spectrum of 'NpOzF‘ at 825cm—1 and 7O5cm-1 are tentatively
assigned to Np-0 vibrations and the strong broad band at 272;.c:m-1 to a
Np-F stretching vibration. In the absence of complete structural data
and a full co-ordinate analysis the remaining bands in the spectra of the
pentavalent neptunium compounds are difficult to assign although the
weak ones at 1110cm” ' and 1160cm™ ' are possibly overtones.

The spectrum of the UOZFZ/HZ reaction product contained a strong -
band at 800cm | which is comparable with the 825cm™ ! band in the spec-

trum of 'NpOzF'. A strong, broad band between 6OOcm-1 1

and BOOcm-
obscured any weak bands in this region. The ‘10750m-1 band is probably

an overtone and that at 9900m-1 is probably due to traces of unreacted

U02F2.
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A 52 NpOF5.xH,

non-hygroscopic. 50mg samples do. not significantly change in weight

Chemical properties NpO F2, NpOF 0 and 'NpOZF' are all

when left in air for several days. They are insoluble in organic sol-
vents and the pentavalent compounds only dissolve in dilute mineral

acids in the presence of boric acid. However, NpO F,, like U02F2,

22’

readily dissolves in water and mineral acids.
The reaction between hydrogen fluoride and 'NpOZF' at 225o pro-

duces NpOF, and fluorine oxidises 'NpO F' to NpOF, at 300o without any

3 272

observable intermediate fluorides being formed.

Protactinium (V) oxyfluorides and pentafluoride hydrates

Only one protactinium (V) oxyfluoride(47), Pa,0Fg, and one penta-

(47, 121)

fluoride hydrate , PeF_.2H_ 0 have previously been reported.

572
During the present investigations various reactions have been studied
in attempts to prepare new pentavalent oxyfluorides and to establish
alternative preparative methods for the pentafluoride. In almost all
instances the products have either been Pa20F8 or hydrates of protac-
tinium pentafluoride. The work is briefly summarised below and certain
reactions which resulted in the formation of Pa20F8 are listed in Table
22.

The reaction between anhydrous hydrogen fluoride and vacuum dried
protactinium (V) hydrous oxide yields successively PaF..2H,0,

5772

5.H 0 and P%QF at 40 60° ana 140° respectively. All three phases

give characteristic X-ray powder photographs and sin2 © values for

PaF5.2H20 and PaF5.H20 are listed in Table 23. The unit cell constants
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Table 22

Reactions producing Pa20F8

Reactants Temperature

Pa (V) hydrous oxide/HF gas 140-350°

Pa‘F5 hydrates/HF gas 14,0-350°
PaClS/HF gas(a) 20°
(b) 0
PaZOB/ZOMHF ( ) 20
c 0
Pa205/HF gas 325
PaF; hydrates/F, o - 20°
0
PaOBr; or PaOzB:/Fz 20
Pe01,/H,/HF gas 20°
(o}
Pa20F8/F2 300
(o]
Pa20F8/HF 200
PaOBry or PaOzBr/Ast(d) 20°

(2)

the moisture sensitive Pa015 was possibly partially hydrolysed before
fluorination.

(b)solution evaporated dry under vacuum and pumped for 2-3 days at
103 torr.

'

(e)
(a)

product contained some PaF

5.
X-ray powder photograeph of product indicated the presence of an
impurity.

- 69 -



Table 2
Partial X-ray powder diffraction results for PaF_.H,O and PaF_.2H,0
pP ) 2_'

PaF; .H,0 PaF, . 2H,0
Sinzeobs I* sin°e_, _ I
0.0092 8- 0.0180 s—
0.0164 w- 0.0248 w
0.0216 w- 0.0355 w
0.0293 m+ 0.0471 s
0.0445 s 0.0500 w
0.0477 8 0.0515 W
0.0588 W ~ 0.055L4 s
0.0662 W+ 0.0602 m
0.0803 w 0.0671 m
0.0930 w 0.0950 w
0.1093 W4 0.1014 w-
0.1245 W+ 0.1047 w
01301 m 0.1204 W
0.1396 w4 0.1380 W4
0.1428 w 0.140L s
0.1540 w 0.146) m-
0.1685 W+ 0.1532
0.1760 W4 0.1648

0.169Y
0.1740 m-

I* visually estimated.

s-strong; m-medium; w-weak.
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obtained for Pa OF8 are in agreement with those reported by Stein(h7).

The reaction between Pa205 (obtained by heating protactinium (V) hy-
drous oxide in air at 1.,.670) and anhydrous hydrogen fluoride at 3250

yields a mixture of PaF_ and PaZOFB. Increasing the temperature to

5

375O does not convert all the Pa 8 to PaF5 At 500 Pa2 9

solid, is produced. Pa2F9 and PaZQFS are 1sostructura1(u7) with al-

most identical unit cell dimensions so it is not possible to determine

, & black

from the X-ray powder diffraction patterns at exactly what temperature

Pa2F9 is first formed. However, from the colour of the products it

would seem that this temperature is‘around.3700.

A number of other possible routes to PaF_ have also been studied.

5

The reactions involved only a few milligrams of material and the pro-
ducts were identified by X-ray powder diffraction analysis. The reac-

tion between PaCl_ and fluorine at room temperature has produced either

5

5.H 0 or an X-ray amorphous compound. It is possible that the latter

was PaF_ and only minute amounts of water would be necessary to produce

5

the monohydrate. At 200 fluorine and PaCl5 reacted to form Pa OF8 aAn

attempt to dehydrate PaF .H 0 with fluorine at 225 produced Pa

5 g
(at 100O the product was amorphous). Here too the initial product might

have been PaF_ since the presence of only small amounts of oxygen in

5

the fluorine would result in the formation of Pa.20F8 at higher tempera-
tures. Fluorine and Pa OF8 do not appear to react at 300 though this
(27)

too could be due to the presence of small amounts of oxygen. Stein

had to rigorously purify the fluorine he used for converting Pth to
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PaF_ in order to prevent the formation of Pa20F8. The reaction between

5

PaCl5 and hydrogen fluoride at room temperature has yielded Pa20F8

but this was probably due to initial hydrolysis of the PaCl5 by traces

of moisture. All these results emphasise that pure reagents and rigo-

rously dry conditions are essential for the preparation of PaF

(47, 121)

5

The reported preparative method for PaF5.2H20 was investi-

gated to see whether pure PaF .2H20 was indeed produced under the stated

5
conditions. O.1g of Pa205 was dissolved to 20l hydrofluoric acid and

the solution evaporated dry at 1100. X-ray powder diffraction results

indicated that the product was a mixture of PaF .2H20, PaF_.H.0 and

5 572

Pa20F A similar solution was evaporated to dryness in vacuo at room

8.
temperature and again e mixture of the two pentafluoride hydrates and

Pa20F8 was obtained. When this mixture was left for 48 hours under a
L

pumping vacuum (10 ' torr) at room temperature the final product was
pure P320F8.

The reactions of some of the known protactinium (V) oxyhalides
with gaseous hydrogen fluoride and with fluorine were studied in an

attempt to prepare new protactinium (V) oxyfluorides. In general either

PaF5.2H20 or PaFS.HZO was obtained by reacting anhydrous, gaseous hydro-

gen fluoride with PaOBrB, PaOzBr or Pa20301h. Hydration could occur

either as a result of traces of moisture in the box atmosphere or water
produced during reaction. Both PaOBrj and PaOZBr are converted by

fluorine or arsenic trifluoride at room temperature to Pa20F8. In the

AsF_ reaction an unidentified impurity is produced together with the

3
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Pa20F8 This same impurity !'grows into! Pa20F8 samples which have been

allowed to stand in stoppered glass vessels for 3 to 4 months and it may
be due to interaction between Pa.2OF8 and the glass. Preliminary results
indicate that the interaction of Pa 0F8 and Sb 293 produces a new cry-
stallographic phase but this has not yet been characterised.

Apart from peaks due to water at’VBAOOGm-1 andN1600cm"1 neither

+H. Onor PaF .2H 0 show infrared absorption bandsabove 6OOcm-1.

5 2 5
Pa O‘?‘8 has a strong peak at 745cm -1 with a shoulder at 8000m-1. Pa-0

stretching vibrations have been observed in this region in the spectra

of certain protactinium nitrates(132) such as Pa0(NO -XH,0 (773cm™ 1)

3)3
and Pa,0(10; ). 20H,CN (721en™ ).

Fully fluorinated neptunium (V) complexes
)(90’ 93)

In recent years a number of fully fluorinated U (V and Pa

(V)(90’ 91, 100) complexes have been reported. This work stimulated
interest in whether neptunium (V) fully fluorinated complexes were cap-
able of existence. Fluorine oxidation of neptunium (IV) fluoro-complexes,
anglogous to the method of Rudorff and Leutner(95) for preparing
N UFg from NajUF7, seemed a possible route to the neptunium (V) com-
pounds.

Mixtures of Np (IV) and potassium fluoride in the correct ratios

for producing KNpF6 and K NpF7 on oxidation, were prepared either by

2
evaporating to dryness a solution of Np02 and XKF in nitric and hydro-

fluoric acids, or by grinding together Nth and KF. The mixtures were
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loaded into nickel boats and heated in fluorine at 3500-3750 for 8
hours. When the fluorinated solids were dissolved in a mixture of
1I'.IHNO3 and 0.2 boric acid and their visible spectra studied variable
amounts of Np (V) and Np (VI) were found. In addition, irreproducible
X~-ray powder diffraction results were obtained.

At that time details of the preparation of RbQNpF7, CszF6 and the
(133, 134)

analogous plutonium compounds were published These were iso-

structural with szUF7 and CSUF6 respectively. The colours of these
neptunium (V) complexes corresponded with those of the fluorinated pro-
ducts obtained during the present study. The work of Asprey et al. was
repeated without success; mixtures of Np (V) and Np (VI) were still ob-
tained. No mention had been made as to whether or not the oxidation
states of their compounds had been determined. It was thought that
perhaps the neptunium (V) complexes were being further oxidised by
fluorine or traces of oxygen in the fluorine. The products were found
to be unstable even in an argon atmosphere dry box, the initial purple
colour changing to green in 1 to 2 days. There were no peaks in the
infrared spectrum around 800-1OOOcm-1 for either the oxidised compound
or its decomposition product so fluorine was probably causing the oxida-
tion to Np (VI) and the instability was probably not due to reaction
between the compound and moisture or oxygen.

The preparation of 3:1 complexes of the type M1 NpF8 was therefore

3

investigated to see whether these would be more resistant to further

oxidation. At temperatures as low as 250o 3:1 mixtures of NaF and

_7)+_



Np (IV) gave pure NaBNPFB' This compound was isostructural with
NaBPaF8(91) end Na3W8(93) end solutions in 1M HC10,/0.4U boric acid
and 1M HNOB/O.ZM boric acid gave pure Np (V) spectra. 3:1 mixtures of
RbF and Np (IV), fluorinated at 250°, yielded a product which was almost
isostructural with RbBPaF8(96) but there were also a few extra lines in

the X-rgy powder diffraction patterns. At 350° a mixture of Rb NpF8

3
and szNpF7 (X-ray diffraction analysis) was obtained. Both preparative
methods (p.43 ) produced compounds, which when dissolved in 1M HNOB/O.ZM
boric acid, showed 90% Np (V), 5% Np (IV) and 5% Np (VI) in the solu-
tion spectra. The Np (IV) and (VI) were thought to be produced by
glight disproportionation of the Np (V).

Despite the successful preparation of NaijF8 and ijNpF8 i? was
still not understood why the compounds reported by Asprey et al. were
not obtained. The only difference between the preparative methods that
. was apparent was their use of a sapphire boat whereas a nickel boat was
used for the present work. Therefore nickel boats containing NeF, KF
and RbF were heated at 350° in fluorine. The NaF did not react but KF¥
and RbF produced purple and lilac compounds respectively. It would
appear, therefore, that the failure to obtain 1:1 and 2:1 compounds was
due to the lack of sufficient alkali metal fluoride to stabilise all the
neptunium as Np (V). The Np (VI) observed was probably present as a com-
plex with the rubidium-nickel fluoro-complex. The presence of BszpF7

in the Rb N'pF8 preparation done at 350° was probably due to reaction of

3
some rubidium fluoride with the nickel boat at this temperature. The
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Table 24
Partiel X-ray powder diffraction results for Na,NpF8
7

NaijFB

sin® . Sin® . h,k,1 I*

obs calc e
0.0201 0.0212 0,0,2 n
0.0249 0.0250 1,0,1 s
0.0399 0.0400 1,1,0 m
0.0600 0.0602 15152 s
0.0653 0.0654 1,0,3 m
0.0800  0.0800  2,0,0  d,w
0.1000 0.1002 2,0,2 W+
0.41050 - 041051 2,1,1 m
0.1208 0.1208 1,1,k W
0.1458 0.1462 2,1,3 m+
0.1606 0.1608 2,0,4 s-
0.1806 0.1803 2,2,2 w
0.1845 0.1851 3,0,1 w
0.1995 0.2001 3,1,0 w
0.2203 0.2203 3,1,2 m
0.2224 0.2218 1,1,6 m
0.2261 0.2263 2,1,5 W+
0.2620 0.2618 2,0,6 w
0.2648 0.2652 352,51
0.2815 0.2809 3515k W=
0.3054 0-3056 3,2,3 W=
0.320L 0.3203 4,0,0 w-
0.340k ~ 0.3405 4,0,2 w-

I* visually estimated intensities. s-strong; m-medium; w-wesk; d-diffuse

- 76 _.



extra lines observed in the X-ray powder diffraction pattern of

ijNpF8 were not those given by the RbF/Ni/F2 compound but nevertheless
they are probably due to some impurity given by reaction with the nickel
boat. Further work is obviously necessary but this will hinge on the
aveilability of a sapphire boat.

Properties NaBNpF8 possesses tetragonal symmetry, space group

7

Ilh/mmm-D1 , being isostructural with Na PaF8 for which structurel re-

3

sults are presented in the next section. Unit cell dimensions are

o
a = 5.443 + 0.001, e, = 10.838 4+ 0.006 A and with Z = 2 the calculated
=3

density is 4.577g.cm “. Partial X-ray powder diffraction results are

listed in Table 24.

Neptunium-fluorine stretching vibrations are observed at L|.15cm—1

and Lq.'lOcm_1 for NaBNng and ijNst respectively. The band observed for
NaBNPFS was broad and extended f’romN5OOcm-1 toa/3500m-1.

Crystal Structures

Trisodium octafluoroprotactinate (V), Na,Pa.E8
e

(100), was recrystallised

NajPaF8, prepared by the reported method
from aqueous hydrofluoric acid. After a suitaeble crystal had been ob-
tained Guinier powder photographs from the rest of the sample were
taken to determine the unit cell constants and standard deviations
(Teble 25). The crystal was orientated on a precession camera with &,
parallel to the spindle axis. Multifilm photographs were taken for

layers Okl to L4kl using the equi-inclination Weissenberg technique with

Zr filtered Mo Ka radiation. Lorentz and polarisation corrections were
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Table 25

o
Cell dimensions (A) and standard deviations for Na_PaF,
J ©

a c
0 o

5.493 + 0.003 10.970 + 0.010

applied to the visually estimated intensities (using a computer pro-
gramme written by Dr. C. E. F. Rickard) and the results were placed on
a common scale by comparison of common festoons. No absorption correc-
tions were applied because the crystal was an irregular shaped chunk
(méximﬁm diﬁensions 0.15 x 0.115 x 0.11Smm); | - -

The space group I@/mmm-DZ; (No 139) was satisfied by the system-
atic absences, hkl, h+k+l = 2n41, hkO, h+k = 2n4+1, Okl, k4l = 2n+41, hhl,
1 = 2n4+1. With two molecules per unit cell the two protactinium atoms
could lie in either the 2a or 2b special positions: the former were cho-
sen (choosing the latter would have only shifted the origin). The six
sodium atoms could also be placed, two in the 2b positions with the
remaining four atoms in the L4d special positions, on the basis of pack-
ing considerations. A difference fourier based on the protactinium
positions clearly placed the sodium and fluorine atoms. Peaks occurred
et 0, 0, 3 and %, %, O (Na in 2b), 0, %, ¥ end %, O, 1/Z+ (Na in 4d) end
approximately }Z, 1&, 1@ and }L, }L, 3% (F in 16m). No other peaks
occurred which were not related to the above co-ordinates.

A structure factor calculation confirmed the assignments and the
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Co-ordination of the fluorine atoms around
p'rqta’ct’inium in Na.BPaF8
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various positional and anisotropic thermal parameters were refined by a
full matrix least squares procedure(135 ) . Sodium and fluorine atoms
were treated as unipositive and uninegative ions respectively and the
protactinium as a neutral atom. The scattering curves listed in the
International ‘I‘.eubles(13 ) were used. The refinement converged to a
final residual of 0.085. The positional and vibrational shifts in the
final least squares cycle were all much less thén the respective stan-~
dard deviations. The final atomic parameters and their standard
deviations are listed in Teble 26 and the valuegof lFi,-l and | F cl in
Appendix A.

Each protactinium atom is surrounded by eight fluorine atoms at
the vertices of a cube which has a slight tetragonal distortion (Figure
4). The distortion is very slight, the height being shortened by 0.11 X,
and the results are only just significant within the standard deviations.
3=

The sodium atoms are located between the PaF8 cubes. The Pa~-F dis-

stance is 2.24 & which, assuming 0.64 £ for the covelent radius of a
fluorine atom, yields 1.60 & for the covalent radius of protactinium.
This can be compared with the mean values of 1.4k £ founa for six co-
ordinate B PaBr5(53), 1.45 & for the seven co-ordinate Pa015(51) and
1.52 £ for the nine co-ordinate heptafluorocomplex, K2PeF7(92) .
The analogous uranium compound, NaquB’ is isostructural with
NajPan and it is of interest to compare the co-ordinates of the fluo-
rine atoms obtained by Rudorff and I.eu‘l:ner(93 ) from their X-ray

powder diffraction results. They placed the fluorines in the 16m
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position with x = 3& and z = 1@ which are Jjust the positions obtained

from the difference fourier for NajPan. They postulated a UF83-
group on the basis of their results and the present results support their
(137)

assignments. Zachariasen had earlier interpreted the structure

of NaBUF7, which is apparently isostructural with NaBUFB’ with the
fluorine co-ordinates x = 3L and z = lé but the 16m positions were only
partially occupied in this case. It has been suggested that cubic co-
ordination will be rare and only possible through the participation of
f-orbitals(138). The heptafluoro-complexes of zirconium and hafnium

(139)

are isostrgc#u?a} wiﬁh NaBUF7 and these ;tructures,vbecause of
the absehcé of readily available f orbitals, should be regarded as the
average of a large number of seven co-ordinate ions.

Potassium, rubidium and caesium octafluoroprotactinates (V) are
reported(91) to possess face centred cubic cells containing four mole-
cules. If they do possess Fm3m symmetry the protactinium atoms must
be located in the L4a special positions and the fluorine atoms in the
32f positions, giving a cubic arrangement about the protactinium,
Packing considerations suggest that x = lé for the fluorines in the
32f positions which leads to Pa-F approaches of~ 2.0 X and, for a pota-
ssium atom in 8¢, the K-F approach is also~ 2.0 Z. This latter value
is about 0.6-0.7 Z smaller than expected. It is possible that the
cell observed is a supercell and work on the preparation of a single

crystal of Rb PaF8 has now started.

3
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Figure 5

Co-ordination of the fluorine atoms around
protactinium in K2PaF7
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Dicaesium heptafluoroprotactinate (v)

*’ has been reported and the

The crystal structure of KAPaFy(9
X-ray powder diffraction data”"*" for Rb”"Pa?” suggest
all three compounds are isostructural. The analogous caesium com-
pound, Cs”PaPy, has a different X-ray powder diffraction pattern™""’

suggesting a different structure.

A single crystal of Cs”PaFy was obtained from aqueous hydrofluoric
acid, as a well formed needle (0.35 x 0.09 x 0.3nun). The crystal, with
its longest edge parallel to the spindle axis, v/as orientated on a pre-
cession camera and eight layers hOl to h31 and Okl to 371 were photo-
graphed using Zr filtered MoKa‘radiation. Four layers hkO to hk3 were
photographed using the Weissenberg method with Zr filtered MoKa and Ni
filtered GuKa radiations. From these results it was concluded that the
symmetry of the unit cell yms monoclinic with a*= 14*937 + 0.005,
b® = 7*270 + 0.002, c¢” = 8.266 + 0.003 A and p =125*32 + 0.02°* The
systematic absences for hkl (h + k =2n + 1), hOl (h = 2n + 1,

1 =2n + 1) and 0kO (k = 2n + 1) suggested the space group observed

for K*"Pal’y whose cell dimensions are a~ = 13*84, b = 6.76, c =8.24 2
and p = 125.5°* These a” and b" values are appreciably smaller than

the corresponding values observed for Cs”PaFy but c¢” and p are virtually
identical. This is extremely significant since the PaF” units in
KgPaFy lie linked in infinite chains parallel to(00l) by bridging

fluorines (Figure 5)* This suggests the same structure is present in

0Os”PaFy.
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The observed and calculated sin2 0 values for reflections observed
on the X-rgy powder diffraction pattern and the visually estimated

intensities are shown in Table 27. The new preparation of CsZPaF did,

7
in fact, produce a compound with the same powder pattern as observed
previously(91). The differences between these patterns and that of

K2PaF7, which led to the conclusion that the compounds were not iso-
structural, are obviously due to the appreciable differences between

the respective values of a, and bo'

Protactinium and tantalum pentaiodide

The only known transition metal pentaiodides are Nb15(56),Ta15(59)

and PaI5(55) of which only the latter two can be sublimed in a vacuum
without decomposition. X-ray powder diffraction data for TaI5 and PaI5
was too poor for any comparison to be made but the unit cell constants

(58, 59), obtained from single crystals, indicated that they possessed

different structures.
The structures of a number of protactinium halides(51’53) and
oxyhalides(53’129 have been investigated recently and from the results

obtained for PaCl, and B Pabr, it was predicted > that Pal, might be

monomeric.

A suitsble crystal of Pal; (a plate 0.115 x 0.07 x 0.04mm) was
obtained by vacuum sublimation and this was orientated using a Buerger
precession camera with the c  axis (6.85 %) parallel to the spindle.
Precession photographs taken of the hOl to h2l layers and the Okl to 2kl

layers inclusive indicated that the unit cell size was 21.6 £x21.3 2
x 6.98 R as compared with the published size of 7.22 Bx21.28 x6.85 &,

There were many absent reflections (Table 28). Zero level precession



photographs taken at 60° to either axis were, with the exception of

two weak streeks, identical with the zero level photographs of the axes.
Timed exposure Weissenberg photographs were taken for seven layers (hkO
to hkf inclusive) using zirconium filtered MoK radiation (A W= 0.7107),
hkO to hk2 were also taken with nickel filtered Cqu radiation to com-
pare the photographs with those from the previous determination of the

(58)

unit cell . The zero level films were identical but there were minor

Table 28

Conditions governing observed Pal. reflections
o

bkl h+k =2n if h/2 odd no condition for 1
if h/2 even only 1 even observed

hOl if 1 = 2n# h=2n

if 1 =2n h = én
Okl k=2n,1=2n
hOl h = 6n
0k0 k=2n
001 l==2n

differences between the hk1 layers and these caused the a axis to be
split giving a 21.6 & as compared to a 7.22 £ length., The films from

the previous work also showed a number of disorder streeks.
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Improved X-ray powder diffraction photographs were obtained for
TaI5 and PaI5 using well flamed out capillaries and these indicated
that the compounds were isostructural. The large number of absent re-
flecfions in the PaI5 results coupled with the dissimilarity between
the 2, dimensions which would be expected to be about 14 X (based on
published data for TaI5) if Ta.I5 and PaI5 are isostructural, suggested

that the Pal_. crystal was twinned. Other Pa15 crystals which were

5
examined gave identical precession photographs.

It was therefore decided to prepare and exemine crystals o@wTaIB
in the hope that non-twinned crystals would bg‘obtained.

A suitably sized crystal of TaI5, well separated from other cry-
stals, was obtained by sublimetion in vacuo. The crystal, a plate
0.110 x 0.070 x 0.230mm was orientated using a precession camera with
the shortest axis (ao-in Rolsten's data(59)) parallel to the spindle
axis and six layers (hOl to h2l and hkO to hk2) were photographed.
Hulti-film equi-inclination Weissenberg photographs were obtained for
seven layers (Okl to 6kl) and a total of 579 independent reflections
were observed. Timed exposure precession photographs were used to
obtain hOl and hkO results in order to place the Weissenberg results
on a coummon scale. The visually estimated intensities were corrected
for Lorentz and polerisation factors (using a computer programme written
by Dr. C. E. F. Rickard for the I.B.M. 360/65 computer) and placed on

a common scale.

The unit cell dimensions and space group results agree with
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Rolsten's data(59)(Table 29).

Table 29

Comparison of published and observed crystal data for TaI5

Lattice parameters Density (g cc-1) Z  Space group
a b c cal-
° ° ° culated observed
Rolst 6.65 13.95 20.10 5.809 5.798 8 p.2.1.2_1_2.1_.D16
olsten . . . . . e
. 2,2,2 16
This work 6.518 13.990 20.126 5.923 8 R51n1m1 D2h

The Weissenberg and precession photographs showed the.pfonbuhced
hexagonal character observed with the PaI5 crystals. There were a large
mumber of systematically absent reflections (Table 30).

From conditions 1-4 inclusive (Table 30) the space groups Pnbm or
‘Pnb21 were tentatively deduced (these space groups are the non-standard
settings of ana-D;g (No 62) and Pna21-02V (No 33) respectively) There
were still a large number of systematic absences that could not be
accounted for using either space group and it was thought that these
could be explained if there happened to be special positional relation-
ships between the atoms. The observed intensities and hkl values are
listed in Appendix A.

There were no oﬁservable intensity differences between the centro-
symmetrically related reflections in accordance with Friedel's Law.

(1240)

Intensity differences do occur for a non-centrosymmetric structure
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Table 30

Conditions observed for Tal_ results

7

3.

L.

6o

7-

h,k,1

0,k,1
n,0,1
h,k,0
h,0,0
0,k,0

0,0,1

h odd k 0dd no conditions
h odd k even,only even (k/2 + 1) observed
h even k odd all absent

h even k even, only even (k/2 + 1) observed
k even only observed
h even 1 even only observed

no condition

h =2n
k = 4n
l=2n
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with some atoms scatter:i.hg X-rays anomalously. The atomic scattering

factor, £, can be represented by a complex number,

f =fo +Af +iAF (8)

where O f' and & £" are the real and imaginary parts of the dispersion
correction. Friedel's Law bresks down when some atoms scatter the
incident X-rays anomalously because the phase of & £" leads (fo + Af')
byTT/2. The effects become most significant when the wavelength of the
incident X-rgy beam is close to the absorption edge of the scattering

atom. f" terms for tantalum are listed in Table 31. Tantalum has a

Table 31

ALY dispersion correction term for Ta with MoKw radiation

Sin6/A 0.0 0.6 0.9 1.3

A" 7.6 7.2 6.7 6.2

large /A " term so that a non-centrosymmetric system should produce
intensity differences between centrosymmetrically related pairs of
reflections(“"o) and in the absence of these effects the crystal is
assumed to be centric (Pnbm space group).

A positional parameter was deduced which would explain a number
of non-space group absences. The expressions(“”) for the various

16
structure amplitudes using the space group ana-I)2h (No 62) are:-
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h+1=2n A = Bcos2rythxcos2rtkycos2itlz
k=2n

h+1l=2n A = 8sin2rrhxsin2/tkycos2itlz
k=2n +1

h+1=2n+1 A = Bsin2rthxcos2rtkysin2st 1z
k=2n

h+1=2n+1 A = 8cos2;rhxsin2srkysin2m 1z
k=2n

Transforming the observed indices to the standard form for Pnma,
absences occur for (/2 + k + 1) even, when h is even, and for
(/2 +k + l)bodd, when 1 is odd. Substitution of these results into
the appropriate equations above gives the x values of 1/8, 3/8, 5/8
and 7/8 as possible general solutions.

A three dimensional Patterson projection map was calculated using
a set of crystallographic programmes written by Ahmed(“'z). No peak
positions in the Patterson (Table 32) could be assigned to either sin-
gle Ta-Ta vectors or single I-I vectors. Assuming no atoms were at
0,0,0 the expected height for the single weight Ta-Ta vector was ~ 140
and that for the single weight I-I was~ 80. A number of co-ordinates
were chosen, which were compatible with the Patterson map, and also gave
reasonable interatomic distances, 3,5 to 4.21 R'}(J‘OG’ 143) for I-I and

3 to 3.5 £ for Ta~-I. The number of possible co-ordinates was limited
0)

since placing iodine atoms on the twofold screw axis (x = 1/, v
. 1
or between y = < 0.16 and 2 0.25 (due to the mirror plane at y = 20

gave iodine-iodine contacts below 3.5 £. Unfortunately
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Table 32

Peak positions and heights obServed in Tal_ Patterson

5-
Peak height
X y z=0 z =%- z :1/4
0.0 0.0 5000 595 709
0.16 0.0 296 974 632
0.35 0.0 144 1098 533
0.5 0.0 282 2707 605
0.07 0.1 213 1129 548
0425 0.1 1581 - 115
0.42 . 0.1 9 - 481
0.48 0.1 71 1276
0.0 0.12 78 - 293
0.16 0.20 2308 - 783
0.34 0.20 210 921 Thh
0.5 0.20 183 990
0.38 0.24 1996 993
0.12 0.26 123 -
0.09 0.30 95 97 722
0.25 0.30 150 1099 216
0.1 0.30 1880 116 722
0.0 0.40 133 1093 - 122
0.18 0.40 1749 59 430
0.32 0.40 129 1161 L5
0.50 0.40 143 1152 120
0.10 0.50 1778 - 528
0.25 0.50 192 1076 566
0.40 0.50 3403 1402 522
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when the co-ordinates were used to calculate structure factors using
either Ahmed programmes or one written by Bratcher(155) the residual,
R, (R = (Z(|p) - chl)/ Z[r,|) x 100) was rerely below 80%. It has
been shown(1hA) that random co-ordinates produce residuals of 82.8%
for a centrosymmetric and 58.6% for non-centrosymmetric systems.

An attempt was made to solve the Patterson map using an image
seeking function(145). A computer programme was written by
Dr. A.C. Macdonald and S. Sikka to apply the "minimum function" to the
Patterson mgp. It is normal to use a single weight pesk as an origin,

‘but this is not always neqessgny(146).

Several gttempts»were maAe to
solve the structure this wgy but no chemically sensible image was pro-
duced. The only informastion obtained about the structure using this
technique was that a chain structure was probably involved. Lines
parallel to the y axis and » & apart were obtained in many instances.
Statistical methods were used to determine the overall temperature
factor, B, and the scale factor, K, necessary to bring the observed

structure factors onto an absolute scale. The general value for a

structure factor, F, from a system containing N different atoms is,
N o5 (hx,+ky,+1z.) (9)
F = g;; fje I

where f is the atomic scattering factor and x, y and z the fractional
2, o
co-ordinates of the atom. The absolute value of IF' -is obtained by

2.‘
multiplying F by its complex conjugate and the average value, IF' "
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for all values of hkl is,
N

7|* - 222 (10)

3=

Thus it follows that:

N
IFobs, 2 . Kz_fi (11)
j=1

but for any observed structure factor the atoms are in motion (thermal)
and a simple case relates the atomic scattering factor, f, to one at

o, O . r . .
0K, f, assuming Debye-ialler temperature correction, i.e.,

- in? 2
£2 _ 9p2, (2Bsin“e)/N\ (12)
From equations (41) and (12) it follows that if log, 'Fobs|2 is
°g2
J

plotted against sinZQ/)? a straight line graph is obtained of slope 2B
and intercept at sinZQ/Q? = 0 equal to log, K. This is known as
(144)

Wilson's method

An alternative method of obtaining values for K and B is to plot

a graph of log, IFobsl 2 against sinZQ/7?, where oOé is the value of
5
o2

N N
2

E f.at s:i.nze/’)\2 is zero or in other words O, = E Zz. where Z is the
J 02 J

J=1 j:’]

(17)

atomic number. This is known as the 'auxiliary plot! This method
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is supposed to have the advantage of avoiding the oscillation often
observed in the VWilson plot, due to uneven numbers of reciprocal
lattice points produced when a large number of atoms are in special
arrays, for example large densely populated parallel sheets. The
average value for X was 14.5 and for B, 1.57.

The normelised structure factors (E values) are defined by,

E = 1 F (13)

where e is a number to correct for multiplicity when F comes from sites
of special symmetry.

E values were computed for the 579 observed reflections. Certain
average values of E and functions of E indicate the presence or absence

of a centre of symmetry(148) (Table 33) and for Tal_ the average values

5
Table 33
Symmetry tests using E values
Average value Centrosymmetric Asymmetric This work
E2 1.0 1.0 1.69
E2-1 0.968 0.886 0.992
E 0.798 0.736 0.803

of (E2-1) and E would seem to indicate a centrosymmetric structure.

When the scale factor was altered to meke the average value of E2=1.O
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the results for (E2e1) and E had no meaning.

The statistical distribution of the E values is also of interest
(1h7). Theoretically, randomly placed atoms should produce data in
which there are 32.0% with E values greater than 1, 5.0% greater than
2 and 0.3% greater than 3. In this work 20.1% were greater than 1,
7.3%% greater than 2 and 3.0% greater than 3.

In order to phase the B values, three strong reflections, which
were linearly independent and had a large number of interactions(1h9),
were chosen. In a centrosymmetric orthorhombic space group there are
eight possible origins and the selection of the phases for the three
reflections defines the origin. Even, even, even terms are determined
solely by the structure and are independent of the origin chosen. The
three reflections chosen were (6,5,4), (14,5,3) and (8,20,1) and all
(149) |

were given a positive sign. Using Karle and Karle's!gé formula

B, 8 2y BBy (1)

which states that the sign of a reflection (hkl) is probably the sum of
the product of the signs of the reflections (h',k',1') and (h",k",1")
where h'"-h'=h, k"-k'=k and 1"-1'=1 the varistion in sign of the
structure amplitude (which is the same as the E value) for a particular
reflection can be obtained by reference to the space group tables<141).

The probability that a sign will be positive (P+(h)) is given by(149)

H

-3/2
1.1
P+(h)& £+% tanh 030, |Eh]§EkEh_k (15)
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To allow for scale errors a computer programme was used, which sorted
the possible contacts between Eh, Ek and Eh-k to find if all three
were observed and which only accepted those contacts whose probability
was greater than 0.999. In order to produce an E map ten to fifteen

independent E, values are required for each atom in the asymmetric unit.

h
93 reflections have been phased but no chemically sensible structure has
been obtained. Various co-ordinates have been used to calculate struc~
ture factors but no R value below 605 (using all the atoms) has been
obtained.

Difference fourier maps are being calculated using certain atom
co-ordinates shown in the E maps in an attempt to locate the other
atoms.

It is apparent that this problem is more complex than originally
envisaged. There remains the possibility that the crystal is twinned
and also there is some doubt as to the space group. Another crystal of
Tal_ or Pal_ could be grown in an attempt to obtain en untwinned cry-

5 5

stal. However, a more satisfactory procedure might be to grow crystals

of PaBrBIZ, which has been reported to be isostructural with PaI5(58),

since the metal atom should be more readily discernible in the Patterson
vector map.

The reported structure of NbI , which was overlooked until

(168)
5
this thesis was being written, mey clarify some of the results obtained

with Pal_ and Tal_. Littke and Brauer have reported unit cell

5 5
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[o]
dimensions of &_ = 10.58, b_ = 6.58, c_ = 13.88 A and P = 109.14° for

a monoclinic form of NbI. space group P21/c, with four molecules/unit

5

cell. The crystal used was twinned and so no calculations of Patterson
or Fourier syntheses or structure factors were possible. The structure
was, however, inferred by assuming the atomic radius of iodine to be
2.0 E (the ionic radius of I  is only slightly larger at 2.19 2) and

5+

o
the ionic radius of Nb”" to be 0.69 A. The iodines were placed in the

Le positions with y = }a and respective x and z co-ordinates of 0.0,
0.3333; 0.20, 0.1333; 0.40, 0.4333; 0.60, 0.2333; 0.80, 0.0333 and the
niobium also in the Le positiqn with x = 0.20, y = % and z = 0.30.
These atomic positions give a hexagonal close packed iodine structure
with niobium atoms in octahedral holes.

The twinned crystal showed pseudo orthorhombic character which
could be interpreted on a cell with &, = 6.58 + 0.01, bo = 13.88 4+ 0.02
and c, = 39.98 4+ 0.02, in close agreement with the previously reported
ce11{169) | £or which the values were & = 6.5k, b = 14.01 and o =

o)
40.36 &, and, incidentally, very similar to the cell dimensions obtained

for TaI5. NbI5 was also stated to be pseudo hexagonal, that cell having

the dimensions a, = 4.00 4+ 0.02 and c, = 6.58 + 0.01.

In view of the close similarities now observed between NbI5, Tal

5

and Pal_ it is probable they have very similar structures containing

5

dimeric M2I units and may in fact all be isostructural.

10
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Uranium tetrabromide

A structural change occurs in the actinide tetrabromides.

ﬁThBr4(63> and PaBr4(62)
(64)

are isostructural possessing tetragonal sym-

(65, 66)

metry whereas UBr4 and NpBr4 possess monoclinic symmetry

and are isostructural. pThBr, and PaBrh have a crystal structure very

4
(53)

similar to that of UC14 with eight bromines around each metal atom
Only the unit cell dimensions have been reported for UBrh. These were
obtained from a single crystal study.

The study of the actinide (IV) oxydihalides required the prepara-
tion of UBr4 and so some material was used to prepare a single crystal
by vacuum sublimation. The crystal (0.07 x 0.05 x 0.03mm) was orien-
teted on a precession camera with bo parallel to the spindle and photo-
graphs about a, and c, confirmed the reported unit cell. ‘jeissenberg
photographs indicated that the axes chosen were not the correct ones
and that the symmetry was really orthorhombic with one axis very long,
~50 X. The crystal appeared to be twinned very much in the same manner
as that reported by I. L. Karle et al.(150) for D.L-6-Thioctic acid.
This study has been suspended pending the preparation of new batches of

crystals.
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ChaEter 5
CONCLUSIONS
No new actinide (IV) oxyfluorides have been prepared during this
work and, in view of the failure of high temperature reactions between

(152)

UO2 and UF (151) and Pu0, and PuF to produce tetravalent oxy-

L 2 L
fluorides, low temperature reactions will have to be developed. With
the exception of the oxyfluorides, the reaction between antimony ses-
quioxide and the appropriate halide provides a general route to the
actinide (IV) and (V) oxyhalides. A number of actinide (IV) oxydi-
halides have been successfully prepared by this reactionj some, such as

NpOC1l, and NpOBrz, for the first time on more than the few milligram

2

scale. In order to prepare NpOBr2 it was necessary to have a satisfac-

tory, high yield reaction for the preparation of NpBr, and this was ob-

4
tained by reacting neptunium metal and bromine at 4000. Following this
work the Sb,0, reaction has been successfully used by others(153) on the

23

10g scale for the preparation of UOCl,. Two new protactinium (V) oxy-

2
lodides have also been prepared using the Sb203/ha1ide reaction and it
should be possible to prepare the other known protactinium (V) oxy-
halides using this type of reaction. PaOBr3 has, in fact, been success-
fully obtained by this route. It is also likely that the antimony ses-
quioxide~metal halide reaction will be useful for the preparation of

oxyhalides of other elements. All the actinide (IV) oxydichlorides

(Th to Np inclusive) are isostructural and the structure of one,
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Pa0C12, was reported(124)

whilst these studies were in progress. The
structures of the actinide (IV) oxydibromides (Th to Np inclusive) and
oxydiiodides (Th and Pa) are unknown, although each group forms an iso-
structural series. Infrared studies, however, indicate that these com-
pounds are likely to possess polymeric bridged structures. PaOI3 and
Pa02I also appear, on the basis of their infrared spectra, to possess
oxygen bridged structures. Single crystals of these actinide oxy-
bromides and oxyiodides will not be easy to prepare as no suitable sol-
vent has yet been found and, with the exception of Pa021 which has not
been investigated, all the compounds are thermally unstable and cannot
be sublimed.

The two new neptunium (V) oxyfluorides, NpOF, and 'NpOzF' have

3
been prepared but only in a microcrystalline form. If single crystals
are to be obtained for structural studies different preparative methods
will have to used. No new protactinium (V) oxyfluorides have yet

been definitely established and further work on this system is obviously
necessary. For example, it is planned to investigate the reaction be-
tween bromine trifluoride and the known protactinium (V) oxyhalides
(apart from Pa20F8). In addition, Pa20F8 has been reported to thermally
(47)

to PeF_ and an unidentified residue and it is intended to

5

further investigate this reaction using a metal apparatus currently

decompose

under construction. The reaction products obtained from the interaction
of hydrogen fluoride or hydrofluoric acid with protactinium (V) oxides
have been fairly well characterised but the exact composition of the
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Pa,Fg (formed at 500°C) has not been established. Thus the X-ray

powder diffraction pattern shows it to be isostructural with U2F9

(154)
17 :

It would appear that improved dry box conditions are necessary for

but analytical results indicate that the composition is Pahr

5 for example, from PaCls.

As may be seen the aims outlined in Chapter 2 have not all been

reactions involving the preparation of PaF

achieved. The only neptunium (V) fully fluorinated complex obtained

pure is NaBPaF8 but the use of a sapphire boat in place of the nickel

one seems to be the solution to the successful preparation of other

. compounds of this. type. The structures of CszPaF7 and NaBPaF8 have .

been examined and, while the former compound appears to have the nine

co-ordinated K2PaF7 structure, NaBP@FB is an example of the previously

(138)

unknown cubic co-ordination The apparent inconsistencies in the

crystallographic results for KBPaF8, ij 3

when positional parameters for the various atoms are taken into account,

PaFg and Cs,PeFg (Chapter &),
show that further structural work is necessary in this field. It will
be interesting to see whether the expected cubic arrangement of the
fluorine atoms occurs with KBF%FB, ijPaF8 and CSBPEF8 and also whether
the structures of the corresponding niobium and tantalum compounds con-
firm that the cubic arrengement is energetically unfavourable in the
absence of f orbital participation. Others have recently reported the
structure of RbPaF6(89): each protactinium is surrounded by eight

fluorine atoms, half of which are bridging. The Pa-F bond lengths are

o o)
2.08 A and 2.35A for unshared and shared fluorines respectively.
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It might be possible to overcome the problems encountered with

twinned crystals of UBrh, PaI5 and Ta15

solvent system rather than by vacuum sublimation. The structural pro-

by growing crystals from a

blems with the pentaiodides associated with the similarity in intensity
of metal-metal, metal-iodine and iodine-iodine vectors would also be

reduced if the structure of PaBr_ I, were investigated.

372
Finally, to bring the short review in Chapter 2 up-to-date, it

seems worthwhile to mention some preparative achievements reported by
others during the past three years. Am02F2(155) has been prepared by
evaporation of an americium (VI) solution in hydrofluoric acid and

treatment of the residue with anhydrous hydrogen fluoride. There have
(156, 157)

been two reports of new uranium (VI) oxyfluorides, one has a

to U0 the other is U_O_F

1.768% 2000 3955

by fluorine oxidation of suspensions of

composition range U01.51+.F2.92

(158)

g UF. has been prepared

5

UF, in liquid anhydrous hydrogen fluoride but no oxidation of NpF

b L

was observed under similar conditions. In the presence of caesium
fluoride, however, oxidation did cccur and CszF6 was obtained; in the
absence of fluorine, a suspension of CszF6 in liquid anhydrous hydrogen

fluoride disproportionated. It may, however, be possible to prepare

(159)

NpF_ by reduction of NpF6 with HBr, anelogous to the reported reac-

5

tion of UFé for the preperation of UF5-

The electronic absorption spectrum of gaseous PuClh, obtained(160)

by the reaction between PuCl, and 012 at 9250, has been recorded. The

(161)

3

preparation of the first protactinium (III) compound, Pal has

3
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been reported. It is claimed that PaI_ is thermally decomposed at 3500

5
under a pumping vacuum. The reaction was only performed on a one milli-

gram sample and the compound identified by its X-ray powder diffraction

pattern, which showed it to be isostructural with Cel

(162)

3

A thorium (III) compound, ThOF , has also been observed to

5 and ThFu are heated at 12000 for four

days. The product is said to be neither air sensitive nor hygroscopic

form when thorium metal, ThO

and forms a continuous solid solution with Th02. A number of higher

actinide (III) halides have been prepared, for example, the curium
halides(163> and the berkelium and californium halides and oxyhalides
(164-167). Crystallographic properties have been reported for
Cm015(171), Cf013(172), 8c0c1{17?) ana croca{1) . e pirst berke-
lium (IV) helide, BkFu, has Jjust been reported(175); it is isostruc-

tural with UF4.
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Intensity results for Tal”**

h k 1 - h k 1 I° h k 1 I

obs obs obs

2 5 0 2483 16 912 16 1789
7 650 18 2053 18 1416
9 4341 20 720 20 8556
11 1388 22 1714 24 1775
13 3565 24 632 26 3076
15 1780 10 3 O 1076 28 681
17 3509 5 2306 30 1356
19 1203 9 410 1 6 1 427
23 1554 13 2526 7 54
25 1399 15 1846 8 777
27 1955 17 2031 9 1130
4 0 O 3450 23 780 10 786
4 1615 12 0 0 10436 11 86
6 898 4 1533 12 254
8 3078 8 633 13 665
10 3579 10 9767 14 724
12 1813 14 2025 15 247
14 593 16 1164 17 335
18 3486 18 1035 18 515
20 2375 20 3149 19 441
22 2839 14 1 0 3546 23 429
32 1011 9 4294 24 379
34 1087 11 1327 2 5 1 5304
6 1 O 2281 13 1195 7 172
3 911 17 748 9 377
5 17540 19 2011 1 267
9 4319 21 720 13 142
11 216 16 8 0 1224 15 3952
13 1337 10 580 17 485
15 15705 12 853 19 335
19 3049 20 1388 21 255
21 2683 18 5 O 4808 25 1468
23 563 15 2253 3 4 1 713
25 2783 20 4 O 2158 5 804
33 1967 é 1609 6 225
8 4 0 5342 14 1484 7 62
6 3256 0 6 0 489 8 584
8 1605 8 1681 9 776
12 953 10 19060 10 583
14 4022 14 5160 12 270

»indexed for space group Pnma
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Apgendix B

Hexavalent curium

The results of solvent extraction and ion exchange studies with

(176)

ozonised solutions of curium (III) have been interpreted as evi-

dence for oxidation of curium (III) to curium (VI).

L2

Trace amounts of 2 Cm (t%162.5d) were used by Akatsu but, since
the results of tracer scale studies can be misleading, milligram
amounts of ZAZCm (t%17.6yr.) were used during the present study. The
use of the longer-lived curium isotope should also present more favour-
able conditions for the formation of higher valency states, as was the

case with Cth_(M’ 42)

. A saturated extractant, diisooctylamine, was
used instead of Amberlite LA1, because of the known reactivity of ozons
with olefinic double bonds, and comperable extraction results were ob-
tained. However, examination of the absorption spectrum of the aqueous
phase throughout the ozonisation revealed only the maxima(177) at
375.4, 381.2 and 396.5mu associated with curium(IIIl

(178)

Thin layer chromatography was used to examine the stability

of diisooctyleminé during ozonolysis. It was found that the amine was
completely destroyed by the ozone in the agueous phese and most of the
decomposition products were amine oxides. The similarity in the extrac-
"tion of hexavalent actinides with the original amine to that of the
ozonised curium (III) with some amine decomposition products was thus

purely fortuitous.

Ozonised De Acidite FF ion exchange resin similarly showed
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considerably increased adsorption of curium(III)compared to the un-
ozonised resin. However, tracer iron (59Fe) was also adsorbed on the
ozonised resin.

The above results led to the conclusion that curium (III) was not
oxidised by ozone in aqueous media and results from an independent in-

(179)

vestigation confirmed these conclusions.
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easey, Chemistry Division, Building 220, A.E.R.E., Harwell, Didcot,

Actinide(iv) oxydihalides of the type MOXj (M = Th, Pa. U, and Np; X = CI, Br. and I) have been prepared by

reaction of the appropriate tetrahaiide with antimony sesquioxide, Sb*Og. at 400" in avacuum.

Unit cell parameters

are reported for the isostructural series of oxydichlorides which possess orthorhombic symmetry, space-group

Pbam.
assignments for UOCIg.

Tuorzum @cv) and uranium(iv) oxydihalides. MOXg
(M= Th and U; X = CI and Br), and thorium oxydi-
iodide have previously been prepared, for example, by
interaction of the appropriate dioxide and tetrahaiide
or, less satisfactorily, by thermal decomposition ®of the
hydrated tetrahalides. We recently reported * the pre-
paration of protactinium(iv) oxydichloride and oxydi-
bromide by reaction of antimony sesquioxide with the
tetrahalides

3paX, + SHOsM

Since the infrared spectra of these protactinium (iv)
oxyhalides were inconsistent with the assignments of
Selbin and Schober for UOCIlg, we have studied the
preparation of other quadrivalent actinide oxydihalides
using both the antimony sesquioxide-metal tetrahaiide
and metal dioxide-metal tetrahaiide methods and have
recorded infrared spectra for a series of oxydichlorides,
oxydibromides, and oxydi-iodides. The preparation and
properties of neptunium(iv) oxydichloride and oxydi-
bromide were of particular interest since the former had
previously been observed ®only in microgram amounts
as a residue from the sublimation of neptunium tetra-
chloride and no preparative details were available ®
for NpOBrg. In addition, unit-cell parameters are
reported for the isostructural series of oxydichlorides
MOCIg (M = Th—Np inclusive).

All the known actinide tetrachlorides and tetra-
bromides MX: (M = Th—Np inclusive; X = ClandBr),
and thorium tetraiodide, react with antimony sesqui-
oxide at about 150° in a vacuum. The antimony tri-
halides so produced sublime out of the reaction zone at
this temperature but in order to obtain reasonably
crystalline oxyhalides it is necessary to heat the product
for several hours at 450° in vacuo. Neptunium(iv)
oxydichloride was also obtained during attempts to pre-
pare neptunium pentachloride or neptunium(v) oxy-
chlorides by reaction of neptunium(v) hydroxide with
thionyl chloride below 20 0 °in an apparatus similar to that

3Pa0OXg + 23X,

t Present adbess: Department of Chemistry,
University, Manchester 13.

: C. A. Kraus, U.S. Reports CC-342, 1942 and CC-1717. 1944.

’ N. W. Gregory, U.S. Report TID-5290, 1958, 498.

* D. E. Scaife, A. G. Turnbull, and A. W. Wylie, J. Cham. &r.,
1965, 1432.

* M. V. Smirnov and L. E. Ivanovskii, Zur. rneag. Khim.,
1956, 1, 1843.

* E. Chauvenet, Ann. Chim.

* D. Brown and P. J. Jones,

Manchester

., 1911, 83, 425.
F Chem. S, A}, 1967, 719.

Infrared spectra have been recorded for all the compounds and the results are compared with previous
Metal-oxygen vibrations occur in the region 600—225 cm.~L

described for the preparation of protactinium penta-
chloride. However, this reaction is less satisfactory for
the preparation of NpOClg because at higher temperatures
further chlorination occurs and neptunium tetrachloride
is the major product. The quadrivalent oxydichlorides
and oxydibromides form two isostructural series of
compounds; the partial X-ray powder diffraction pat-
tern for ThOCIg is given in Table 1 which lists observed
and calculated values of sin® s and visually estimated
intensities. Following the recent determination of
the structure of PaOClg our X-ray powder diffraction
results have been interpreted on the basis of the reported
orthorhombic unit cell, space-group Pbam, and the
resulting cell parameters are listed in Table 2. The
effect of the actinide contraction is illustrated by the
decreasing cell parameters with increasing atomic num-
ber of the metal atoms. The partial X-ray powder
diffraction pattern of NpOBrg (Table 3) can be compared
with data* for PaOBrg. The oxydibromides possess
low symmetry and the results have not been interpreted.

Although the reaction between a particular metal
dioxide and the corresponding tetrahaiide constitutes an
excellent preparative method for the quadrivalent oxy-
dihalides the antimony sesquioxide-metal tetrahaiide
method described here provides an attractive alternative.
In particular it obviates the necessity of preparing ' reac-
tive ’ dioxide samples and this is of particular importance
in the case of protactinium because the only satisfactory
preparation of PaOg presently available consists of
hydrogen reduction of the pentoxide at 1600°. Not
unnaturally, the dioxide so obtained is not sufficiently
reactive to yield pure oxydihalides.*

Few investigations of the infrared spectra of quadri-
valent actinide oxyhalides have been reported. Scaife
et al* state that no band is observed in the spectrum of
ThOIg above 600 cm.“*whilst Prigent has reported two
bands, 500s,b and 546sh. cm.“? for UOBrg. Selbin and
Schober ’ have reported a detailed study of the spectra
of various hydrated uranium (iv) hydroxychlorides such as

> J. Selbin and M. Schober, J. Ixag. Nuclear Cham. , 1966, 28,
817.

* 8. Fried and N. Davidson, J. Aner. Cham. Sx., 1948, 70,
3539.

“W. H. Zachariasen, in 'The Transuranium Elements,’
National Nuclear Energy Series IV-14B, p. 1473, ed. G. T.
Seaborg, J. J. Katz, and W. H. Manning, McGraw-Hill, New
York, 1949.

D. Brown and P. J. Jones, J. Cham. Sxc. {A), 1966, 874.
G. Smith, personal c_ommunication.
" J. Prigent, Ann. Chim., 1960, 6, 65.



Inorg. Phys. Theor.

U(OH)CIg,xHgO {x = 1-5 and 30) and of samples of
composition UQOi.*jClg.i, the last obtained by thermal
decomposition of the hydrates. The last compound,

TABLE 1

Partial % -ray powder diffraction results for thorium
oxydichloride

sint 0 sin* 8 sin* 8 sin* 0
(obs) (calc.) hkl J(est.) (obs.) (calc.) hkl /(est.
0-0072 0-0073 0,2,0 w+ o107 fO-1111 37,0
0-0097 0-0097 120 s - 10-1109 2,61
0-0100 0-0099 2,00 s 0-1139 0-1138 531 vw—
0-0172 00172 220 w 0-1168 0-1161 0.8,0 vw—
0-0188 0-0188 13,0 w+ 0-1187 0-1185 1,80 w
0-0262 0-0262 2.3.0 w 0-1204 0-1206 451 w—
0-0288 0-0290 0,40 w + o123z (01232 361
0-0357 0-0357 0,01 w s+ 101230 7.1.0
0-0387 0-0386 3.3.0 w+ r0-1265 611 .
0-0390 0-0389 2,40 w— 0-1265 4141265 541 YV
0-0397 0-0396 4,00 VW— 0-1320 0-1320 621 vw—
0-0431 0-0430 021 w f0-1344 6,50 _
0-0455 0-0455 121 w 01345 101344 271 YV
0-0468 0-0458 2,01 W 0-1406 0-1405 4,61 w+
£0-0469 4,2,0 f0-1428 551
0-0474  40.0474 211 S— 0-1427 101428 0,02 ™
0-0527 0-0528 221 vw— f0-1536 6,4,1
0-0545 00645 131 W 0-1638 (0-1642 6.6,0 w—
0-0553 0-0653 2,60 w+ (0-1542 1,8.1
0-0596 0-0698 311 W 0-1665 0-1568 2,9.0 w—
0-0645 0-0648 041 m 04583 01683 800
£0-0676 3.6,0 - 101587 7.1.1
0-0673 {0-0672 141 m r0-1615 132
(0-0678 1.6,0 0-1616 101616 2,81 W
10-0685 4.4.0 £0-1641 7.2.1
0-0691 190690 52,0 W 0-1643 101641 471 W —
0-0746 0-0746 241 m ) r0-1690 2,32
00770 0-0771 4114 m 0-1690 4141691 3,90 W
0-0780 00781 53.0 w 0-1732 01732 731 w
0-0828 0-0825 421 wt f0-1813 3.3.2
0-0838 0-0836 151 w— 0-1813 w0-1813 0.10,0 w+
0-0848 0-0849 450 w (0-1816 2,4,2
r0-0871 3,41 £0-1895 4.2.2
0-0876 190876 3,60 W 01901 44 1900 661 “*
0-0890 0-0890 6,00 w— 01921 0-1925 2,91 w—
0.0008 f0-0908 6,1,0 0-1960 0-1957 811 w—
- 10-0008 54,0 W 0-1987 0-1986 432 w
0-0970 0-0968 6,2.0 w s f0-2102 8,31
£0-0994 5.1.1 0-2106 (0-2103 3,52 w—
0-0989 g o988 270 W* (0-2105 1,6,2
0-1011  0-1010 0,61 w + 0-2111 02113 442 wW—
r0-1033 3,51 0-2193 0-2194 1,10,1
0-1034 401036 161 W* 02224 102221 49,1
r0 1043 4,41 10-2229 8,41
0-1046 {0-1048 4.6,0 w 0-2304 02302 3,62 vw—
(0-1048 5.2,1 0-2329 0-2335 6,1.2 W—
s, Strong; m, medium; w, weak.

TABLE 2

Crystallographic properties * of the actinide
oxydichlorides

Lattice parameters (A)

0 0
15-494 18-095 4-078
15-332 17-903 4-012
uocl, .. 15-255 17-828 3-992
NpOCI, ... 15-209 17-670 3-948
Standard deviations  .......... +0-008 +0-008 *0-002

+ All possess orthorhombic symmetry, space-group Pbam

which contained traces of residual OH" and HgO, gave
medium-intensity bands at 736 and 719 cm.'* (assigned
to Q-U-Q modes) and strong bands at 555 and 515 cm."A
which were assigned to U-0 stretching vibrations.
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Bands in similar positions to the last two were also re-
corded in the spectra of the various hydrated hydroxy-
trichlorides and assigned v(U -Q)ou- Although it is not
clear from their discussion whether the 555 and 515 cm."*
bands for UOi.igClg.j are also considered to be (U-0)on
vibrations Selbin and Schober state that a sample of
UOCIg prepared by heating together uranium tetra-
chloride and dioxide at 700° gave a strong band at
730 cm. h

Our results show that the infrared spectra of anhydrous
UOCIg and other actinide(iv) oxydihalides, including
ThOFg,"® exhibit no absorption band in the region of
730 cm."A. In fact there is no band above 600 cm."? in
the spectra of UOCIlg and NpOClg prepared either by the
antimony sesquioxide method or by interaction of the
appropriate tetrachlorides and dioxides. The spectra
of the oxydichlorides and oxydibromides of thorium to
neptunium inclusive are very similar between 600 and
225 cm.“A the only differences being the appearance of

TABLE 3

Partial A-ray powder diffraction results for neptunium
oxydibromide

n* #(obs.) /(est.) sin* 8@d@s.) I(est.

0-0094 st 0-0858 m
0-0178 w 0-0910 m
0-0247 w 0-0930 m
0-0273 w 0-0971 w
0-0366 s 0-0985 wt
00443 w* 0-1010 w
0-0462 w 0-1025 wt
0-0482 m+ 0-1049 w—
0 0521 w 0-1116 W+
0-0546 w o+ 0-1172 w
0-0600 w— 0-1274 w—
0-0614 w— 0-1307 w—
0-0642 w 0-1361 w
0-0666 m+ 0-1421 w—
0-0737 m+ 0-1482 s—
0-0762 mt 0-1572 w
0-0802 m* 0-1675 w
0-0813 m*

two weak bands in the spectra of certain of the oxydi-
chlorides and a shift of band positions to longer wave-
lengths with increasing atomic number of both actinide
element and halogen (Table 4). We have tentatively
assigned the two weak bands around 290 and 280 cm."*
to metal-chlorine stretching vibrations; the strong,
broad band which is common to all the oxydichloride
spectra is centred around 300 cm."* for UOCIg and this
may account for the absence of the two weak bands from
the spectrum of this compound. Certain of the spectra
are illustrated in the Figure. In view of the close simi-
larity in the positions of the remaining bands in the
spectra of the oxydichlorides and oxydibromides we
have assigned all of these to metal-oxygen vibrations.
The large difference in the position of M-Cl and M~Br
vibrational frequencies [ca. 260 and 180 cm."”, respec-
tively) of the quadrivalent actinide hexahalogeno-
complexes suggests that it is unlikely that any of the
bands we have observed, apart from, possibly, the two

** D. Brown and J. F. Easey, to be published.
* D. Brown and P. J. Jones, J. Cham. Sc. {3), 1967, 243.
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weak ones discussed above, can be associated with
metal-halogen vibrations. In addition, metal-iodide
vibrations are not likely to be observed above 225 cm."”
and therefore all four bands in the spectra of ThOIg and
PaOlg are also assigned to metal-oxygen vibrational
modes.

The spectra show that actinide compounds of the type
MOXg do not contain discrete MQB+ groups. Protactin-
ium-oxygen stretching vibrations are also observed
below 600 cm."* for the quinquevalent oxychlorides,A®
oxybromides,*®“ and oxyiodides,*® and recent structure

Infrared spectra of, from top to bottom, ThOCI,, ThOBr,, and
PaOl,

determinations have shown that both PaOBr, and
PaOClg possess extensively oxygen-bridged structures
with certain oxygen atoms co-ordinated to three or four
protactinium atoms. Structural data are not available
for actinide(iv) oxydibromides but the above infrared
results suggest that they also possess oxygen-bridged,
polymeric structures.

It is difficult to reconcile the observations of Selbin and
Schober,” namely that anhydrous UOCIg prepared from

“ D. Brown and P. J. Jones, J. Chan. Sxc. {3), 1966, 262.

** D, Brown, J. F. Easey, and P. J. Jones, J. Cham. Sx. (v4),
1967, 1698.

D. Brown, T. J. Petcher, and A. J. Smith, Netiz®, in press.
« H.W. Dunn, U.S. Report ORNL-2092, 1956.

S. A. Shchukarev, 1. V. Vasil’kova, N. S. Martynova, and
Yu. G. Mal'tsev, Zur. maag. Khim. , 1958, 8, 2647.

J. Chem, Soc. (A), 1968

the tetrachloride and dioxide possesses a strong band
at 730 cm."\ with our results for quadrivalent actinide
oxydihalides. Unfortunately they do not report crystal-
lographic data for their compound nor do they state
whether the bands around 600 cm."* occurred in the

TABLE 4

Metal-oxygen and metal-halogen stretching vibrations in
the infrared spectra of quadrivalent actinide oxydi-

halides
Compound Colour Wo (cm.-:) »M-i (cm.-1)

ThOCI; White 571sh, 540s, 481s, 344s,b, 298w, 282w
259m, 246m

PaOCl, Yellow-green 565sh, 623s, 471s, 327s, 290w, 278w
256sh, 243m

uoci, Green 555sh, 621s, 455m, 300s, b.
259m, 242m

NpOCI, Light brown 655s, 529s, 460m, 335s,b, 306w
255m, 240m

ThOBr, White 543s, 529s, 495s, 463s,
333s,b. 256m, 243vw

PaOBr, Orange 546sh, 518s, 495s, 446s,
319s,b, 269m, 240vw

UOBT, Pale green 638sh, 505s, 429s, 294s, b,
253w

NpOBr, Orange 540sh, 500s, 424s,b.
315s,b. 258w

ThoOl, White 500m, 444m, 325s,b

PaOl, Burgundy 459m, 434m. 303s,b

spectrum of this compound. Our preparations of UOClg
all gave identical X-ray powder patterns and these were
the same as that recorded by Dunn.A® Possibly their
uranium dioxide contained UgOg so that some uranium(v)
oxytrichloride, UOCIg, was obtained. This is usually
obtained by heating together uranyl chloride and uran-
ium tetrachloride and we have in fact observed a strong
band around 730 cm."? in the spectrum of an impure
sample of UOCIg so prepared. Further, all the com-
pounds discussed here were perfectly anhydrous, no
band being observed around 3400 cm."* (OH stretching
vibration) or 1600 cm."* (HgO wagging mode) so the
strong bands in the 500 cm.‘” region of the spectra are
certainly not associated with (U-O)aH modes.

EXPERIMENTAL

Work with protactinium and neptunium was carried out
in glove-boxes on account of the radioactive hazards asso-
ciated with weighable amounts of protactinium-231 and
neptunium-237, the isotopes used. Following preparation
all compounds were handled in an argon atmosphere box
(oxygen content < 50 p.p.m.; water content < 60 p.p.m.)
in which samples were prepared for X-ray powder diffraction,
infrared studies, and analysis.

Materials— Tetrachlorides *w*s** (thorium to neptunium
inclusive), tetrabromides <** (thorium to uranium inclu-
sive), and thorium tetraiodide were prepared by published
methods. Neptunium tetrabromide was prepared ** by

K. W. Bagnall, D. Brown, P. J. Jones, and J. G. H. du
Preez, J. Cham. Soc. {A), 1966, 737.

" K. W. Bagnall and J. B. Laidler, J. Chan. Sc. @A), 1966,
516.

** K. W. Bagnall, D. Brown, and P. J. Jones, J. Cham. Soc.
@A), 1966, 1763.

* K. W. Bagnall, D. Brown, P. J. Jones, and J. G. H. du
Preez, J. Cham. Sx., 1965, 350.

D. Brown and J. F. Easey, unpublished observations.



Inorg. Phys. Theor.

direct union of the elements at 600°. Protactinium(iv)
oxydihalides were already available.* Commercial anti-
mony trioxide and bromine were used and neptunium metal
was kindly provided by Mr. J. A. C. Marples (Ceramics
Division, A.E.R.E., Harwell). Individual preparations
were carried out with 20— 200 mg. of actinide element.

Qxydihalides— These were prepared by reaction of the
appropriate tetrahaiide with antimony trioxide in sealed,
evacuated vessels as described.* for the protactinium com-
pounds. In certain instances (UOCIj, NpOClg, and NpOBr*)
they were also prepared by reaction of the actinide tetra-
haiide with the stoicheiometric amount of the actinide
dioxide at 600° in a vacuum. Analyses are in Table 6.

Amalysis.— Thorium, uranium, and protactinium were
weighed as ThO,, U,0g, and PajOj, respectively, after
ignition of the hydrous oxides obtained by hydrolysis of the
oxydihalides with aqueous ammonia. Neptunium-237 was
determined by a-assay (specific activity of @& Np =
1662 X 10* «-disintegrations min.": mg.":) and hahdes were
determined either by titration against standard silver
nitrate solution or weighed as the silver salt.

Physical Measuraments.—X-Ray powder diffraction
photographs were obtained with both a Debye-Scherrer
19 cm. camera and a Guinier focusing camera with filtered
Cu-Xg radiation (X,i = 1-54051 A). Scales were contact-
printed on the Guinier films before development to counter-
act film shrinkage during processing. Thoria was used as
an internal standard for Guinier work to allow an accurate
camera constant to be determined for each sample. The
specimens were mounted between strips of Sellotape which
were sealed with Bostikote to contain the «-activity.
Protactinium (v) oxydichloride slowly decomposed under
such conditions but the remaining oxydichlorides were
relatively stable. Cell constants for the orthorhombic oxy-
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dihalides were obtained by refining Guinier film results using
a computer programme based on the Cohen-Hess method to
obtain the best least-squares fit between observed and cal-
culated sin* 6. Between 70 and 90 independent reflections
were refined for each compound and the agreement between
observed and calculated values of sin® 9 for ThOCIj is shown
in Table 1 which lists part of the recorded -powder pattern.
Infrared spectra were recorded with an Infrascan spectro-
meter (4000— 600 cm.:) and a Grubb-Parsons DM-4
spectrometer (660— 225 cm.':). Samples were mounted
either as Nujol mulls orin wax discs as described & elsewhere;
the absence of OH and HgO vibrations from the Infrascan
region confirmed that the compounds remained anhydrous
during spectral studies.

TABLE 6
Analyses of actinide oxydihalides
Found (%) Required (%)

Compound M X M X

ThOCIj 72-61  22-25 72-75 22-23
PaOClg 7215  22-07 72-66 22-30
UoClg . 73-38 21-71 73-25 21-82
NpOCI... 72-96 21-62 7317 21-88
ThOBrg 56-81  38-89 56-86 39-22
PaOBrg 56-81 39-21 56-76 39-31
UOBrg..... 67-18  38-67 57-49 38-65
NpOBrg 56-81 38-69 57-38 38-74
Thol, 46-41 50-41 46-21 50-60

X = Cl, Br, orl; M = actinide element.

We thank Mr. A. M. Deane for infrared facilities, and
Mr. R. Street for Guinier Camera facilities.

[7/849 Raeived, July 11/A, 1967]

& A. M. Deane, J. Imxg. Nclear Cham., 1965, 27, 751.
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X-Ray Single-crystal and Powder Diffraction Results for Caesium Hepta-

fluoroprotactinate(v)

By D. Brown, J. F. Easey, and D. G.

Single-crystal studies have shown that CsgPaF, possesses monoclinic symmetry with

Holah, Chemistry Division, A.E.R.E.,

Harwell, Didcot, Berkshire

= 14 937, =7 270,

Cg= 8 266 A, and p = 125-32°, space-group C2/c-Cg**_

r » = crystal structure of potassium heptafiuoroprotactin-
ate(v), KgPaF”, has been reported * and on the basis
of X-ray powder diffraction results it was found

that (NHj)gPaF, and RbgPaF, could be classified as
isostructural with KgPaF,. However, on the basis of
the differences between the X-ray powder patterns of
these three complexes and that of the casium analogue,
CsgPaFy, it was reported independently  that CsgPaF,
appeared to possess a different structure. We report
now single-crystal X-ray diffraction studies which show

tion was chosen as the oscillation axis for the collection of
Weissenberg data and as the spindle axis for obtaining
precession photographs. The conditions governing the
reflections on the combined zero-, first-, second-, and
third-layer photographs {hkl: h -\- k = 2n: hOl, h = .,
I = 2n: 0D, k = .., showed the lattice to be C-centred
monoclinic and the space-group to be C2jc~C* as for

Partial X-ray powder diffraction results for CsgPaF,

sin® 6/(obs.) sin* $(calc.) hkl Tedt

0-0154 0-0154 1,1,0 M
0-0162 0-0162 2,0,0 M—
0-0200 0-0202 1,1,1 W -
0-0452 0-0453 0,20 s-
0-0474 0-0475 310 s

r 0-0496 31,5 s
0-0495 I 0-0497 402
0-0511 0-0611 11,2 M -
0-0525 0-0526 0,0,2 M +
0-0682 0-0584 0,2,1 w
0-0612 0-0613 2,2,0 W -
0-0828 0-0829 6,1,1 w-
0-0853 0-0857 311 w-
0-0948 0-0947 4,22 '
0-0963 0-0963 6,0,2 M
0-0976 0-0976 0.2,2 M+
0-1015 0-1020 2,0,2 w -
0-1080 0-1081 11,5 w
0-1092 0-1094 4,2,0 w
0-1104 0-1103 13T w
0-1257 0-1255 3,3,1 w+
0-1375 0-1376 3,3,0 M
0-1397 0-1396 3,3,2 M+

f 01411 1.3.2 M
0-1414 1 01413 6.2.2
0-1427 0-1428 71,2 W+
0-1445 0-1444 6,0,0 M -
0-1469 0-1470 2,22 w
0-1502 0-1500 31,2 M

f  0-1522 6,21 M
0-1629 | 1528 6,04

r 01558 42,1
0-1563 0-1563 3,1, M+

[ 0-1565 6,2,5

i 0-1799 3,3,3 w+
0-1803 1 0-1802 0,40
0-1828 0-1826 71,4 \v+
0-1847 0-1846 4,24 W -f

that CsgPaF, also possesses monoclinic symmetry and
that the unit cell is similar to that of the other fluoro-
protactinates(v).

Single crystals of CsgPaF,, grown slowly from hydro-
fluoric acid solution, are needle-shaped with the [o0:]
direction parallel to the longestcrystal edges. This direc-

: D. Brown and A. J. Smith, Cham. Gotin., 1966, 554.
* D. Brown and J. F. Easey, J. Cham. Sxc. @), 1966, 254.

KgPaF,. The unit-cell dimensions, = 14-937 =
0-005, = 7*270 = 0-002, = 8-266 + 0-003 A, and
p= 126-32° * 0-02° show that and are appreciably
sin® O(obs.) sin® 0(calc.) hkl fot
0-1896 0-1893 6,2,0 M -
0-1911 0-1911 114 W+
0-1935 0-1937 6.3.5 w
f 01977 6.2,4 M -
0-1977 1 0-1979 8.0.4
0-2001 0-2093 0,04 W+
I 0-2292 6.1.5 w-
0-2297 1 0-2296 442
0-2328 0-2327 7.3.2 M -
0-2377 0-2374 912 M -
f 02399 332 M -
0-2404 1 0-2403 31,3
f 0-2437 914 M -
0-2435 4 02441 44,0
0-2462 0-2462 3314 M -
0-2544 0-2542 0.2.4 M
0-2722 0-2724 7.3.4 w
0-2761 0-2761 6.4.2 wi
f  0-2810 1,34 w
0-2812 1 0-2817 242
f 02912 6.4.5 w
02919 4§ g.2921 2,04 +
r 0-2974 7.3.0 w
0-2973 I 0-2976 0.4.3
I 03173 3.5.0 w
0-3169 I 0-3173 935
0-3207 0-3208 16,2 M -
0-3236 0-3240 6.4.0 w -
r o 0-3272 9.3.2 M—
0 3274 I 0-3270 425
r 0-3335 9.3.1 w
0-3341 I 0-3338 40,6
0-3364 0-3354 91,0 w
f  0-3372 115
0-3372 A 0-3370 22,4 w
[ 0-3372 532
0-3416 0-3417 6.2.2 w+

greater than the corresponding values for KgPaF,
(«0 = 13-84, = 6-76, = 824 A, and p= 1255°)
whereas ., and , are almost identical. This is significant
when one recalls that the PaF, units in the latter » are
linked in infinite chains parallel to [c0:] by fluorine
bridges. The similarity between the values suggests

' L. B. Asprey, F. H. Kruse, A. Rosenweig, and R. A.
Penneman, ITxg. Cham., 1966, s, 659.



1980

that this arrangement is probably retained in CsgPaF,.
The agreement between observed and calculated sin®s
values for the reflections observed on X-ray powder
patterns of CsgPaF, is shown in the Table together with
visually estimated intensities.

EXPERIMENTAL

Casium heptafluoroprotactinate(v) was prepared as de-
scribed previously ® and recrystallised from dilute hydro-
fluoric acid. The crystals were washed first with ice-cold
6M-hydrofluoric acid and then with acetone, and vacuum-

dried at room temperature. A well-formed, elongated

J. Chem. Soc. (A), 1967

crystal (035 x 009 X 0 03 mm.) was mounted in a thin-
walled capillary and Weissenberg and precession data
collected with Unicam Weissenberg and Buerger precession
cameras with filtered Cu-X, and Mo-X” radiations. X-Ray
powder diffraction photographs were obtained with a Guinier
focusing camera as described previously.: Accurate unit-
cell parameters were obtained by refining the powder re-
sults by use of the computer programme based on the
Cohen-Hess method to obtain the best least-squares fit
between observed and calculated sin® values. This pro-
gramme incorporates the Nelson-Riley function.

[7/736 Received, June 16/A, 1967]
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The Existence of Curium(VI)

By K. W.BagnAaLL and J.F. EAsEey, Chemistry Division, Atomic Energy Research Establishment, Harwell, Didcot,

Berks., England

(Received March 17, 1966)

Some recently reported solvent extraction and ion-
exchange results obtained with ozonised solutions of
curium(lll) have been interpreted [I] as possible
evidence for the oxidation of curiuin(lll) to curium
(VI). Since this seemed to be unlikely, because of the
expected stability of the half-filled 5f shell and the
known difficulty of oxidising solid curium(lll) com-
pounds even to the -:r 4 state, we have repeated the
work, but with milligram amoimts of &Cm (17.6 yr),
in the media described by 2 xazss [1].

We have foimd that solvent extraction with dijso-
octylamine, which is somewhat more stable to oxi-
dation than Amberlite LAI, gave results in good
agreement with those reported by 2 xa:so, but that
the absorption spectrum of the aqueous phase re-
mained that of curium(lll) throughout the ozonisa-
tion, the maxima [2] being at 375.4, 381.2and 396.5m".
Samples of the extractant were then examined by
thin layer chromatography and it was found that di-
fwoctylamine had been completely destroyed by the

ozone in the aqueous phase, so that the observed
extraction results, which resemble those for the
actinide(VI) by the original amine, must have been
due to the extraction of curium(lll) by one, or
a number, ofthe decomposition products of the amine,
so that the resemblance to actinide(VI) behaviour is
quite fortuitous.

Similarly, distribution experiments showed that
ozonised De-Acidite FF ion exchange resin had a
considerably increased for both curium(lll) and

for tracer iron (B8Fe) as compared with the for the
unozonised resin.
It is therefore quite clear that curium(lll) is not

oxidised by ozone in aqueous media, a result which
serves to emphasize that a great deal of care is needed
in the interpretation of trace scale experimental
results.

1. J. Akatsu, Radiochim. Acta 4, 58 (1965).
2. R. A. Penneman and T. K. Keenan, U.S. Report NAS-NS
3006, p. 26 (1960).
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Protactinium(v) lodides
By D, Brown, J. F. Easey, and P. J. Jones, Chemistry Division, Building 220, A.E.R.E., Harwell, Didcot,

Berkshire

Protactinium pentaiodide. Pals, is best prepared by direct union of the elements at 400—450° in a vacuum, but, if
protactinium is not available, the pentaiodide is obtained in good yield by the reaction of silicon tetraiodide with
protactinium pentachloride, pentabromide (both at 150—200°), or pentoxide (600°). Protactinium oxyiodides,
PaOls and PaOgl. are obtained by reaction of the pentaiodide with antimony trioxide at 150* in vacuo or, less
satisfactorily, by the action of oxygen on the pentaiodide. The oxytri-iodide disproportionates above 450° in a
vacuum to yield the volatile pentaiodide and a residue of the dioxymonoiodide. The mixed bromo-iodide PaBr,!;
is obtained when the component pentahalides react together at 350°. Some chemical properties, X-ray powder
diffraction results, and infrared spectra are reported for these compounds and for the hexaiodoprotactinate(v),
PhjMeAsPala, which is formed by reaction of the component halides in non-aqueous solvents. Further infrared
studies are also reported for the protactinium(v) oxybromides.

A sineLE protactinium(v) oxyfluoride, PagOFg, and
several oxychlorides and oxybromides are now
known, but protactinium(v) oxyiodides have not pre-
viously been characterised. In addition, the pentaiodide
has been prepared ®in only milligram amounts by the
reaction of aluminium tri-iodide and protactinium
pentoxide, which we have found to give poor yields
when more than 50 mg. of oxide are involved. As part
of an investigation of the quinquevalent and quadri-
valent :.1:4cs 6,7" oxyhalides,®"*’ and halogeno-
coraplexes of protactinium we studied various
methods for the preparation of protactinium pentaiodide
and examined the preparation of protactinium(v)
oxyiodides. We report here the conditions suitable for
the preparation of 0-5-gram amounts of protactinium
pentaiodide by two different methods, namely the
reaction between protactinium pentoxide and silicon
tetraiodide at 600—7(X)° in a vacuum and the metathesis
of protactinium pentachloride or pentabromide at
150—200° with sihcon tetraiodide. Alternative pro-
cedures are also discussed. The non-volatile oxyiodides,
PaOlg and PaOgl, which occur together as by-products
of the interaction of the pentoxide and silicon tetraiodide,
are conveniently prepared from protactinium pentaiodide
by reactions involving either antimony trioxide or, less
satisfactorily, oxygen. Thermal decomposition of pro-
tactinium (v) oxytri-iodide in a vacuum provides an
alternative route to the dioxymonoiodide. During these
investigations we also characterised the first mixed
halide of protactinium(v), namely protactinium tri-
bromodi-iodide, PaBrglg, and prepared triphenylmethyl-
arsonium hexaiodoprotactinate(v), PhgMeAsPalg, by
reactions in non-aqueous solvents.

Protactinium Pentaiodide and Tribromodi-iodide.—
Some of the reactions (1)—(4) which we have studied
for the preparation of protactinium pentaiodide are
shown. Protactinium metal reacts quantitatively with
excess of iodine above 400° to yield a sublimate of the

: L. stein, Ixg. Cham., 1964, 3, 995.

* D. Brown and P. J. Jones, J. Cham. Sxc. {A), 1966, 874.

* D. Brown, “ Physico-Chimie du Protactinium,” Publ. No.
154, Centre National de la Recherche Scientifique, Paris, 1966.

* D. Brown and P. J. Jones, J. Cham. Sxc. {3), 1966, 262.

* A. G. Maddock, unpublished observations.

* D. Brown and P. J. Jones. Chan. Cam., 1966, 280.
’ D. Brown and P. J. Jones, J. Chan. S&c. @), 1967, 719.

crystalline, black pentaiodide. This is undoubtedly
the easiest method for the preparation of protactinium
pentaiodide but since protactinium metal is difficult to
prepare various ways of converting the pentoxide or the
easily prepared pentachloride and pentabromide into the
pentaiiodide have been investigated. We have been
unable to obtain satisfactory yields from the previously
reported® method [reaction (3)] involving reaction be-
tween aluminium tri-iodide and protactinium pentoxide
in a vacuum, only about 30% conversion being observed

Bo-5°
2Pa + 51, — » 2Pals 0]
an-10°
2Pa,0, 4- SSil, -» 4Pal, 4- 5510, Q)
O
3Pa,0, -F IOAl, +  -» 6Pal; 4- 5A1,0, 3)
200-
4PaX, (X = Cl or Br) + 5Sil, -> 4Pal, 4- SSiX, @

4PaBr, 4- 5HI -» 2PaBr, -f 2Pal, 4- 5HBr (5)

with 50 milligram batches of the pentoxide. However,
silicon tetraiodide reacts more readily [reaction (z)]
and yields in excess of 70% are obtained by heating the
reactants together in a sealed, evacuated sihca vessel
completely enclosed in a furnace at 600—700°. A-Ray
powder diffraction analysis showed that the dark brown
residue from this reaction contained both protactinium (v)
oxytri-iodide and dioxymonoiodide. The resulting pro-
tactinium pentaiodide and excess of silicon tetraiodide
are easily separated by sublimation in a clean evacuated
tube, the pentaiodide subliming at about 450/10"#
mm. Hg. The only other example of the use of silicon
tetraiodide for the conversion of a metal oxide into an
iodide is the preparation ®of plutonium tri-iodide from
the dioxide. However it has recently been employed

for the preparation of niobium and tantalum pentaiodides
from their respective pentachlorides. The analogous
reactions involving protactinium pentachloride and

* K. W. Bagnall and D. Brown, J. Chan. Sx., 1964, 3021.
« D. Brown and P. J. Jones, J. Cham. Sxc. @), 1967, 247.
D. Brown and P. J. Jones, J. Cham. Sc. {3), 1967, 243.
D. Brown and J. F. Easey, Nature, 1965, 205, 589; J. Chan.
Sc. @, 1966, 254.
K. W. Bagnall and D. Robertson, unpublished observations.
L. A. Nisel’son and I. V. Petrisevitch, Zur. maxg. Khim.,
1960, 5, 249.
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pentabromide proceed rapidly at 200° in a vacuum
[reaction (4)], whereupon the volatile silicon halides
sublime out of the reaction zone. Reaction (4) shows
silicon tetrachloride and tetrabromide as the products of
these metatheses but in the presence of excess of silicon
tetraiodide the products are more probably mixed halides
of the type Sil,X:_,, (X = ClI or Br). Following
resublimation of the product yields in excess of 95% of
protactinium pentaiodide are invariably obtained from
this type of reaction and in view of the simple methods
now available for the preparation of PaClg® and PaBrA*
it provides an attractive route to the pentaiodide.
Either of the above reactions involving silicon tetraiodide
could easily be employed on the gram scale.
Protactinium pentachloride and pentabromide both
react with anhydrous hydrogen iodide. Thus, when the
pentachloride and a five-fold excess of hydrogen iodide
for the reaction PaClg+ 5HI — » Paig + 5HC1 are
heated together at 300° in a sealed vessel and the
products then separated by sublimation in a clean,
evacuated tube 50% conversion into the pentaiodide is
observed, the remaining pentachloride being reduced to
protactinium tetrachloride. This reduction is probably
a consequence of the presence of hydrogen produced by
the thermal decomposition of hydrogen iodide (::/: -
=-6 20 kcal. mole‘:) during the sealed-tube reaction.
Undoubtedly, complete conversion into protactinium
pentaiodide could be obtained by heating the penta-
chloride in a stream of hydrogen iodide to facilitate the
rapid removal of hydrogen. However this would require
more elaborate precautions to ensure the absence of
traces of moisture (the hydrogen iodide for the above
reaction is handled throughout on a vacuum-line) and it
offers no advantage over the pentachloride-silicon
tetraiodide reaction. In a single experiment at room
temperature protactinium pentachloride and hydrogen
iodide appeared to react in a sealed tube to yield a black
product. However A-ray diffraction analysis showed
the solid to be unchanged pentachloride and on sublim-
ation in a vacuum approximately 80% of unchanged
pentachloride was obtained, the remainder having been
reduced to the tetrachloride. The reaction between the
pentabromide and hydrogen iodide at room temperature
proved even more interesting. The initial black product
was shown by A-ray diffraction analysis to be a mixture
of protactinium pentabromide and pentaiodide [reaction
(5)]. When heated in a clean, evacuated tube the
components of this mixture reacted and formed a black
liquid at 350—400°, which vaporised at this temperature
and deposited black crystals in a cooler portion of the
tube. A small amount of black residue {ca. ¢« mg.)
obtained in this reaction was not identified but the
sublimate was shown to be protactinium tribromodi-
iodide, PaBrglg. Subsequently this compound was
prepared when equimolar amounts of the component
pentahalides were heated together. Three fractions
of the sublimed material all gave identical powder
patterns, a small amount of amorphous residue again
remaining uncharacterised, so the interaction of these
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pentahalides appears to proceed in such a manner as to
give the maximum yield of protactinium tribromodi-
iodide.

Obviously it is likely that other mixed halides of pro-
tactinium(v) will exist and it is intended to study the
preparation and properties of such compounds and, if
possible, to identify the by-product of the above reaction
by using larger quantities of the reactants.

Protactinium{v) OxyioJtlies.— Protactinium oxytri-
iodide is obtained by heating .the pentaiodide with just
less than sufficient oxygen for reaction (s). It is a
chocolate-brown, non-volatile solid from which excess of
pentaiodide can be separated by sublimation of the latter
at 400—425° in vacuo. Above 450° PaOlg dispropor-
tionates [reaction (9)] in the same way as protactinium (v)
oxytribromide,” yielding a subhmate of the pentaiodide
and a residue of protactinium dioxymonoiodide, PaOgl.
Both oxyiodides are more conveniently prepared when
the appropriate amounts of protactinium pentaiodide
and antimony trioxide, as indicated by reactions (7) and
(s), are heated together in sealed tubes. The reactions
proceed rapidly above 150°, whereupon the volatile
antimony tri-iodide sublimes out of the reaction zone.
However, in order to obtain reasonably crystalline
samples of the protactinium(v) oxyiodides it is necessary
to continue heating the products at about 400° for several
hours. These reactions are analogous to those recently
used’ for the characterisation of certaig quadrivalent
protactinium oxyhalides.

350"

2pal + 0, 29201, + 21, ©)
1-20°
3Pal, + SbjoO, » 3PaOlj + 2551, (7)
o
3Pal; + 2Sb,0,----------->> 3Pa0jl 4- 4561, 6)
&A)°/0-m
2Pa0l3----------—---- p- Pa0,l 4- Pal, 9)

Some Chemical and Physical Properties of Protacti-
nium{y) lodides.—Protactinium pentaiodide is reported ®
to possess orthorhombic symmetry with a*= 7-22,
bg= 2T20, ¢,= ¢ 85 A. Powder patterns from our
many preparations showed only a few strong lines, so
we have been unable to confirm these values. Powder
patterns from the tribromodi-iodide show some similari-
ties to those of the pentaiodide with the strong lines
occurring at slightly larger values of sineo and the two
compounds may therefore be isostructural. We propose
to prepare crystals of each compound suitable for full
structure analyses and the results of this work will be
reported later. Values of sinR9 for the reflections ob-
served on the A-ray powder patterns of PaBrglg are
listed in Table 1, together with visually estimated in-
tensities.

Both protactinium pentaiodide and tribromodi-iodide
are obtained as black crystals on sublimation and when
finely ground are dark brown. They are moisture-sensi-
tive and hydrolyse immediately on the addition of water
or dilute aqueous ammonia, forming the characteristic
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white protactinium(v) hydroxide. The pentaiodide is
soluble in anhydrous methyl cyanide and alcohol
but insoluble in chloroform, carbon tetrachloride, iso-
pentane, and cyclohexane. It reacts with triphenyl-
methylarsonium iodide in anhydrous methyl cyanide or
chloroform to form PhgMeAsPalg, analogous to the
known hexachloro-® and hexabromo-complexes.® The

TABLE 1

Partial X-ray powder diffraction patterns for protactinium
tribromodi-iodide and protactinium(v) dioxymono-

iodide
PaBr.l, PaO.l

sin'O I sird sin'O I

(obs.) (est.) (obs.) (calc.) hkl (est.)

00138 m 0-0349 0-0351 0.0,1 s

oolel w 0-0400 0-0400 1,0,1 w—

00186 w 0-0438 0-0439 3,0,0 w—

00226 w 0-0546 0-0547 2,01 s

0-0249 w— 0-0779 0-0781 4.0,0 m

0-0409 VW — 0-0804 0-0796 3,01 m
0-0930 f 3.2.0 w-h

0-0533 w 0-0935 1 00941 1 221

0-0570 w—

0-0607 s 0-0998 0-0992 3,1,1 m—

0-0626 w 0-1136 0-1138 4,01 w—

0-0678 w,d 0-1292 0-1288 3,21 w—

0-0718 w— 0-1327 0-1323 3,3,0 w—

0-0758 w— 0-1366 0-1374 4,2,0 w+

0-0816 w— 0-1410 0-1418 0,0.2 w
01767 f 6,0,0 w+

O-loll m 0-1766 1 01767 t 212

0-1039 w—

0-1231 w— 0-1915 0-1915 5,2,0 m

0-1260 w-l- 0-2135 0-2129 6,0,1 w,d

0-1408 W-H 0-2210 0-2205 4,0,2 . w,d
0-2360 f 3,2.2 w,d

0-1456 w 0-2362 { 02360 1 4.4.0

0-1685 w—

0-1800 w— 0-2764 0-2768 7,01 w,d

8, Strong; m, medium; w, weak; d, diffuse.

products initially obtained on removal of the solvent
under vacuum are oily, and prolonged vacuum drying
at about 50° is required to produce the unsolvated com-
plexes. Like the pentaiodide, triphenylmethylarsonium
hexaiodoprotactinate(v) is a dark brown, moisture-
sensitive solid which reacts rapidly with water and
aqueous ammonia. It is soluble in methyl cyanide,
methylene dichloride, and chloroform, but insoluble in
carbon tetrachloride. As expected, protactinium-iodide
stretching vibrations are not observed above 220 cm.'i
in the infrared spectra of either the pentaiodide or the
hexaiodo-complex.

The reduction of protactinium pentaiodide with either
hydrogen or aluminium has been described.” In similar
conditions it is likely that PaBrglg will be reduced to
quadrivalent mixed halides such as PaBrgl or PaBrgig,
analogous to those already characterised®* for urani-
um (1v).

When prepared by reaction of antimony trioxide with
protactinium pentaiodide, both the quinquevalent

19584 Warf and N. Baenziger, U.S. Report TID-5290, 120,
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oxyiodides are obtained as dark brown sohds but PaOgl
prepared by thermal decomposition of PaOlg [reaction
(9)] is obtained as a mustard coloured, fluffy solid. Both
samples of PaOgl give the same powder pattern and the
results have been interpreted on the basis of a hexagonal
unit cell with = 1264 * 001 and Q= 407 i 001 A
In the absence of single-crystal data this unit cell must
be considered as tentative. Protactinium(v) oxytri-
iodide gives poor X-ray powder diffraction patterns even

45 40 35 30 20
Wavelength < (fj).
Infrared spectra of (A) PaOBr, and (B) PaO,Br

after prolonged heating at 400°; the results have not
been interpreted. Observed and calculated values of
sin*0 for the dioxymonoiodide are shown in Table 1 to-
gether with visually estimated intensities.

The positions of the protactinium-oxygen stretching
vibrations (Table 2) indicate the absence of discrete
PaO®+ and PaOg*+ groups from the oxyiodides. The
values are similar to those found for protactinium(v)
oxychlorides ® and oxybromides (Table 2) and it is
likely that the oxyiodides possess polymeric, oxygen-
bridged structures similar to the one recently reported
for protactinium(v) oxytribromide. We have now ob-

“ D. Brown, J. T. Petcher, and A. J. Smith, Acta Gyst., to
be published.
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tained infrared spectra of the oxybromides which are
superior to those previously measured.* The more
reliable band positions are given in Table 2 and the
spectra are shown in Figure 1. The spectra for PaOgBr
and PaOgl are almost identical, the only difference being
that the very weak band observed at 469 cm."™ for the
latter was not detected in the spectrum of PaOgBr.

TABLE 2

Protactinium-oxygen stretching vibrations * for the
quinquevalent oxybromides and oxyiodides

Compound Colour vpr.o (cm.™)
PaOBr, Green 515m; 476w; 364s 303w
PaOl, Dark brown 480m; — 339s 276w
PaOjBr  Off-white 575m — 386s 286w
PaOjl Dark brown 555m 469vw; 386s 28Iw

* No absorption band was observed above 600 cm.'* for any
of the compounds.

The strong similarities between the oxybromide and
oxyiodide spectra support the assignment of all these
bands to protactinium-oxygen stretching vibrations
rather than to protactinium-halide vibrations.

Both oxyiodides are moisture-sensitive and are imme-
diately hydrolysed by water and dilute aqueous ammonia.
Like protactinium pentaiodide they can be safely stored
in a dry atmosphere and are insoluble in carbon tetra-
chloride, cyclohexane, and isopentane.

EXPERIMENTAL

All work was carried out in glove-boxes on account of the
radioactive hazards associated with weighable quantities
of protactinium-231, the isotope used. After pre-
paration the compounds were handled in an argon-
atmosphere box (water content <50 p.p.m.; oxygen con-
tent <40 p.p.m.) in which samples were prepared for A-ray
powder diffraction, infrared studies, and analysis. Pro-
tactinium-231, available as part of the batch recently
recovered from ethereal sludge residues, was purified from
niobium as described previously.** Procedures used for
recovery and purification for re-use have been described.”
Protactinium pentachloride and pentabromide were pre-
pared as described earlier ®>* and commercial iodine, silicon
tetraiodide, and hydrogen iodide were used. Glass reaction
vessels were evacuated and heated at 500“ before use to
ensure the absence of adsorbed moisture. Solvents were
purified by distillation and dried over molecular sieves.
Individual preparations involved 20— 200 mg. of pro-
tactinium-231.

Protactinium Pentaiodide.— Protactinium metal (20 mg.)
or a mixed protactinium-thorium metal phase (100 mg.)
was heated at 400— 460“ in a sealed, evacuated (10"*mm.
Hg) silica tube with excess of iodine. The black, crystalline
product was purified by sublimation at about 450“ in vacuo.
Alternatively, excess of silicon tetraiodide was heated in a
sealed, evacuated tube with protactinium pentoxide (250
mg. at 600— 700“), protactinium pentachloride, or pro-
tactinium pentabromide (both 250 mg. at 200“). After

*» D. Brown and P. J. Jones, J. Ixag. Niclear Chan., 1964,
22, 2296.
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12— 24 hours’ heating in the former case, during which the
reaction vessel was completely enclosed in the furnace, the
protactinium pentaiodide was slowly sublimed away from
the reaction zone and purified by vacuum sublimation in a
clean vessel (yield >70% ). The reaction between silicon
tetraiodide and protactinium pentachloride or pentabromide
was carried out with the evacuated tube vertical with only
the reaction zone in the furnace. Two hours were sufficient
to achieve complete metathesis and the mixed silicon tetra-
halides were sublimed, below 350 to the end of the vessel
remote from the product, which was purified by sublimation
as above (yield >95%). For the fourth and least satis-
factory preparation of protactinium pentaiodide a five-
fold excess of hydrogen iodide was condensed on the penta-
chloride at liquid-nitrogen temperature, then the mixture
was allowed to react at room temperature for two days.
The pentachloride was then heated to about 300° during
5 hr. The products, protactinium pentaiodide (ca. 50%)
and protactinium tetrachloride were separated by vacuum
sublimation in a clean silica vessel [Found (typically):
Pa, 26 7; I, 73-8. Calc, for Pal,: Pa, 26 67; 1, 73-33%].

Protactinium Tribromodi-iodide.— Equimolar amounts of
protactinium pentabromide (63 mg.) and pentaiodide (77
mg.) were heated together at 300“ in a vacuum for a few
hours, then the temperature was slowly raised to 400¢
and the product sublimed along the reaction tube (Found;
Pa, 32-2; Br, 33 3; |, 34-9. PaBrgl, requires Pa, 31-86;
Br, 33-11; 1.35-03%).

Protactinium{v) Oxytri-iodide.— Protactinium pentaiodide
was heated with a slight deficiency of oxygen for reaction
(6) in a sealed, previously evacuated ‘Pyrex ‘ tube. The
reaction vessel was totally enclosed in a furnace at 300— 350“
for several hours, then the excess of pentaiodide was sub-
limed to one end of the reaction vessel leaving a dark-
brown residue of the non-volatile oxytri-iodide. Alter-
natively, stoicheiometric quantities of the reagents for
reaction (7) were intimately ground together and heated
in avacuum at 150— 200“. The volatile antimony tri-iodide
rapidly sublimed to one end of the reaction tube and the
residual oxytri-iodide was then heated at about 400° for

several hours. Both products gave virtually identical
analyses (Found: Pa, 36-8; I, 60-5. PaOl, requires Pa,
36-78; 1, 60-67%).

Protactinium(v) Dioxymonoiodide.— This was also pre-
pared by two different methods. Thermal decomposition
of PaOl, at 450° (10" mm. Hg) resulted in the sublimation
of protactinium pentaiodide and the formation of the non-
volatile dioxymonoiodide. Alternatively the compound
was obtained by heating together antimony trioxide and
protactinium pentaiodide [reaction (8)] as described above,
followed by heating the product at 500“ in a vacuum
(Found: Pa, 61-2; I, 34 1. PaO,l requires Pa, 61-76; I,
33-96%).

Triphenylmethylarsonium Hexaiodoprotactinate(v) — Equi-
molar quantities of protactinium pentaiodide (65-6 mg.) and
triphenylmethylarsonium iodide (33-9 mg.) were mixed in
anhydrous chloroform at room temperature. Protactinium
pentaiodide is insoluble in chloroform but under the above
conditions some dissolution took place to give an intensely
brown solution which was heated at 50— 60“ for a few
minutes in a stoppered vessel. The chloroform was finally
removed under vacuum at about 50° to leave a dark brown
solid (Found: Pa, 17-7; |1, 57-6. Ph,MeAsPal, requires

* D. Brown, S. N. Dixon, and P. J. Jones, J. Iag. Niclear
Cham., 1966, 28, 2529.
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Pa, 17-68; I, 58-0%). Similar reactions in anhydrous
methyl cyanide were less satisfactory because the oily
product initially obtained was more difficult to dry com-
pletely. Excess of methyl cyanide co-ordinated to the
hexaiodoprotactinate(v) was probably responsible for this
behaviour. We have been unable to find a suitable solvent
for recrystallisation of this compound to establish un-
ambiguously that it has the composition Ph,MeAsPal,.
However A-ray powder diffraction patterns, although of
poor quality, did show the absence of both protactinium
pentaiodide and Ph,MeAsI and it is therefore tentatively
assumed that we have obtained the hexaiodoprotactinate(v)
and not. for example, a mixture of (Ph,MeAs)gPal, **
%> 1) and excess of pentaiodide or even a mixture of
PhgMeAsI and Pal,.

Analysis.—Protactinium(v) was weighed as the pentoxide
following ignition of the hydrous oxide, obtained by hydroly-
sis of the iodides with aqueous ammonia, at 760° in air. The
iodides were cooled in liquid nitrogen before hydrolysis as
described previously ** for the protactinium (v) nitrates, to
prevent loss of halogen during analysis. Iodide and bro-
mide in the supernatant liquid were determined by potentio-
metric titration against 0-IN-silver nitrate or weighed as the
silver halide. The iodide content of PaBr,I, was obtained
by titration against 0-IN-potassium iodate * and the
bromide content from the difference between that and total
halide content.

J. Chem. Soc. (A), 1967

Physical Measurements.—A-Ray diffraction photographs
were obtained with a Debye—Scherrer 19 cm. camera with
filtered Cu-K, radiation &, = 1-54051 2). Cell constants
for the hexagonal dioxymonoiodide were refined with the
Cohen-Hess computer programme to obtain the best least-
squares fit between observed and calculated sin*6. The
programme incorporates the Nelson-Riley function but the
accuracy of the resulting lattice parameters is of course
governed by the limited diffraction data obtained owing to
the poor crystallinity of the preparations. Infrared spectra
were recorded with an Infrascan spectrometer (400fi—600
cm."*) and a Grubb-Parsons DM-4 spectrometer (660—225
cm."*). Samples were mounted in wax discs; *®the absence
of OH and H,0 vibrations from the Infrascan region con-
firmed that the compounds remained anhydrous during
spectral studies.

We thank Dr. K. W. Bagnall for discussion, Mr.
A. M. Deane for infrared facilities, and Mr. J. A. C. Marples
(Metallurgy Division, A.E.R.E., Harwell) for the prepar-
ation of protactinium metal.
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