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Foreword

This book is a series of reviews of recent results on the state-of-art of structural
and crystal chemistry of uranium and transuranium element compounds.

Investigations into crystal structures of neptunium and plutonium compounds
were already of great importance at the time of the Second World War. In the 1950s,
these studies were extended to include americium, curium and berkelium as well. The
first structure determinations of compounds of the new-born elements were carried out
at a time when their worldwide quantities were only at the level of micrograms which
caused many problems, in particular, in the interpretation of powder X-ray diffraction
patterns. Much easier were experiments with uranium and thorium which were in good
supply. Despite all the difficulties, the investigations into solid compounds of uranium
and transuranium elements were extremely important for the emerging technologies of
nuclear fuels reprocessing, the determination of speciation of actinides in the
environment, the search for new radioactive waste forms, etc. As a consequence, a large
number of reports, papers, reviews and monographs have been published in the field of
crystal chemistry of actinide elements. The modern state of science and, in particular,
the essential amount of experimental data and development of new methods of
structural characterization, allows for the large-scale development of crystal chemistry
of actinide compounds. However, not so many books have been published in this area;
for instance, the last monograph of this kind in Russia was published more than 20
years ago by M.P. Mefod’eva and N.N. Krot (‘Compounds of Transuranium Elements’,
Moscow, Nauka, 1984). There is no doubt that the enormous amount of accumulated
data needs serious systematization and analysis. This book is intended to fulfill this
purpose, at least partially. Due to the extensive participation of Russian authors, the
book contains many ideas and approaches traditional in Russian science but less well
known in the West.

I hope that this book will be another example of a productive and successful
international collaboration that transcends the borders of the present world.

Academician Prof. B.F. Myasoedov
Moscow
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Preface

This book is a collection of reviews concerning the structural and coordination
chemistry of actinide compounds. Over the past decade, these compounds have attracted
considerable attention because of their importance for radioactive waste management,
catalysis, ion-exchange and absorption applications, and various other applications.
Synthetic and natural actinide compounds form as a result of alteration of spent nuclear
fuel and radioactive waste under Earth surface conditions, during burn-up of nuclear
fuel in reactors, and as oxidation products of uranium mines and mine tailings. Soils
and sediments contaminated by actinides often contain such phases as well. Actinide
compounds are also of considerable interest to materials scientists owing to the unique
electronic properties of actinides which give rise to interesting physical properties that
are controlled by the structural architecture of the respective compounds.

The structural chemistry of actinides is very diverse due to the possibility of
different oxidation states and the richness of actinide coordination geometries. Whereas
actinides in lower oxidation states sometimes mimic rare earth elements, actinides in
higher oxidation states possess unique coordination chemistry, due to the tendency to
form linear actinyl ions. The reviews in this book are written by specialists in their
fields and the subjects range from low-valence actinide compounds to actinide-based
metal-organic frameworks. The active participation of Russian authors provides
overviews of some activities undertaken by scientists in the former Soviet Union. Their
results are sometimes not well known to ‘western’ readers because of the relatively
closed nature of works in this field during the Cold War years.

The book begins with two chapters (by Burns and Serezhkin) concerning the
basic structural chemical features of uranium oxocompounds, as these are the most
studied actinide compounds in general. Chapter 3, written by Tananaev, describes
research results on hydrated oxides, hydroxides and peroxides of transuranium elements
and contains some instances of infrared structural features for poorly crystallized
compounds from spectroscopic data. The next five chapters are devoted to particular
classes of actinide compounds that are characterized by specific structural principles.
Krivovichev and Burns (Chapter 4) review structures of over 300 actinide compounds
containing hexavalent cations of the VI group elements (S, Se, Mo, Cr, W). In Chapter
5, Sykora, Shvareva and Albrecht-Schmitt describe structural trends observed for
actinide compounds with heavy oxoanions containing a stereochemically active lone-
pair of electrons (e.g., those formed by Sh(lll), Bi(lll), Se(1V), Te(lV), Br(V), and
I(V)). Chapter 6, written by Locock, provides an overview of actinide phosphates and
arsenates that are of great mineralogical and environmental importance. Chapter 7 by
Abraham and Obbade presents a systematic overview of the structural diversity of
uranyl vanadates. Chemistry and structural chemistry of anhydrous tri- and tetravalent
actinide orthophosphates is the topic of Chapter 8 by Orlova. In Chapter 9, Pope
describes actinide complexes of polymolybdates and polytungstates, and also discusses
solution studies of equilibria between actinide cations and polyoxometalate anions.
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Grigory Andreev, Nina Budantseva and Alexander Fedoseev review the current state of
the art in research on the interaction of the transuranium elements (TRUE) with N-
donor ligands (Chapter 10). Chapter 11 is devoted to a *hot’ topic: U(VI)-containing
metal-organic frameworks and coordination polymers and is written by Christopher
Cahill and Lauren Borkowski. A short introduction concerning nanostructured actinide
compounds is provided in Chapter 12. Finally, Chapter 13, written by Sergey
Yudintsev, Sergey Stefanovsky and Rodney Ewing, examines actinide host phases as
radioactive waste forms.

In total, the book provides an overview of the structural features of more than
two thousand actinide compounds and contains about fifteen hundred references. We
are well aware that the reviews gathered in this book do not cover all aspects of research
concerning the structures of inorganic actinide compounds. However, we hope that it
will be useful for those seeking detailed and updated basic research data concerning
actinide compounds as well as those who are seeking a clue in the solution of some
important practical problems such as immobilization of radionuclides, utilization of
depleted uranium, and safe disposal of nuclear waste.

Sergey V. Krivovichev

Peter C. Burns

Ivan G. Tananaev

May 2006

St. Petersburg — Notre Dame — Moscow
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Chapter 1

Crystal chemistry of uranium oxocompounds: an
overview

Peter C. Burns

Department of Civil Engineering and Geological Sciences, University of Notre Dame,
Notre Dame, IN 46556 U.S.A.
Chemistry Division, Argonne National Laboratory, Argonne, IL, U.S.A.

1. Introduction

Crystals containing U®" have been the focus of considerable research over
several decades. The introduction of CCD-based detectors of X-rays and their
application to crystal structure analysis [1] helped facilitate recent studies that
have revealed many novel and fascinating crystal structures. A decade ago, the
structures of about 180 inorganic compounds containing U®" were known [2],
and by 2006 the number of known structures has more than doubled [3]. The
majority of these structures correspond to synthetic compounds, but about 90
are for minerals, the special subset of inorganic compounds that are stable for
geological times, and that are consistent with geochemical conditions.

Current research concerning the crystal chemistry of U®" oxocompounds is
driven by the search for novel solids with important materials properties [4-10],
as well as the importance of U®" compounds in the environment [11-16], in
geological U deposits [17], and in nuclear waste disposal [18]. The quantity of
new structures becoming available is dramatically impacting the state of
knowledge of the crystal chemistry of U®". Relative to a decade ago,
dramatically more is known about the structures of uranyl molybdates, sulfates,
selenates, selenites, iodates, phosphates, arsenates, oxyhydrates, and peroxides,
and significant advances have also been made in the cases of uranyl carbonates,
chromates, and silicates. Many of the newer structures follow earlier-
established trends, such as the dominance of layered structures, but recent
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research has also revealed the remarkable ability of U structures to adopt
curvature, resulting in nano-scale tubules and spheres [8-10].

The purpose of this chapter is to discuss the specifics of U crystal chemistry in
terms of the geometries of the coordination polyhedra and their linkages into
extended structures. Approaches to understanding and classifying structures
containing U®" are examined. Specific coverage is provided for the structures of
uranyl oxyhydrates, uranyl silicates, and uranyl carbonates. U®" compounds
containing iodate, selenite and tellurite are examined in Chapter 6, sulfates,
selenates, molybdates, chromates, and tungstates are in Chapter 7, phosphates
and arsenates are in Chapter 8, and uranyl vanadates are covered in Chapter 10.

2. Coordination Polyhedra and Polyhedral Linkages

Actinide cations in higher oxidation states (V and VI) almost invariably form
two double bonds to two atoms of oxygen, resulting in an O=4n=0 (4n:
actinide cation) ion that is linear or nearly so. The U®" cation conforms to this
trend, forming a (UO,)*" ion in most cases. The U*"-O bond lengths are short
because of the double bond, and are typically in the range of 1.78 to 1.82 A.
These short bonds come close to satisfying the bonding requirement of the O
atoms, and correspond to about 1.6 to 1.7 valence units [19].

The formal valence of the uranyl ion is 2+, and the ion is always coordinated by
multiple ligands in a crystal structure. These ligands are usually located within
or near a plane oriented perpendicular to the uranyl ion, passing through the U®*
cation. In the case of oxocompounds, four, five or six O, OH or H,O ligands
coordinate the uranyl ion, and are located in the equatorial positions of square,
pentagonal and hexagonal bipyramids. In each case, the O atoms of the uranyl
ions are located at the two apical positions of the bipyramids (Fig. 1).

The distribution of bond lengths about U®" cations in well-refined structures, as
summarized by Burns [3], is presented in Figure 2. The distributions for both
pentagonal bipyramids and hexagonal bipyramids are completely bimodal,
reflecting the presence of a uranyl ion in each of these polyhedra. The average
U-O bond lengths in the uranyl ion are 1.793(35) and 1.783(30) A for
pentagonal and hexagonal bipyramids, respectively. Bond lengths to the
equatorial ligands are significantly longer, and show more dispersion:
2.368(100) and 2.460(107) A for pentagonal and hexagonal bipyramids,
respectively.
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Figure 1. U®" coordination polyhedra. (a) uranyl ion, (b) square bipyramid, (c) pentagonal
bipyramid, (d) hexagonal bipyramid.
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Only some of the structures that contain U®" coordinated by six atoms of O
exhibit uranyl ions. In the others, the U®" cation is at the center of an
octahedron, with a bond-length of about 2.08 A. It is also interesting to note
that various coordination polyhedra intermediate between uranyl square
bipyramids and holosymmetric octahedra are present in structures. Where a
uranyl ion is present in a square bipyramidal polyhedron, the average uranyl ion
and equatorial bond lengths are 1.816(50) and 2.264(64) A, respectively.

The uranyl ion bond length is weakly dependent upon the number of
coordinating ligands, with the shortest bond lengths occurring for hexagonal
bipyramids and the longest for square bipyramids. The bond lengths to the
equatorial ligands are 0.2 A longer in the hexagonal bipyramid than in the
square bipyramid, and those of the pentagonal bipyramid are intermediate in
this range. The corresponding bond-valences associated with the bonds from
the U®" cation to the equatorial ligands are 0.71 valence units for the square
bipyramid, 0.53 valence units for the pentagonal bipyramid, and 0.44 valence
units for the hexagonal bipyramid. Satisfaction of the remaining bond-valence
requirements must be achieved if a stable structure is to result. Where H,O
coordinates the uranyl ion, the O atom of the H,O does not require additional
bonds, as the H atoms contribute the required bond valance. Although it may
be common in solution, coordination of uranyl ions by H,O groups is rare in
crystal structures, and of the uranyl minerals, is only observed in a few species
such as soddyite [20] and uranopilite [21].

Where the equatorial ligands of uranyl bipyramids are O or OH, these O atoms
must participate in significant additional bonding to form a stable structure. To
meet these bonding requirements, the uranyl polyhedra share equatorial vertices
or edges with other polyhedra containing higher-valence cations. Often, such
linkages are only between uranyl polyhedra. In these cases, O or OH groups are
shared between uranyl ions and the sharing of equatorial edges is common
between the polyhedra. As these linkages are almost invariably between
equatorial ligands, sheets of uranyl polyhedra are the result. In such sheets, O
atoms are almost always bonded to three uranyl ions, but OH groups can bond
to either two or three uranyl ions. Where the OH group is linked to three uranyl
ions, the bond length is about 0.2 A longer than the case where O is bonded to
three uranyl ions.

It is also common for uranyl polyhedra to share their equatorial vertices with
polyhedra containing other types of cations of higher valence. Where this is the
case, the types of linkage are dependent upon both the size of the second
polyhedron, and the charge of the central cation. For example, borate and
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carbonate triangles that are small and contain trivalent or quadravalent cations
usually share edges with uranyl hexagonal bipyramids, which presents the
shortest equatorial edge length of any of the three types of uranyl bipyramids.
In comparison, tetrahedra containing hexavalent cations usually share single
vertices with uranyl polyhedra, so as to minimize the repulsion between the
cations. Tetrahedra containing pentavalent cations, such as phosphate or
arsenate, link to uranyl polyhedra both by sharing edges and only vertices, in
roughly equal proportions.

3. Structural Hierarchy of Inorganic Uranyl Compounds

With the substantial growth in the number of known structures containing
uranyl polyhedra, a hierarchical arrangement of structures that facilitates
comparison and that highlights underlying structural relationships is desirable.
The goal of a structural hierarchy is to organize a wealth of complex and diverse
structures into a cohesive framework. Structural hierarchies are usually based
upon the connectivity of polyhedra in the structures, and thus carry a great deal
of information concerning the crystal chemistry of the target group. The intent
is to recognize structural trends within large groups of compounds, as such
trends are usually obscured by the complexity of individual structures.

Burns et al. [2] developed a detailed structural hierarchy for inorganic uranyl
compounds, and included both minerals and synthetic phases. At that time, 180
structures were available for inclusion. Burns [22] expanded the structural
hierarchy and updated it in the case of minerals only. Burns [3] further
developed the entire hierarchy and included coverage of 368 mineral and
synthetic phases. The structural hierarchy is based upon the linkages of those
polyhedra that contain higher-valence cations. In every case this includes
polyhedra with U®", and often it includes one or more other types of cation
polyhedra. For the purposes of the hierarchy, bonds to low-valence cations and
H bonds are ignored (although these bonds are important for the stability of the
entire structure).

Structures containing U®" fall into five categories corresponding to isolated
polyhedra (8), finite clusters of polyhedra (43), chains of polyhedra (57), sheets
of polyhedra (204), and frameworks of polyhedra (56). The numbers in
parenthesis indicate the frequency of each type of structure in Burns [3]. Note
that linkages through equatorial vertices of uranyl bipyramids results in
dominance of sheets of polyhedra, which account for about 55% of known
structures.
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Burns [3] adopted two different approaches to arranging the structures within
the structural classes. In the cases of finite clusters of polyhedra, chains of
polyhedra, and sheets of polyhedra that are dominated by the sharing of
polyhedra vertices rather than edges, a graphical representation of the structural
units was adopted.

Graphical representations are powerful because they reduce the structural
complexity and allow recognition of underlying relationships amongst groups of
structures. The graph is obtained from a structure by representing each distinct
type of polyhedron with a colored circle, and the number of vertices shared
between adjacent polyhedra are shown by connectors between the colored
circles. Consider for example the clusters and their graphs shown in Figure 3.
The graph corresponding to the cluster in Figure 3a has two black circles and
eight white circles, the number of uranyl polyhedra and tetrahedra in the cluster.
There are two types of white circles; those that are connected to two black
circles, and those that are linked to only one. These two types of white circles
correspond to the two- and one-connected tetrahedra of the cluster, respectively.
The graph also indicates that all linkages in the cluster are by the sharing of
vertices, without any sharing of edges that would have been shown by double
connectors in the graph. This may be compared to the graph shown in Figure
3b, which has three types of white circles; those that are connected to a single
black circle by a single connector, those that are connected to two black circles
by single connectors, and those that are connected to a single black circle by
two connectors. In the latter case, the two connectors extending between the
black and white circle indicate that an edge is shared between the uranyl
polyhedron and the corresponding tetrahedron.

(a)

Figure 3. Examples of clusters of uranyl polyhedra and tetrahahedra and their corresponding
graphs.

Krivovichev & Burns [23] developed a graphical approach for the analysis of
sheets that are dominated by the sharing of vertices, Krivovichev [24] greatly
expanded this approach, and Burns (2005) analyzed such structures in the same
way. This approach is especially powerful because it permits recognition of
parent graphs from which many other graphs may be derived. Chapter 7
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presents uranyl structures containing sulfate, molybdate, chromate, and selenate
using this approach.

Where linkages between polyhedra of higher bond valence within sheets are
largely through the sharing of edges, the topological arrangement of anions
within the sheets are a powerful means of arranging the structures [2, 3, 22]. In
this approach, the connectivity of the sheet of polyhedra is analyzed and only
those anions that are bonded to two or more cations within the sheet are
considered. Those that are separated by less than about 3.5 A are connected by
lines, all atoms are removed from further consideration, and the resulting
representation is projected onto a plane. The resulting two-dimensional tiling of
space represents the topological arrangement of anions within the sheet, and is
designated the sheet anion-topology. The utility of this approach is that sheets
of polyhedra with little obvious resemblance often have the same underlying
sheet anion-topology. As shown by Miller et al. [25] and Burns [22], it is
possible to create most of the sheet anion-topologies by stacking a small
number of distinct chains of polygons. These chains, and their corresponding
designations, are presented in Figure 4. This provides a useful means of further
comparing sheet anion-topologies, as well as a simple shorthand notation for the
topologies. As shown by Miller et al. [25], this also permits derivation of as-yet
unknown topologies. Burns [26, 27] showed that it is possible to use this
approach to demonstrate that extraordinarily complex sheets in some minerals
are composed of modules of simpler sheets found in other minerals or synthetic
compounds.

Figure 4. Chains of polygons used to generate sheet anion-topologies.
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4. Bond-Valence Approach to Uranyl Structures

The bond-valence approach [28] has proven to be a powerful tool for the
prediction and interpretation of bond lengths in solids. Burns et al. [19]
presented revised bond-valence parameters derived from uranyl polyhedra in
well-refined structures. These parameters facilitate calculations in the case of
U®, as previously proposed parameters generally performed poorly. Burns et
al. [19] provided bond valence parameters that were optimized over all uranyl
polyhedra, as well as those that are coordination specific. The coordination
specific parameters for six-coordinated U®* are R =2.074 A, b =0.554 A; for
seven-coordinated U®" R;; = 2.045 A, b = 0.510 A; for eight-coordinated U*" R;;
=2.042 A, b=10.506 A. Optimal parameters for all types of U®" polyhedra are
R;j=2.051A,b=0.519 A,

Schindler and Hawthorne [29] presented novel insights into the chemical
composition and occurrence of uranyl oxide hydrates using a combined binary
representation and bond-valence approach. In essence, this approach looks for
conditions of overlap of the bonding requirements emanating from the structural
unit and interstitial components. The outcome is a series of predicted
compositions and mineral stabilities.

5. Uranyl Oxide Hydrates

The most recent compilation of uranyl structures [3] included 29 uranyl oxide
hydrates. These structures contain uranyl bipyramids that are invariably linked
by the sharing of their equatorial vertices or edges. Most contain interstitial
H,O, and all but six contain low-valence cations that provide linkages between
the structural units. Of the 29 uranyl oxide hydrates that have known structures,
17 are minerals. These minerals often form as alteration products of uraninite,
UO,4y, in the oxidized portions of U deposits [30]. They are typically the first
uranyl minerals to form at the onset of alteration, and although they can persist
for geologically significant times. Continued alteration often results in their
replacement by other uranyl minerals such as uranyl silicates or phosphates.
Uranyl oxide hydrates have also received considerable attention because they
form when spent nuclear fuel is altered in a moist, oxidizing environment [31,
32]. It has been suggested that these phases may significantly impact the future
fate of a variety of radionuclides during evolution of the repository, as they may
incorporate radionuclides such as Cs, Sr, and Np upon crystallization [16].

The linkage of uranyl bipyramids through their equatorial vertices results in the
dominance of sheets of polyhedra within this structural class: of the 29 known
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structures, 27 contain sheets of polyhedra and the other two are frameworks of
polyhedra in which there is a significant layered character.

The uranyl oxide hydrates for which there are known crystal structures are listed
in Table 1. The structures that are based upon sheets are arranged according to
the topological arrangements of the anions within the sheets. Structures with
identical sheet anion-topologies are grouped in the Table. There are 13 sheet
anion-topologies that are the basis of the 27 sheets in uranyl oxide hydrates. It
is important to note that several of these anion topologies are also the basis of
sheets containing uranyl polyhedra and other polyhedra of higher bond-valence,
and these structures are not included in the current discussion. Some structures,
such as those of the minerals vandendiescheiite [26] and wolsendorfite [27]
possess sheets with tremendous complexity, despite their relative chemical
simplicity.

The autunite anion-topology is a simple array of squares located such that their
corners correspond (Fig. 5). Two uranyl oxide hydrates, y-[(UO,)(OH),] [33]
and B-[(UO,)(OH),] [34], contain sheets with this anion topology. The
topologically identical sheets in these two structures contain only uranyl square
bipyramids that are located in half of the squares of the underlying anion
topology. Each square bipyramid shares all four of its equatorial vertices with
four different uranyl square bipyramids, thus each is four-connected and all of
the connections within the sheet involve only the sharing of vertices. The
sheets in these structures are electroneutral, there are no interlayer constituents,
and the sheets are linked directly by H bonds.

(2) (b)

Figure 5. The autunite sheet anion-topology (a) and corresponding sheet of vertex-sharing uranyl
square bipyramids from the structures of 3 and y [(UO,)(OH),] (b).
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Table 1. Uranyl Oxide Hydrates

Peter C. Burns

Name Formula S.Gr. a(A) b(A) c(A) Ref.
Autunite anion-topology
Y-[(UO,)(OH),] P2y/c 5560 5.522 6.416 33
B-[(UO,)(OH),] Pbca  5.6438 62867 9.9372 34
Protasite anion-topology
Protasite Ba[(UO,);05(OH),](H,0); Pn 12.2949 72206  6.9558 37
Billietite Ba[(UO,);0,(0OH);],(H,0)4 Pbn2; 12.0720 30.167  7.1455 37
Becquerelite Ca[(UO,);0,(0OH);],(H,0)s Pn2ia  13.8527 12.3929 14.9297 35
St 27[(U0O,)305 54(OH), 46](H,0)3 P3 7.020 6.992 35
Cs3[(UO,)1,07(OH),5](H,0)3 R3 14.124 22.407 90
Na,[(UO,);05(0OH),] P2y/n 7.0476 114126 12.0274 67
Richetite (Fe,Mg)Pbs 57[(UO,)15015(OH)5](H,0)sy  P1 20939  12.100 16345 38
Agrinierite K»(Cay 65510.35)[(UO,);05(0OH),],(H,0)s5 F2mm  14.094  14.127 24.106 40
Masuyite Pb[(UO,);05(0H),](H,0)3 Pn 12.241  7.008 6.983 39
Compreignacite K[(UO,);0,(OH);15(H,0), Pnnm 14859  7.175 12.187 36
Fourmarierite anion-topology
Fourmarierite Pb[(UO,)405(0H)4](H,0),4 Bb2ym 13986 16400 14293 41
Metaschoepite [(UO,)40(0OH)c](H,0)s Pbcm  14.6861 13.9799 16.7063 42
Schoepite [(UO,)30,(0OH);,](H,0);, P2ica 14337 16813 14731 43
Vandendriesscheite anion-topology
Vandendriesscheite  Pb; s7[(UO,);00¢(OH);]1(H,0)y; Pbca 14.116  41.378 14.535 26
p-U;0g anion-topology
Ianthinite [U,*(U0,)404(OH)4(H,0)4](H,0)5 P2ica 7.178 11.473  30.39 45
Spriggite Pb3[(UO,)s0s(0OH),](H,0)5 C2/c 28355  11.990 13998 44
Curite anion-topology
S5 82(H,0),[(UO,)40; 5:(OH);3 151> Pnam 12314 12961  8.404 47
Curite Pbs[(UO,)s05(OH)6](H,0)5 Pnam  12.551 13.003  8.390 46
Sayrite anion-topology
Sayrite Pb,[(UO,)s06(OH),](H,0)4 P2)/c  10.704  6.960 14.533 48
Wolsendorfite anion-topology
Wolsendorfite Pbg 16Bag 36[(UO2)14019(OH)4](H,0)12 Cmem  14.131 13.885 55969 27
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Vandenbrandeite anion-topology

Vandenbrandeite [(UO,)Cu(OH)4] P1 7.855 5.449 6.089 50
Na[(UO,) ,0,(OH)s] (H,0), anion-topology
Na[(UO,)40,(OH)s](H,0), P1 8.0746  8.4633  11.2181 51
Ks5[(UO3) y05(OH) ] (H,0) anion-topology
K;5[(UO,)190s(OH)o](H,0) Pn 13.179  20.895 13431 52
Ca[(UO,),05(0OH),] (H;0), anion-topology
Ca[(UO,)40;(0OH)4](H,0), P1 8.0556  8.4214 10958 53
a-[(UO,)(OH),] anion-topology
o-[(UO,)(OH),] Cmca  4.242 10302 6.868 54
Frameworks
(NH4)5(H,0),{[(UO,),001o(OH)] C2/c 11.627  21.161 14706 55
[(UO)H,0)2]}
Pby(H,0)[(UO,)10UO;2(OH)s(H,0)6] C2/c 13.281  10.223  26.10 56

The protasite anion-topology is the basis for sheets of uranyl pentagonal
bipyramids in ten structures. This is a relatively simple topology that contains
only triangles and pentagons (Fig. 6). The anion topology is composed of P and
D chains, with the stacking sequence being PDPD... Each of the pentagons in
the anion topology is populated by a uranyl ion, giving a sheet of edge-sharing
uranyl pentagonal bipyramids with the uranyl ions oriented approximately
perpendicular to the plane of the sheet. In all cases the sheets of uranyl
polyhedra bear a negative charge, but there are multiple versions of the sheet
that differ in terms of the number and distribution of OH groups at the
equatorial positions of the bipyramids. For example, the sheet compositions in
becquerelite [35], billietite [37] and compreignacite [36] are all
[(UO,);0,(OH);]". All of the corners of all of the triangles in the anion
topologies corresponding to these sheets are occupied by OH. The sheets in
masuyite and protasite have the composition [(UO,);05(OH),]”, and only two
of the vertices of each of the triangles in the anion topology are occupied by
OH. The sheet in richetite [38] has the same formula as masuyite [39], but the
distribution of OH groups within the anion topology is different. The
interlayers of nine of the structures that contain sheets based upon the protasite
anion topology contain H,O. All of the interlayers contain either monovalent or
divalent cations, and the structure of agrinierite [40] contains both.
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Figure 6. The protasite sheet anion-topology generated by stacking chains (a), and the sheet of
uranyl pentagonal bipyramids that occurs in 10 structures (b).

The fourmarierite anion-topology (Fig. 7) is the basis for topologically identical
sheets that occur in the structures of fourmarierite [41], schoepite [42] and
meta-schoepite [43]. This topology contains only pentagons and triangles, and
is created using the P, D and U chains with the stacking sequence
DUPUDPDU... In each case all of the pentagons of the anion topology are
populated by uranyl ions, giving sheets of edge-sharing uranyl pentagonal
bipyramids. In fourmarierite, the sheets have a net negative charge that is
balanced by Pb cations in the interlayer. Li & Burns [41] studied the structures
of multiple fourmarierite crystals, and determined that the occupancies of the
two Pb sites in the interlayer are not constant, and that variation of the amount
of Pb in the structure is correlated with substitution of O for OH groups at
equatorial positions of uranyl pentagonal bipyramids in the sheets. One
synthetic crystal showed a composition that was midway between that of
fourmarierite and schoepite. In schoepite and meta-schoepite the sheets are
electroneutral, H,O is in the interlayer, and only H bonds link the sheets through
the interlayer constituents.

The structure of vandendriesscheite [26] contains the remarkably complex sheet
of uranyl pentagonal bipyramids illustrated in Figure 8. To date, this sheet is
only known from vandendriesscheite, and synthesis of crystals containing this
sheet has not been reported. The corresponding anion topology is shown in
Figure 8a, and contains only pentagons and triangles, which is remarkable given
the complexity of the topology. Construction of the anion topology requires
only the P, D and U chains, and the stacking sequence is
PDUPUPUPUDPDPDPDUPUPU.... The structure has a primitive repeat
length of more than 41 A owing to the complexity of the sheet. The interlayer
of the structure contains only Pb and H,O, and the Pb** coordination polyhedra
are distorted because of the presence of a stereoactive lone-electron pair.
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R

Figure 7. The fourmarierite sheet anion-topology generated by stacking chains (a), and the sheet
of uranyl pentagonal bipyramids that occurs in fourmarierite, schoepite and meta-schoepite (b).

The B-U;05 anion topology contains chains of edge-sharing pentagons, as well
as chains of edge-sharing triangles and squares arranged such that the pentagons
of adjacent chains share vertices (Fig. 9). The anion topology is best described
using the U, D and R chains, with the sequence DRUDRU... The structures of
spriggite [44] and ianthinite [45] contain sheets that are based upon this anion
topology. In the spriggite sheet, the pentagons and squares of the anion
topology are both occupied by uranyl ions, resulting in sheets of uranyl square
and pentagonal bipyramids. The Pb cations and H,O groups are located in the
interlayer. The ianthinite sheet is obtained from the anion topology by
population of the pentagons with uranyl ions, and the squares with U*" cations.
The resulting sheet is electroneutral, and linkages between the sheets are
through H bonds involving H,O groups in the interlayer.

Figure 8. The vandendriesscheite sheet anion-topology generated by stacking chains (a), and the
sheet of uranyl pentagonal bipyramids that occurs in vandendriesscheite (b).
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(a)

Figure 9. The -U;Og sheet anion-topology generated by stacking chains (a), and the sheet of
uranyl square and pentagonal bipyramids that occurs in spriggite and ianthinite (b).

The curite anion-topology, which contains pentagons, distorted squares, and
triangles is shown in Figure 10. Creation of this anion topology using chains of
polygons requires the D and UM chains with the stacking sequence DUMDUM. ..
It is the basis of the sheet found in curite [46], as well as its isostructural Sr
analogue [47]. The pentagons and squares of the anion topology are populated
by uranyl ions, resulting in a sheet that contains uranyl pentagonal bipyramids
and strongly distorted square bipyramids (Fig. 10). Similarly distorted uranyl
square bipyramids occur in at least three other uranyl oxide hydrates. The
interlayer of the structure contains Pb cations and H,O groups. The existence of
the isostructural Sr analogue demonstrates that the unusual sheet in the structure
of curite is not a result of the highly distorted coordination polyhedra that are
typical of Pb cations in the interlayer.
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Figure 10. The curite sheet anion-topology generated by stacking chains (a), and the sheet of
uranyl square and pentagonal bipyramids that occurs in curite and its Sr analogue (b).

Sheets in the structure of the rare Pb uranyl oxide hydrate mineral sayrite [48]
are based upon the anion topology shown in Figure 11. The topology contains
the P, R, U and D chains with the sequence RUPURDPDRUPU... The
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squares and the pentagons of the anion topology are each populated by uranyl
ions, giving a sheet of uranyl square and pentagonal bipyramids (Fig. 11). The
sheets are linked through bonds to Pb and through H bonding to H,O groups,
both of which are located in the interlayer. This sheet has also been observed in
the synthetic anhydrous phase K,[(UO,)sO5](UO,), [49], where the interlayer
contains uranyl ions.
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Figure 11. The sayrite sheet anion-topology generated by stacking chains (a), and the sheet of
uranyl square and pentagonal bipyramids that occurs in sayrite (b).

The structure of wdlsendorfite [27] contains the most complex sheet of uranyl
polyhedra known (Fig. 12). The corresponding anion topology is composed of
pentagons, squares, and triangles, and has a primitive repeat distance of 56 A.
The topology contains P, R, U and D chains with the sequence
DRUDRUDRUPDPDRUDRUDRUPDP... The pentagons and squares of the
anion topology are occupied by uranyl ions, giving sheets of uranyl square and
pentagonal bipyramids. The interlayer of the structure contains Pb and some
Ba, as well as H,O groups. Burns [27] demonstrated that the wolsendorfite
anion topology, as well as the sheet of polyhedra, is composed of modules of
the protasite and B-U;Og topologies. In particular, the sequence of chains
DRUDRUDRU is identical to that of the B-U;Og topology, and the PDP
sequence occurs in the protasite anion topology.

Figure 12. The woélsendorfite sheet anion-topology generated by stacking chains (a), and the sheet
of uranyl square and pentagonal bipyramids that occurs in wdlsendorfite (b).
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The structure of vandenbrandeite [50] contains unique sheets of uranyl
pentagonal bipyramids and Cu®" square bipyramids (Fig. 13). The
corresponding anion topology contains pentagons, squares and triangles, and is
composed of the D, U and R chains with the sequence DRURRRDRURRR...
The pentagons of the anion topology contain uranyl ions, giving uranyl
pentagonal bipyramids, and the squares correspond to the bases of the Cu®*
square bipyramids. The Cu®" square bipyramids share an edge along their base,
giving dimers in which the apical ligands of the two bipyramids extend in
opposite directions. Apical ligands of the Cu®* square bipyramids correspond to
Oy, atoms of adjacent sheets.

Figure 13. The vandenbrandeite sheet anion-topology (a), and the sheet of uranyl pentagonal
bipyramids and Cu square pyramids that occurs in vandenbrandeite (b).

The structure of Na[(UO,)40,(OH)s](H,O), [51] contains a sheet of edge-
sharing uranyl pentagonal bipyramids (Fig. 14), and has the underling anion
topology shown in Figure 14a. This anion topology contains only pentagons
and triangles, yet it is distinct from the protasite anion topology. Construction
of the anion topology requires the U, D and P chains, with the stacking
sequence UPDUPD... This differs from that of the protasite anion topology
only in the orientation of the U chains. Reversing the directional sense of the U
chains results in D chains and the protasite anion topology.

Figure 14. The Na[(UO,);0,(OH)s](H,0), sheet anion-topology generated by stacking chains (a),
and the sheet of uranyl pentagonal bipyramids that occurs in Na[(UO,),0,(OH)s](H,0), (b).
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The structure of K;[(UO,);00s(OH)y](H,O) was determined for a synthetic
crystal grown under mild hydrothermal conditions [52]. The structural sheet
contains uranyl pentagonal bipyramids and strongly distorted uranyl square
bipyramids, similar to those in the curite sheet. The K and H,O group are
located in the interlayer, and provide linkages between the sheets. The sheet of
uranyl polyhedra (Fig. 15) contains double-wide chains of bipyramids that share
equatorial edges, and adjacent chains are connected by the sharing of vertices
and edges between bipyramids. The anion topology is shown in Figure 15a, and
contains pentagons, squares and triangles. It contains the P, D, U and R chains
with the stacking sequence DUPDPUDRDUPDPUDR.... To date, this is the
only sheet anion topology known for a uranyl compound in which a P chain is
flanked by both a D and a U chain. In all other cases where P chains are
flanked by D or U chains, both of the flanking chains have the same directional
sense.

The structure of Ca[(UO,)405(OH)4](H,0), [53] has an unusual sheet of uranyl
pentagonal bipyramids and strongly distorted square bipyramids (Fig. 16). The
sheet anion topology contains pentagons, squares and triangles (Fig. 16a). The
sheet has two distinct double-wide chains of bipyramids, one composed of only
pentagonal bipyramids, and one that contains both square and pentagonal
bipyramids. These two double-wide chains are linked into a sheet by the
sharing of equatorial vertices only. The resulting sheet is closely related to the
sheet in Na[(UO,),0,(OH);s](H,0),, and these sheets differ only in the position
of a single anion, which differs by about 0.6 A in the two structures.
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Figure 15. The Ks5[(UO;),1008(OH)s](H,O) sheet anion-topology generated by stacking chains (a),
and the sheet of uranyl square and pentagonal bipyramids that occurs in
K;5[(UO2)1005(OH)](H0) (b).
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Figure 16. The Ca[(UO,),03(OH)4](H,0), sheet anion-topology (a), and the sheet of uranyl
square and pentagonal bipyramids that occurs in Ca[(U0O,),05(OH)4](H,0), (b).

Consider the sheets that contain only uranyl pentagonal bipyramids and their
corresponding anion topologies. All of these contain chains of edge-sharing
pentagons, and the anion topologies differ mostly in the positions of the
triangles. Note that these triangles are vacant in each of the sheets that are
based upon these anion topologies. In the protasite anion topology, each of the
triangles are isolated from each other, and each points in the same direction
(Fig. 6). In the Na[(UO,);0,(OH);s](H,0), anion topology, the triangles occur
as pairs that share a vertex, resembling bowties, and there are two distinct
orientations of the bowties (Fig. 14). The fourmarierite anion topology also has
pairs of triangles resembling bowties, but each are oriented in the same
direction (Fig. 7). In the vandendriesscheite anion topology, some triangles are
isolated and some are linked into pairs resembling bowties (Fig. 8). The
isolated triangles point in two different directions, as do the bowties.

The structure of «-[(UO,)(OH),] [54] contains sheets of uranyl hexagonal
bipyramids (Fig. 17), and the sheet anion topology consists only of hexagons.
This is the only uranyl oxide hydrate that contains hexagonal bipyramids,
although this coordination type is common in uranyl carbonates, uranyl nitrates,
and uranyl phosphates of the phosphuranylite group.

(a)

Figure 17. The o-[(UO,)(OH),] sheet anion-topology (a), and the sheet of uranyl hexagonal
bipyramids that occurs in ¢o-[(UO,)(OH),] (b).
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The structures of (NH})}(HQO)Q{[(UOQ)l()O]()(OH)][(UO4)(H2O)2] (Flg 188,) [55]
and Pb(H,0)[(UO,)0UO2(OH)s(H,0)s] (Fig. 18b) [56] are the only uranyl
oxide hydrates with frameworks of uranyl polyhedra. In the case of
(NH3)3(H20)2{[(U0O,)10019o(OH)][(UO4)(H,0),], there are five uranyl square or
pentagonal bipyramids and one distorted octahedron containing U®". The
structure is dominated by sheets that are based upon the B-U;Og anion topology
that are topologically indistinguishable from the sheets in spriggite and
ianthinite. The square sites of the anion topology are occupied by both uranyl
square bipyramids and the distorted octahedra. Two additional uranyl
pentagonal bipyramids share an edge, giving a dimer that is located in the
interlayer between the sheets, and that provides direct linkages of the sheets into
the framework structure. The NH; and H,O groups are located in channels that
extend through the framework parallel to the sheet of polyhedra.

The structure of Pb(H,O)[(UO,);0UO2(OH)s(H,O)¢] is the only known Pb
uranyl oxide hydrate with a framework structure. It was prepared by mild
hydrothermal synthesis and has not yet been reported as a mineral species. It
has both uranyl square and pentagonal bipyramids, as well as one U®" site that is
in a distorted octahedral coordination environment. The structure contains
complex ribbons of vertex and edge-sharing uranium polyhedra that are closely
related to those found linked into two dimensions in the curite sheet. However,
in Pb(HzO)[(UOz)10UO]2(OH)6(H20)6] the ribbons are oriented with their
widths in opposing directions, and they are connected into a framework.
Channels extending through the framework contain the Pb cations as well as a
H,0 group.

Figure 18. The frameworks of uranyl polyhedra that occur in the structures of
(NH;)3(H20)2{[(UO2)10010(OH)][(UO4)(H,0),] (a) and Pb(H,0)[(UO,)10UO;2(OH)s(H,0)s] (b).

6. Uranyl Silicates

Uranyl silicates are an important group of minerals in the altered zones of many
uranium deposits, and uranophane, the most common member of this group, is
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the most abundant uranyl mineral in many occurrences [30]. Uranyl silicates
have also received attention because they form when spent nuclear fuel interacts
with water containing silicon under oxidizing conditions, such as those expected
in the proposed repository for nuclear waste in Yucca Mountain, Nevada [32].
The structures are currently known for 15 uranyl silicates, of which ten are
minerals (Table 2).

The most significant group of uranyl silicates is the uranophane group. The
structures are known for seven members of this group, and in all cases they
contain sheets of uranyl pentagonal bipyramids and silicate tetrahedra with the
uranophane anion-topology. This anion topology (Fig. 19) contains pentagons,
triangles and squares and is elegant in its simplicity. It contains chains of edge-
sharing pentagons that are separated by chains of edge-sharing triangles and
squares. The uranyl silicate sheet is derived from the anion topology by
populating each of the pentagons with uranyl ions, giving uranyl pentagonal
bipyramids, and each of the triangles correspond to the face of a silicate
tetrahedron. It is important to note that the uranophane anion-topology is the
basis for many sheets in addition to uranyl silicates [3].

Although members of the uranophane group of minerals all contain uranyl
silicate sheets based upon the same anion topology, there are three different
types of sheets that differ in the orientation of the silicate tetrahedra. «-
uranophane [57], boltwoodite [58], cuprosklodowskite [59], sklodowskite [60]
and kasolite [61] are contain sheets with the same orientations of silicate
tetrahedra (Fig. 19b). All of these but kasolite contain acid silicate groups.
Consider the chains of edge-sharing triangles and squares in the underlying
anion topology. In this particular sheet, the tetrahedra alternate up and down
along the chains of triangles and squares. Going along the length of any chain
of edge-sharing pentagonal bipyramids in the sheet, all of the tetrahedra
attached to one side of the chain point in one direction, while those on the
opposite side of the chain point in the other direction. The sheet that occurs in
oursinite [62] is different because all of the silicate tetrahedra attached to any
chain of uranyl pentagonal bipyramids point in the same direction, even though
the tetrahedra alternate up and down along the length of the chain of edge-
sharing triangles and squares in the anion topology (Fig. 19c). The third type of
sheet occurs in B-uranophane [63] (Fig. 19d). Along the chain of edge-sharing
triangles and squares in the underlying anion topology, pairs of tetrahedra are
oriented in the same direction, such that are two pointing up, followed by two
pointing down. Tetrahedra attached to one side of the chains of uranyl
pentagonal bipyramids alternate up and down along the chain length.
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Table 2. Uranyl Silicates
Name Formula S.Gr. a(A) b(A) c(A) Ref
Uranophane anion-topology
o-uranophane Ca[(UO,)(Si0;0H)],(H,0)s P2, 15909  7.002  6.665 57
Boltwoodite (Ko 56Nag)[(UO,)(SIOsOH)(H,0) s P2/m 7.077  7.060  6.648 58
CS[(UO,)(SiOs0H)], P2/m 74038 70774  6.6566 91
Cuprosklodowskite ~ Cu[(UO,)(SiO;0H)],(H,0)¢ P1 7.052 9.267 6.655 59
Sklodowskite Mg[(UO,)(SiOs0H)]5(H,0)s C2m 17382 7.047 6610 60
Kasolite Pb[(UO,)(Si0,)](H,0) P2J/c 6704 6932 13252 61
Oursinite Co[(UO,)(Si0s0H)],(H,0)s Cmea  7.0494 17550 12734 62
B-uranophane Ca[(UO,)(SiO;0H),(H,0)s P2Ja 13.966 15443 6632 63
Haiweeite anion-topology
Haiweeite Ca[(UO,),Sis0,,(0H),](H,0)5 Cmem  7.25 17937 18342 64
Frameworks
Weeksite K, 26Bag25Ca0 15[(UO(SisO15)JH,O  Cmmb 14209 14248 35869 65
Soddyite (U0O,)»(Si04)(H,0), Fddd 8.334 11.212 18.668 21
KNa3(U0,)1(S14010)2(H,0)4 2 12.782 13.654  8.268 14
Nay(UO,)x(S14010)2(H,0)4 C2/m 12.770  13.610 8.2440 67
Nay(UO,)(SiO) HyJacd  12.718 13376 68
RbNa(UO,)(Si,0).H,0 PT 73668 7.8691  8.1766 69

Figure 19. The uranophane anion-topology (a) and uranyl silicate sheets based upon this anion

topology (b-d) which differ only in the orientations of the silicate tetrahedra.
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The uranyl silicate minerals haiweeite [64] and weeksite [65] both contain the
sheet of uranyl pentagonal bipyramids and silicate tetrahedra shown in Figure
20. Note that it contains the same chain of edge-sharing uranyl pentagonal
bipyramids as the uranophane group of minerals, and that silicate tetrahedra are
also attached to either side of this chain by sharing edges with the bipyramids.
However, the haiweeite sheet contains more silicate tetrahedra, and the
uranophane-type chains are not linked directly as in the uranophane group, but
rather are linked through a crankshaft-like chain of linked silicate tetrahedra that
extends parallel to the sheet. In haiweeite, the uranyl silicate sheets are
connected through Ca sites in the interlayer, as well as through H bonds
originating from H,O groups in the interlayer. In weeksite, the sheets are
actually connected through the sharing of vertices between silicate tetrahedra of
the crankshaft-like chains in adjacent sheets, and the structure of weeksite is
therefore a framework of polyhedra. Voids in the framework contains K, Ba
and Ca cations, as well as H,O groups.

Figure 20. The sheet of uranyl pentagonal bipyramids and silicate tetrahedra that occurs in
haiweeite and weeksite.

Soddyite [21] and the isostructural compound [(UO,),(GeO4)(H,0)] [66]
contain uranyl pentagonal bipyramids that share equatorial edges, forming
chains (Fig. 21). Each of the bipyramids also shares an edge with a tetrahedron.
One of the equatorial vertices of each bipyramid in occupied by H,O, and this
vertex is not shared with another polyhedron. Each tetrahedron shares two of its
edges with bipyramids on either side, and this links the chains of bipyramids
into a framework. Additional linkages are provided by H bonds.

The compound KNa;[(UO,),(S1401¢),](H,0)4 was found as an alteration phase
on actinide-bearing borosilicate glass that had been treated under mild
hydrothermal conditions [14]. Nay[(UO,)»(S1401¢)-](H,0)s was later
synthesized [67], and the two compounds have identical uranyl silicate
frameworks. There are sheets of vertex-sharing silicate tetrahedra that contain
both four and eight-membered rings (Fig. 22). Adjacent silicate sheets are
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linked through uranyl square bipyramids that have their uranyl ions aligned
parallel to the silicate sheet. All four of the equatorial vertices of the
bipyramids are also apical ligands of silicate tetrahedra from the sheets on either
side. The K and Na cations, as well as the H,O groups, are located in channels
that pass through the structure.

Figure 21. The framework of uranyl pentagonal bipyramids and silicate tetrahedra that occurs in
soddyite.
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Figure 22. The sheet of silicate tetrahedra (a) connected into a framework (b) in the structures of
KNa3[(UO,)x(S14010)2](H20)4 and Nay[(UO2)x(S14010)2](H20)4.

The structure of Na,[(UO,)(SiO4)] [68] contains U’ in an unusual distorted
octahedral coordination, with four short bonds (~2 A) and two longer (~ 2.3 A)
bond lengths. Each octahedron shares four of its vertices with silicate
tetrahedra, and the silicate tetrahedra are linked into four-membered rings. The
Na cations are located in voids within the framework (Fig. 23a).

The compound RbNa[(UO,)(S1,06)](H,0) [69] has rings of four linked silicate
tetrahedra, and these rings are linked into sheets that are parallel to (001) by
sharing vertices with uranyl square bipyramids (Fig. 23b). Each of the
equatorial ligands of any specific square bipyramid is shared with a tetrahedron
from a different ring. The uranyl silicate sheets are linked into a framework
through additional uranyl square bipyramids, such that the four vertices of the
silicate tetrahedra are shared with two tetrahedra within the ring, and two
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bipyramids. The Rb and Na cations and the H,O group are located in relatively
large voids within the framework.

Figure 23. The uranyl silicate framework structures in Na,[(UO,)(SiO4)] (a) and
RbNa[(UO,)(S1,04)](H,0) (b).

7. Uranyl Carbonates

Uranyl carbonate minerals are common in the altered zones of uranium
deposits, and tend to be amongst the most soluble of the uranyl minerals.
Currently, there are 22 known structures of uranyl carbonates, of which 12
correspond to minerals (Table 3). In slightly alkaline to alkaline groundwater
the uranyl tricarbonate cluster, with formula [(UO,)(CO;);]* is the dominant
species, and uranyl minerals that form from such solutions contain the uranyl
tricarbonate group as an isolated cluster.

Seventeen uranyl carbonates contain the isolated uranyl tricarbonate cluster
shown in Figure 24. The cluster is composed of a uranyl hexagonal bipyramid
that shares three equatorial edges with carbonate triangles, such that each
equatorial vertex is shared between the uranyl polyhedron and one carbonate
triangle. Most minerals that contain this cluster have relatively simple
structures in which the uranyl tricarbonate clusters are linked through bonds to
lower-valence cations, as well as by hydrogen bonds. The structure of
schrockingerite [70] is more complex in that it also contains sulfate tetrahedra,
and the tetrahedra and uranyl carbonate clusters are linked through an array of
bonds to Na and Ca.

Five uranyl carbonate minerals are known that contain sheets of uranyl
polyhedra and carbonate triangles. These minerals probably form from circum-
neutral to somewhat acidic solutions where the uranyl tricarbonate cluster does
not dominate. Each of the uranyl carbonate sheets are shown in Figure 25-29.
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Whyartite is the only mineral known to contain pentavalent uranium, although
several synthetic compounds are known to contain uranium in this valence state

Table 3. Uranyl Carbonates

Name Formula S. Gr. a(A) b(A) c(A) Ref
Uranyl tricarbonate cluster
Liebigite Ca,[(UO»)(CO3)5](H,0)1y Bba2 16.699 17.557  13.697 76
Schrockingerite  NaCaz[(UO),(COs)3](SO4)F(H,0)19 P1 9.634 9.635 14391 70
Bayleyite Mg,[(UO,)(CO;)31(H20)45 P2y/a 26.560 15256  6.505 77
Swartzite CaMg[(UO,)(CO5);](H,0)1, P2y/m 11.080 14.634  6.439 78
Andersonite Na,Ca[(UO,)(COs);](H,0)s R3m 17.904 23753 79
Grimselite K;3Na[(UO,)(CO5);](H,0) P-62¢ 9.302 8.260 80
Cejkaite Nay[(UO,)(CO5)5] Pl 9.291 9.292 12.895 81
RbgNa,[(UO,)(CO3)3],(H,0) P-62¢ 9.4316 83595 82
Cs4[(UO,)(CO5)3](H20)6 P2y/n 18.723  9.647 11.297 83
S[(UO,)(CO5)31(H,0)8 P2)/c 11.379 11.446 25653 84
(NH4)4[(UO,)(CO5)5] C2/c 10.679  9.373 12.850 85
Nay[(UO,)(CO;)5] P3cl 9.342 12.824 86
Cas[(UO»)(CO3)3],(NO3)2(H,0)19 P2y/n 6.5729 16.517  15.195 87
Cag[(UO»)(CO3)5],Cly(H20) 19 P4/mbm  16.744 8.136 87
Cayy[(UO,)(CO5);14Clg(H,0)47 Fd3 27.489 87
Cs4[(UO,)(CO3);] C2/c 11.513  9.6037 129177 88
K,Ca;[(UO,)(CO5);3]12(H20)6 Pnnm 17.015 18.048 18394 89
Miscellaneous sheets
Wyartite CaU’"(U0,)»(CO3)04(OH)(H,0); P2,22; 11271  7.105 20.807 71
Fontanite Ca[(UO,)3(CO3),0,](H,0)s P2y/n 6.968 17.276 15377 72
Roubaultite [Cuy(UO,)5(CO5),0,(OH),](H,0)4 P1 7.767 6.924 7.850 73
Rutherfordine [UO,CO;] Imm?2 4.840 9.273 4.298 74
Bijvoetite [M**(H,0),5(U0,)1605(0H)5(CO3)16](H,0)14  B12;1 21.234 12958 44911 75

[71]. The sheet in the structure of wyartite contains square and pentagonal
bipyramids that are occupied by U®', pentagonal bipyramids that contain U’",
and carbonate triangles (Fig. 25). The sheets are closely related to those with
the B-U;Og sheet anion-topology found in the structures of spriggite and
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ianthinite. One of the pentagonal bipyramids of the sheet of polyhedra contains
U, and this polyhedron shares an edge with the carbonate triangle, which
extends into the interlayer. Linkage between the sheets is provided by Ca and
H,O in the interlayer.

Figure 24. The (UO,)(COs); cluster that occurs in 17 uranyl carbonates.

Figure 25. The uranyl carbonate sheet that occurs in the structure of wyartite. The carbonate
triangles are shown in black, and are almost perpendicular to the page.

The structure of fontanite [72] contains the novel sheet of uranyl pentagonal and
hexagonal bipyramids and carbonate triangles shown in Figure 26. This sheet is
based upon the well-known phosphuranylite anion-topology that is the basis for
several uranyl phosphate and uranyl selenite mineral structures. However,
fontanite represents the only example of a uranyl carbonate sheet with this
topology. Both the pentagons and the hexagons of the anion topology are
populated by uranyl ions, which gives chains containing edge-sharing dimers of
pentagonal bipyramids that are linked through the hexagonal bipyramids. The
carbonate triangles are located in the triangles of the anion topology, where they
share an edge with a uranyl hexagonal bipyramid and the other vertex with a
uranyl pentagonal bipyramid of an adjacent chain of bipyramids. The sheets are
linked through bonds to Ca atoms located in the interlayer, as well as through H
bonds to H,O groups in the interlayer.

Roubaultite [73] contains the sheet illustrated in Figure 27b, and its underlying
anion-topology is shown in Figure 27a. This sheet is rather similar to the
fontanite sheet. Both contain the same chain of uranyl pentagonal and
hexagonal bipyramids, and CO; triangles. In the fontanite sheet, these chains
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are linked directly through the carbonate triangle. The roubaultite sheet also
contains chains formed by the sharing of edges between octahedra containing
Cu’", and the uranyl carbonate chains are separated by and linked through these
chains of octahedra on either side. Linkages between the sheets are though H
bonds from H,O groups located in the interlayer.

(a)

Figure 26. The uranyl carbonate sheet from the structure of fontanite (b), which is based upon the
phosphuranylite anion-topology (a).

Figure 27. The uranyl carbonate sheet from the structure of roubaultite, which incorporates chains
of edge-sharing Cu polyhedra (b), and its underlying sheet anion-topology (a).

Rutherfordine [74] contains the sheet of uranyl hexagonal bipyramids and
carbonate triangles shown in Figure 28b, with the corresponding sheet anion-
topology shown in Figure 28a. The anion topology contains chains of edge-
sharing hexagons that are connected in the second dimension by the sharing of
vertices, with adjacent chains separated by triangles. Each of the hexagons in
the anion topology is populated by a uranyl ion, giving hexagonal bipyramids.
Triangles in the anion topology occur as pairs with a common edge, and only
one of the triangles of each of these pairs contains a carbonate triangle. The
interlayer in rutherfordine is empty.

Bijvoetite [75] possesses the most complex uranyl carbonate sheet (Fig. 29).
The sheet contains both uranyl pentagonal and hexagonal bipyramids. Dimers
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of hexagonal bipyramids result from the sharing of an equatorial edge, and these
dimers are oriented perpendicular to a chain formed by the linkage of the dimers
through sharing edges with pentagonal bipyramids. Carbonate triangles are
attached to either side of this chain by sharing edges with the hexagonal
bipyramids, resulting in a novel uranyl carbonate chain. These chains are linked
into sheets through irregular coordination polyhedra about trivalent cations,
which correspond to Y and various rare earth elements.

\ &

Figure 28. The uranyl carbonate sheet in the structure of rutherfordine (b) and its sheet anion
topology (a).

Figure 29. The uranyl carbonate sheet, which also contains Y polyhedra, in the structure of
bijvoetite.

References

P.C. Burns, Can. Mineral., 36 (1998) 847.
P.C. Burns, M.L. Miller and R.C. Ewing, R.C., Can. Mineral., 34 (1996) 845-880.
P.C. Burns, Can. Mineral. (2005, in press).
A.J. Locock and P.C. Burns, J. Solid State Chem., 163 (2002) 275.
S.V. Krivovichev, C.L. Cahill and P.C. Burns, Inorg. Chem., 41 (2002) 34.
S.V. Krivovichev and P.C. Burns, J. Solid State Chem., 168 (2002) 245.
P.M. Almond, M.K. McKee and T.E. Albrecht-Schmitt, Angew. Chem. Int. Ed., 41 (2002),
3426.
8. P.C. Burns, K.A. Hughes Kubatko, G. Sigmon, B.J. Fryer, J.E. Gagnon, M.R. Antonio and
L. Soderholm, Angew. Chem. Int. Ed, 44 (2005) 2135.
9. S.V. Krivovichev, V. Kahlenberg, I.G. Tananaev, R. Kaindl, E. Mersdorf and B.F.
Myasoedov, J. Amer. Chem. Soc., 127 (2005) 1072.
10. S.V. Krivovichev, V. Kahlenberg, R. Kaindl, E. Mersdorf, I.G. Tananaev and B.F.
Myasoedov, Angew. Chem. Int. Ed., 44 (2005) 1134.

NoUnhA L=



Crystal chemistry of uranium oxocompounds: an overview 29

11.
12.
13.
14.

15.

16.
17.

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.

29.
30.
31.
32.

33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.

45.

46.
47.
48.
49.
50.
51.
52.
53.

E.C. Buck, N.R. Brown amd N.L. Dietz, Env. Sci. Technol., 30 (1996) 81.

Y. Roh, S.R. Lee, S.K. Choi, M.P. Elles and S.Y. Lee, Soil Sed. Contam., 9 (2000) 463.
Y. Li and P.C. Burns, J. Nucl. Mater., 299 (2001) 219-226.

P.C. Burns, R.A. Olson, R.J. Finch, J.M. Hanchar and Y. Thibault, Y., J. Nucl. Mater., 278
(2000) 290.

K.A.Hughes Kubatko, K.B. Helean, A. Navrotsky and P.C. Burns, Science, 302 (2003)
1191.

P.C. Burns, K.M. Deely and S. Skanthakumar, Radiochim. Acta, 92 (2004) 151.

C. Frondel, Systematic mineralogy of uranium and thorium. U.S. Geological Survey
Bulletin, 1064, 1958.

D.J. Wronkiewicz, J.K. Bates, S.F. Wolf and E.C. Buck, J. Nucl. Mater., 238 (1996) 78.
P.C. Burns, R.C. Ewing and F.C. Hawthorne, Can. Mineral., 35 (1997) 1551.

P.C. Burns, Can. Mineral., 39 (2001) 1139.

F. Demartin, C.M. Gramaccioli and T. Pilati, Acta Crystallogr., C48 (1992) 1.

P.C. Burns, Rev. Mineral., 38 (1999) 23.

S.V. Krivovichev and P.C. Burns, Zeit. fur Kristallogr., 218 (2003) 725-752.

S.V. Krivovichev, Crystallogr. Rev., 10 (2004) 185.

M.L. Miller, R.J. Finch, P.C. Burns and R.C. Ewing, J. Mater. Res., 11 (1996) 3048.
P.C. Burns, Amer. Mineral., 82 (1997) 1176.

P.C. Burns, Amer. Mineral., 84 (1999) 1661.

L.D. Brown, The bond-valence method: an empirical approach to chemical structure and
bonding. In Structure and Bonding in Crystals II (M. O’Keeffe and A. Navrotsky, eds.),
Academic Press, New York, 1981.

M. Schindler and F.C. Hawthorne, Can. Mineral., 42 (2004) 1601.

R.J. Finch and R.C. Ewing, J. Nucl. Mater., 190 (1992) 133.

P.A. Finn, J.C. Hoh, S.F. Wolf, S.A. Slater and J.K. Bates, Radiochim. Acta, 74 (1996) 65.
R.J. Finch, E.C. Buck, P.A. Finn and J.K. Bates, Materials Research Society Symposium
Proceedings, 556 (1999) 431.

S. Siegel, H. Hoekstra and E. Gebert, Acta Crystallogr., B28 (1972) 3469.

J.C. Taylor amd M.J. Bannister, Acta Crystallogr., B28 (1972) 2995.

P.C. Burns and Y. Li, Amer. Mineral., 87 (2002) 550.

P.C. Burns, Can. Mineral., 36 (1998) 1061.

M.K. Pagoaga, D.E. Appleman and J.M. Stewart, Am. Mineral., 72 (1987) 1230.

P.C. Burns, Can. Mineral., 36 (1998) 187.

P.C. Burns and J.M. Hanchar, Can. Mineral., 37 (1999) 1483.

C.L. Cahill and P.C. Burns, Amer. Mineral., 85 (2000) 1294.

Y. Li and P.C. Burns, Can. Mineral., 38 (2000) 737.

R.J. Finch, M.A. Cooper, F.C. Hawthorne and R.C. Ewing, Can. Mineral., 34 (1996) 1071.
M.T. Weller, M.E. Light and T. Gelbrich, Acta Crystallogr., B56 (2000) 577.

J. Brugger, S.V. Krivovichev, P. Berlepsch, N. Meisser, S. Ansermet and T. Armbruster,
Am. Mineral., 89 (2004) 339.

P.C. Burns, R.J. Finch, F.C. Hawthorne, M.L. Miller and R.C. Ewing, J. Nucl. Mater., 249
(1997) 199-206.

Y. Li and P.C. Burns, Can. Mineral., 38 (2000) 727.

P.C. Burns and F.C. Hill, Can. Mineral., 38 (2000) 175.

P. Piret, M. Deliens, J. Piret-Meunier and G. Germain, Bull. Minéral., 106 (1983) 299.
L.M. Kovba, Sh. Struk. Khim., 13 (1972) 256.

A. Rosenzweig and R.R. Ryan, Cryst. Struct. Commun., 6 (1977) 53.

P.C. Burrns and K.M. Deely, Can. Mineral., 40 (2002) 1579.

P.C. Burns and F.C. Hill, Can. Mineral., 38 (2000) 163.

R.E. Glatz, Y. Li, K.A. Hughes,C.L. Cahill and P.C. Burns, Can. Mineral., 40 (2002) 217.



30

54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.

Peter C. Burns

J.C. Taylor, Acta Crystallogr., B27 (1971) 10881.

C.L. Cahill and P.C. Burns, Chem. Mater., 13 (2001) 4026.

Y. Li and P.C. Burns, Can. Mineral., 38 (2000) 1433.

D. Ginderow, Acta Crystallogr., C44 (1988) 421.

P.C. Burns, Can. Mineral., 36 (1998) 1069.

A. Rosenzweig and R.R. Ryan, Am. Mineral., 60 (1975) 448.

R.R. Ryan and A. Rosenzweig, Cryst. Struct. Commun., 6 (1977) 611.

A. Rosenzweig and R.R. Ryan, Cryst. Struct. Commun., 6 (1977) 617.

K.A. Kubatko and P.C. Burns, Amer. Mineral., 91 (2006) 333.

K. Viswanathan and O. Harneit, Am. Mineral., 71 (1986) 1489.

P.C. Burns, Can. Mineral., 39 (2001) 1153.

J.M. Jackson and P.C. Burns, Can. Mineral., 39 (2001) 187.

J.P. Legros and Y. Jeannin, Acta Crystallogr., B31 (1975) 1140.

Y. Li and P.C. Burns, J. Nucl. Mater., 299 (2001) 219.

D.P. Shashkin, E.A. Lur'e and N.V. Belov, Kristallografiya, 19 (1974) 958.

X. Wang, J. Huang, L. Liu and A.J. Jacobson, J. Mater. Chem., 12 (2002) 406.
K. Mereiter, Tschermaks Mineral. Petrogr. Mitt., 35 (1986) 1.

P.C. Burns and R.J. Finch, Amer. Mineral., 84 (1999) 1456-1460.

K.A. Hughes and P.C. Burns, Amer. Mineral., 88 (2003) 962.

D. Ginderow and F. Cesbron, Acta Crystallogr., C41 (1985) 654.

R.J. Finch, M.A. Cooper, F.C. Hawthorne and R.C. Ewing, Can. Mineral., 37 (1999) 929.
Y. Li, P.C. Burns and R.A. Gault, Can. Mineral., 38 (2000) 153.

K. Mereiter, Tschermaks Mineral. Petrogr. Mitt., 30 (1982) 277.

H. Mayer and K. Mereiter, Tschermaks Mineral. Petrogr. Mitt., 35 (1986) 133.
K. Mereiter, Tschermaks Mineral. Petrogr. Mitt., 30 (1982) 129.

K. Mereiter, Akad. Wiss. Math.-Naturwiss. K1., 3 (1986) 39.

Y. Li and P.C. Burns, Can. Mineral., 39 (2001) 1147.

P. Ondrus, R. Skala, F. Veselovsky, J. Sejkora and C. Vitti, Am. Mineral., 88 (2003) 686.
K.A. Hughes and P.C. Burns, Acta Crystallogr., C60 (2003) i25.

K. Mereiter, Acta Crystallogr., C44 (1988) 1175.

K. Mereiter, Acta Crystallogr., C42 (1986) 1678.

V.N. Serezhkin, M.A. Soldatkina and N.V. Boiko, J. St. Chem., 24 (1983) 770.
Y. Li, S.V. Krivovichev and P.C. Burns, Mineral. Mag., 65 (2001) 285.

Y. Li and P.C. Burns, J. Solid State Chem., 166 (2002) 219.

S.V. Krivovichev and P.C. Burns, Radiochem., 46 (2004) 12.

S.V. Krivovichev and P.C. Burns, Radiochem., 46 (2004) 16.

F.C. Hill and P.C. Burns, Can. Mineral., 37 (1999) 1283.

P.C. Burns, J. Nucl. Mater., 265 (1999) 218.



Structural Chemistry of Inorganic Actinide Compounds
S.V. Krivovichev, P.C. Burns & I.G. Tananaev (Editors)
© 2007 Elsevier B.V. All rights reserved. 31

Chapter 2

Some features of stereochemistry of U(VI)

Victor N. Serezhkin

Department of Chemistry, Samara State University, Ac. Pavlov Street 1, 443011
Samara, Russia

1. Introduction

The stereochemistry and crystal chemistry of uranium was born in 1927 when
Goldschmidt and Thomassen [1] published experimental data on the structure of
UO,, which was the first structurally characterized uranium compound.
However, systematic structural studies of uranium compounds started later,
during the process of exploitation of nuclear energy. Structure data accumulated
in this period were published only in 1948 and served as the basis for
subsequent crystal chemical investigations. At the present day, structures of
more than 3000 uranium compounds are known, including minerals, inorganic,
coordination, and organometallic compounds. Our analysis of the information
extracted from structure databases [2, 3] indicates (Fig. 1) that, since 1950,
structural data on uranium compounds are accumulating with an increasing
speed. Every year, more than 100 uranium minerals and inorganic compounds
are structurally characterized.

As is well-known, the electronic structure of the U valence electron shell is
5f6d'7s?, which allows uranium to possess the II, III, IV, V, and VI formal
oxidation states. The latter is the most stable under atmospheric conditions and
has been realized in many compounds that contain approximately linear uranyl
jons, UO,*". Thus it is not surprising that most of structurally characterized
uranium compounds contain uranyl ions.

At the present time, it is generally acknowledged that, in uranyl ions, uranium-
oxygen bonds have a strong covalent character and are interpreted as double
bonds in a classical model and as triple bonds in a quantum chemical model of
interatomic interaction. The structure of the uranyl ion is almost linear, - in
contrast to other known dioxocations such as MoO,*" or W022+, for which
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Figure 1. Number of crystal-structure determinations of U compounds (N) versus the year of
publication.

0-4-0 = 102-114° (4 = Mo, W). This is generally explained on the basis of
quantum mechanical calculations. According to these results, electronic
configuration of U atoms in uranyl ions is either 5f-°6d"® [4] or 5f**6d'? [5]
and is essentially the same as electronic configuration of the ground state of the
U*" ion (5£6d"). Thus the linear structure of the uranyl ion is energetically
favorable and involves fd-hybridization of uranium electronic orbitals. In
contrast, for the MoO,*" and WO,>" ions, the 4*" ions have their ground states as
(n-1)d* and the first excited state as (n-1)d’ns', which determines the angular
structure of the dioxocations due to the ds-hybridization of the electronic
orbitals [6]. The main alternative view on the structure of the uranyl ion has
been recently suggested in [7]. Using the Walsh diagrams constructed on the
basis of extended Hiickel method calculations, these authors determined that the
increase of the O-U-O angle in the uranyl ion from 100 to 180° decreases the
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Figure 2. Schemes of the UO,X,, coordination polyhedra with n =3 (a), 4 (b), 5 (c) and 6 (d).
Legend: U atoms are black circles; O atoms of the uranyl ions are white circles; equatorial X
atoms are grey circles. The coordination U-X bonds and equatorial planes perpendicular to the
O=U=O0 lines are dotted.

energy of the highest occupied molecular orbital (HOMO) dramatically (by 0.9
eV), whereas the total energy of all other orbitals increases by 0.3 eV only.

The valence requirements of the U(VI) atoms are not satisfied by the formation
of the uranyl ions. Thus the U(VI) atoms are able to form from 3 to 6 additional
bonds to the X atoms of various inorganic or organic ligands. Without regard to
the number and chemical nature of the X atoms, they have their positions in the
plane perpendicular to the linear uranyl ions. In U(VI) stereochemistry, this
plane is regarded as equatorial and the X atoms as equatorial ligands. With
addition of the equatorial ligands, the U(VI) atoms have coordination of either
trigonal (UO,X3), square (UO,X,), pentagonal (UO,X5), or hexagonal (UO,Xs)
bipyramids, which are flattened along the apical axes (Fig. 2). The X anions
may be represented by the F, CI, Br, O, S, Se, N, or C atoms. However, in most
known U(VI) compounds, the uranyl ions are coordinated by O atoms. Since
the U(VI) oxocompounds are the main object of this chapter, we shall define the
uranium-oxygen bonds within the uranyl ions as r(U=0), and the equatorial
bonds as r(U-O).

With respect to the crystal chemical role of equatorial O atoms in uranyl
bipyramids, the U(VI) compounds can be subdivided into two groups. In the
first group, the O atoms can be considered as O> anions bonded to metal atoms
only (including the U(VI) atoms). These compounds are either simple (such as
UO;) or mixed oxides such as Na,UQ,4, Na,UOs, Cs,U,05, and Cs4UsOy;. The
other group consists of complex or coordination uranyl compounds, where
equatorial O atoms of uranyl bipyramids form strong covalent bonds to non-
metal atoms (C, N, S, H, etc.) and therefore constitute parts of polyatomic
acido- (e.g. COs;”, NO5, SO,”, OH) or electroneutral (e.g. carbamide,
acetamide, H,O) ligands.

In mixed oxides, which are usually called uranates, the U(VI) atoms constitute
parts of some oxoanions such as UO42', U054', U2072', etc. In most of these
anions (that, as a rule, have a polymeric structure), one can formally subdivide
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uranyl cations. For instance, in the structure of Na,UQO,4 {79423: here and in the
following we give in brackets the Inorganic Crystal Structure Database (ICSD)
or Cambridge Structure Database (CSD) registration numbers of the compound
under discussion}, the U(VI) atoms have a coordination number (CN) of 6 and
form two short (1.90 A) and four long (2.19 A) U-O bonds. However, there are
uranates in which coordination of the U(VI) atoms can be characterized as ‘anti-
uranyl’. For example, the structure of Na,UQOs {68360} contains the U(VI) atom
with CN = 6 and coordination consisting of four short (2.03 A) and two long
(2.32 A) U-O bonds. Other uranates are known with the U(VI) coordination
without clear uranyl ions. Some examples are a-LigUOg {48209}, a-Caz;UOq
{35457} and Cr,UQOg¢ {15133}, where each U(VI) atom forms six equal bonds
with r(U-0) = 2.07(1) A. As a result, the UOg polyhedron has a configuration of
almost a regular octahedron and not of a flattened square UO,O, bipyramid.

In the structures of U(VI) coordination compounds, uranium is usually present
in the form of uranyl ions UO,*", which is reflected in the accepted formulas of
these cornpounds, c.g. UOQ(NO3)2.6H20, UOZSO4.2,5H20, KZUOQ(SO4)2.2H20,
etc. In general, the composition of coordination compounds can be described by

the formula RC[(UOz)dZLi] ‘nL; , where R are outer sphere cations; L; are
i

ligands in the first coordination sphere; L; are acidic or electroneutral ligands of

the outer sphere; ¢, d, and n are stoichiometric indices. As a rule, uranyl

compounds are described in terms of the [(UO,)q ZLi]Zi complexes.

Depending upon nature and numbers of the L; ligands, these complexes can be
either electroneutral (e.g. [UO,SO4(H,0),]) or positively charged (e.g.
[UO,(H,0)s]*"). In most coordination compounds, there are well-defined uranyl
ions. However, in some compounds it is impossible to clearly identify uranyl
ions. For instance, in the structure of hexakis(neopentoxy)uranium(VI)
{XEBVOP}, uranium atoms have sixfold coordination consisting of six
equivalent bonds with r(U-O) =2.00 A.

Depending upon number and chemical nature of oxygen-containing ligands, the
equatorial r(U-O) bond lengths in the UO, bipyramids are in the range of 2.1 —
2.6 A [8] and are significantly longer than the r(U=0) bonds, which are usually
in the range from 1.7 to 1.9 A. According to existing knowledge, the difference
between the U=0 and U-O bond lengths within the UO, polyhedra is due to the
fact that, in addition to the electrostatic interactions, there are complementary
donor-acceptor interactions between the uranyl ions and the equatorial O atoms
(i.e. interactions between lone electron pairs on the O atoms and vacant orbitals
of the U atoms). Since O atoms of the uranyl ions also have lone electron pairs,
they compete with equatorial O atoms in interactions via a donor-acceptor
mechanism. The differing ability of uranyl and equatorial O atoms to interact
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with uranium determines observed variations in the U-O bond lengths within
the UO, polyhedra.

The influence of the electron-donor properties of equatorial ligands L upon the
strength of the U-L and U=0O bonds mentioned above helps to interpret the
scheme of ligand replacement in the uranyl coordination sphere. This scheme is
also known as the Chernyaev-Schelokov row [8, 9]. In this row, part of which is
shown in scheme (1), relative position of ligands is determined by the formation
constants of uranyl complexes in aqueous solutions. According to [9, 10],
ligands on the left side of the row form stronger U-L bonds. Thus, ligands on
the left side will replace ligands on the right side from the equatorial plane of
the uranyl ions.

0,>C0;*>0H >F >C,0,> >CH;CO0 >S0,*
>NCS >NO; >Cl >Br > T (1)
OC(NH,), > OS(CHj3), >..... > H,0

In the framework of the covalent model of uranyl complexes [11, 12], the
difference between the U=0 and U-O bonds is explained by their multiplicity
(nyo), which in turn depends upon force constant of the interaction between U
and O (K). The K value can be determined from vibrational spectra. The nyo
parameter can be calculated from the equation:

nyo =0.303 K+0.18 . 2)
In accord with [11, 12], the calculated nyo values for different ligands can be
used to estimate electron-donor properties of ligands. If one arranges ligands
according to the decreasing nyo value, the resulting row is in almost perfect
agreement with the Chernyaev-Schelokov row. The row of the electron-donor
ability of ligands in coordination uranyl compounds has been obtained from the
infra-red (IR) vibrational spectra for CNy = 7 and 8 (Suglobov row) and is
shown in schemes (3) and (4).
K4y=8  0,">CO0;>>CH;COO >NO; > ClO4 >BF, 3)
K4,=7 OH >F >Py>S0,”>PyNO > DMFA >NCS >H,0 . 4)
It is worthy to note that the Chernyaev-Schelokov and Suglobov rows can be
used not only in classification of experimental data but also in prediction of the
interplay between composition and structure for many different uranyl
complexes. However, as to our knowledge, there were no attempts made in
understanding chemical factors that determine coordination number of uranium
in uranyl complexes (i.e. 5, 6, 7, or 8). However, this question is of primary
importance for us and was considered in detail in [13, 14]. In these works, we
have used a new stereoatomic model of crystal structures which we shall briefly
outline in the following section.
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Figure 3. 2D crystal lattice considered as a closest sphere packing (a), plane covering by equal
circles (b) and corresponding Voronoi-Dirichlet partition (c). During the formation of closest
packing, two adjacent ‘hard-sphere’ atoms can touch each other only (d), whereas in formation of
covering and partition they overlap (e) and deform (f), respectively.

2. Basic principles of stereoatomic model of crystal structures

In one of the theoretical models of classical crystal chemistry, atoms are
considered as rigid spheres with radius depending upon chemical nature of
atoms and the nature of the chemical bonds they form (covalent, ionic, van der
Waals, etc.). In accordance with the principle of maximal filling of space,
crystal structure can be modeled as periodic packing of rigid spheres that do not
overlap (Fig. 3a). In stereoatomic model of crystals [13-24], their structure is
considered as partition of the 3D space (Fig. 3c) where geometrical images of
atoms are their Voronoi-Dirichlet (VD) polyhedron. The VD polyhedron of a
given atom A is defined as follows. At first, the atom is linked to its neighbors
by line segments. Then planes perpendicular to these segments are constructed
which intersect the segments at the middle points. A convex polyhedron formed
by these planes is a VD polyhedron. Each crystallographically independent
atom in a structure has its own strictly defined VD polyhedron. Since each point
of space belongs to at least one VD polyhedron, the structure can be considered
as a covering of space by VD polyhedra. The difference between packing,
covering and partition is demonstrated in Fig. 3 using a hexagonal 2D lattice as
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an example. In general, the VD polyhedron of atom A has the composition
AX,Z., where X are atoms that form chemical bonds to A, and Z are atoms
with VD polyhedra having common faces with the VD polyhedron of A but no
chemical bonds to A (these contacts will be denoted as A/Z). Thus the total
number of faces of the VD polyhedron (Ny) is equal to n + m, where n is the
coordination number of A, and m is the number of non-bonding A/Z contacts.
The number of faces, form and volume (Vypp) of the VD polyhedron is uniquely
determined by its position in the structure. As a linear parameter that
characterizes dimensions of atoms in the structure, we shall use radius of the
sphere, Rsp, with its volume equal to Vypp. Each face of the VD polyhedron
corresponds to a certain kind of interatomic interaction. In classical crystal
chemistry, interactions between A and its neighbors Y are quantitatively studied
using the interatomic distances r(A-Y;). The use of VD polyhedra allows one to
characterize each A-Y; interaction by three additional parameters: area of the
common face (S;) between the A and Y; VD polyhedra; solid angle (€2)
corresponding to the common face; volume of the bipyramid with apical
vertices in A and Y; and equatorial vertices being the vertices of the common
face. The sum of the Q; values for all faces is equal to 4mx. In the following, we
shall express the €2; values not in steradians but in percents from 4.

Thus, in contrast to the usual geometrical models of the crystal structure (e.g.
packing of rigid spheres), the A-Y chemical bond has a 3D image and can be
described by the above mentioned bipyramid with A and Y being its apical
vertices [13-14, 19]. Basic characteristics of this bipyramid are its height which
is equal to the interatomic distance r(A-Y), and the €; solid angle.

It is essential that the stereoatomic model take into account not only the first but
also the second coordination sphere of an atom. To subdivide the interatomic
interactions of the A atom into bonding (A-X) and non-bonding (A/Z), the
method of intersecting spheres has been employed [15]. Using this approach,
each atom in the structure is approximated by two spheres centred at A and
having radii Rsp and rs. The A(Rsp) sphere characterizes the chemically bonded
atom (its radius is defined as above), whereas the A(rs) sphere corresponds to
the isolated (not bonded) atom. The radius rg is constant for a given element and
is equal to its Slater quasi-orbital radius. According to [15], two atoms are
chemically bonded when two (I1,), three (I1;) or four (Ily) of their spheres
intersect (Fig. 4). Overlap of the outer spheres (Il;) or the absence of any
overlap (Ily) are considered as van der Waals bonds and are not taken into
account when calculating the coordination number of the interacting atoms.
Table 1 provides results of analysis of U(VI) coordination in some structures
using the method of intersecting spheres. The VD polyhedra of the U atoms in
these structures are shown in Fig. 5.
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HZ H3 H4

Figure 4. Schematic representation of five possible type of overlap (intersection) of bispheric
‘atoms’ [15]. The overlap fields are lined. The subscript indices show the sum of overlaps which
can vary from 0 (type I1p) to 4 (type I1,).

Figure 5. VD polyhedra of the U(VI) atoms with CN =5, 6, 7, and 8 in
{NH(C,Hs)3}[UO2(C36Hy504)].3H,0 {BINKIS} (a), Ks[UO2(CrO4)4](NO;), {98718} (b),
Nay[UO»(CrOy);] {98653} (c) and NayJUO,(CO;3);] {93968} (d), respectively.
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Table 1. Analysis of U(VI) coordination in some U compounds using the method of intersecting
spheres

Characteristics of the VDP

Overlap volume (A®) * Overlap

Atoms  r(U-0),A Q(U-0),% type
TgXTrg TrgX RSD RSDer RSDXRSD

{NH(C,H5)3}[UO,(C36H4506)].3H,0 {BINKIS} CNy=35

o(7) 1.782 21.14 0360 5783  0.032 2.862 11,
O(8) 1.787 21.57 0355 5365 0.030 2.615 11,
0Q3) 2.152 16.32 0.052  2.851 0 1.048 I1;
o(5) 2.203 15.97 0.029 2524 0 0.864 11,
o(1) 2.223 15.35 0.022 2350 0 0.771 11,
0(2) 3.069 3.45 0 0.002 0 0 IT,
0O(6) 3.075 3.63 0 <0.001 0 0 11,
04) 3.158 2.58 0 0 0 0 IIp

K;[UO(Cr0,),J(NO;), {98718}  CNy=6
0(4) 1.808 (x2) 20.81(x2) 0332 6342 0011 2911 IL(x2)

03)  2245(x2) 14.67(x2) 0.015 2765 0 0.847 T3 (x2)
O(l) 2259 (x2) 14.51(x2) 0011 2675 0 0.801  TI5(x2)
Na,[UO,(CrO,);] {98653} CNy=7

o(1) 1.780 21.01 0361 5528 0016 2444 I,
0(2) 1.782 21.38 0359 5509 0015 2433 1L,
06) 2334 12.17 <0.001 1951 0 0445 I
0(5) 2337 11.45 <0.001 2.139 0 0.524 I
03) 2338 11.77 <0.001 2.074 0 0496 I
0(10)  2.395 11.05 0 2012 0 0459 I
o@4)  2.398 11.18 0 1911 0 0417 1L
Na,[UO,(CO5);] {93968} CNy=8

0(2) 1.807 20.95 0333 4741 0010 2026 I,
o(1) 1.815 20.67 0325 4557 0009 1923 I,
0(5)  2.385(x3) 10.05(x3) 0 1632 0 0316 T, (x3)
04)  2427(x3) 941(x3) 0 1548 0 0278 T, (x3)

* first and second radii are of the U and O atoms, respectively.
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The VD polyhedra model also allows one to introduce two important
parameters describing distortion of the atomic coordination [16, 17]. The first of
these is the DA vector that originates in the A atom and ends in the centroid of
the VD polyhedron. According to [18], length of the D, vector is proportional
to the gradient of the local electric field created by the atoms surrounding the A
atom in the structure. The second parameter is the second moment of inertia,
G3;, which describes the deviation of the VD polyhedron from an ideal sphere
and characterizes uniformity of distribution of the X and Z atoms around A. For
an ideal sphere, G; = 0.077, whereas for an ideal AXs octahedron (which
correspond to a cubic VD polyhedron), G; = 0.0833 [17].

The above mentioned parameters and some other parameters of the VD
polyhedra can be determined using the software package TOPOS [16]. As input
data, this software employs space group, unit-cell dimensions and atomic
coordinates.

3. Voronoi-Dirichlet polyhedra of the U(VI) atoms in oxygen-containing
compounds

Using the U oxocompounds, we have demonstrated (Serezhkin 1995) that the
volumes of the VD polyhedra of atoms A that form complexes AX, depend
upon the chemical nature of the A and X atoms and the A oxidation state only
[20-24]. It is essential that, within the accuracy of the experimental structure
determination, the volume of the VD polyhedron of the A atoms practically
does not depend on the coordination number of A. More recently this
hypothesis has been confirmed for many chemically different coordination
centres, including metals from Li to Bk and non-metals as well.

Since first data concerning structures of uranyl compounds with CN(U(VI)) =5
appeared in 1999, it is of great interest to include these structures into the
analysis of the characteristics of the U(VI) VD polyhedra. Initial crystal
structure information was extracted from the known structure databases [2, 3]
and analyzed using the TOPOS software [16]. Structures were included into
consideration under conditions that crystallographic agreement index (R;) is less
than 0.10 and that there is no disorder in the U or O sites in the UO, polyhedra.
In total, 908 compounds were considered that contained 1465
crystallographically independent U(VI) atoms. From these atoms, 15, 306, 906,
and 238 have coordination numbers of 5, 6, 7, and 8, respectively.

In most cases, the coordination polyhedra and VD polyhedra of the U(VI) atoms
were distorted. The primary reason for this is obviously their low site
symmetry. There are 19 different site symmetries of the U sites observed.
However, by far the most prevalent site symmetry is a complete asymmetry - C,
(1017 from 1465 sites). Site symmetries C;, C; and C, are relatively frequent
and have been observed 138, 129 and 71 times, respectively. Other site-
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symmetry groups have been encountered less than 20 times. It is noteworthy
that oxygen atoms in the compounds analysed also occupy low-symmetry sites.
Of 11113 O atoms, 9973 (=90%) occupy asymmetrical positions C;, 809 and
124 have site symmetries C; and C,, respectively, whereas 15 different site
symmetries have been found in amounts from 1 to 59.

The G; parameter that characterizes sphericity of coordination polyhedra varies
from 0.081 to 0.092. As for other AX,, complexes, the G; value decreases with
the increase of the CN (Table 2). For most of the U atoms, G; > 0.082.
According to [17], this means that the U-O bonds have basically covalent
character.

The 1465 different VD polyhedra of the U atoms in the structures under
consideration have in total 10871 faces. Our analysis [15] indicated that 10157
faces correspond to U=0O and U-O bonds. The 714 non-bonding U/Z contacts
correspond mostly to Z = O or H (381 and 243 faces, respectively). The
remaining 90 faces correpond to 14 other elements, including non-metals (C, N,
Se, Cl), and metals (Li, Na, Cs, Sr, Ba, etc.)

As expected, the distribution of faces versus interatomic U-O distances shows
some well-defined maxima (Fig. 6). The first maximum corresponds to the U=0
bonds (1.7-1.8 A), whereas maxima within 2.1-2.6 A correspond to the
equatorial U-O bonds. It should be noted that non-bonding U/O contacts are
present for all CNs of the U(VI) atoms. With the decrease of the CN from 8 to
7, 6, and 5, the number of non-bonding U/O contacts per one uranium-oxygen
chemical bond increases to 0.002, 0.008, 0.150, and 0.600, respectively. It is the
presence of non-bonding U/O contacts that is responsible for the poorly defined
maxima at 2.8-3.7 A (CN = 5) and 2.9-3.8 A (CN = 6) (Figs. 6a and 6b,
respectively). Fig. 7 shows the distribution of faces of the VD polyhedra versus
Q solid angles. The U=0O uranyl bonds corrrespond to the faces with Q = 20-
23%, whereas equatorial U-O bonds determine faces with Q = 8-17%. Non-
bonding U/O interactions are most abundant for CN = 5 and 6 and have Q < 8%
(Figs. 7a, b).

Despite the differences in the CNs of the U atoms and the diversity of their
coordination polyhedra in terms of shape and symmetry, both bonding and non-
bonding uranium-oxygen interactions can be characterized by the same linear
equation:

Q(U-0) =44.26(9) - 13.51(4) - r(U-0O) (5)
The correlation coefficient p = -0.957 for all 10538 faces corresponding to the
U=0, U-O, and U/O contacts (Fig. 8a). For comparison, Fig. 8b shows fragment
of the graph in Fig. 8a that provides the (€2, r) distribution for the U(VI) atoms
with CN = 5 only. As can be seen, the latter distribution possess three non-
intersecting domains (see Figs. 6a and 7a for comparison), which is in contrast
to the whole distribution (Fig. 8a), which is rather uniform.



(44

Table 2. Characteristics of the Voronoi-Dirichlet polyhedra (VDP) of oxygen-coordinated U(VI) atoms*

CN {\Ijoa..tglf;lSNf Nub Vvop, A3 SVDP, AZ RSD, A Da, A G3 Bond lengths in UOn polyhedra, A

range mean A n

5 15 97 094  102(2) 283(4)  13438) 0.02(1)  0.0891) 175227 2.05(22) 052 75

6 306 7.6 027  94(5) 27(1) 1.309(23) 0.03(4)  0.086(2) 1.61-2.50 2.12(21) 0.89 1836
7 906 7.1 001  92(3) 258(6)  1.299(14) 0.03(2)  0.084(1) 1.51-2.86 2.21(28) 135 6342
8 238 82 003  93(3) 25.7(5) 1306 (13)  0.02(2)  0.084(1)  1.60-2.80 229(31) 120 1904

58 1465 74 007  93(4) 260(8)  1303(17) 0.03(3)  0.084(1) 151286 221(28) 135 10157

* The following parameters are given for each type of U(VI) atoms:

CN - coordination number; N — average number of faces of the VDPs; N,;, — average number of non-bonding contacts per one U-O bond; Vypp —
volume of the VD polyhedron; Sypp — total area of faces of the VDP; Rgp— radius of the sphere with volume equal to that of the VDP; Dy -
vector that originates in the U atom and ends in the centroid of the VD polyhedron; G; - the second moment of inertia, which
describes deviation of the VD polyhedron from ideal sphere; A - difference between the shortest and the longest bonds in the coordination
polyhedron; p - total number of faces. Standard deviations are given in parentheses.

upyYza435 "N'A
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Figure 6. Distribution of the number of U-O contacts versus U-O distances: (a) trigonal
bipyramids (120 U-O contacts, including 75 bonds); (b) tetragonal bipyramids (2118 U-O
contacts, including 1836 bonds); (c) pentagonal bipyramids (6392 U-O contacts, including 6342
bonds); (d) hexagonal bipyramids (1908 U-O contacts, including 1904 bonds).
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Figure 7. Distribution of the number of VDP faces versus the value of Q(U-O) solid angles: (a)
trigonal bipyramids (120 U-O contacts, including 75 bonds); (b) tetragonal bipyramids (2118 U-O
contacts, including 1836 bonds); (c) pentagonal bipyramids (6392 U-O contacts, including 6342
bonds); (d) hexagonal bipyramids (1908 U-O contacts, including 1904 bonds).
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Figure 8. Values of the Q solid angles (expressed in % from 4mr) of the VDP faces of U(VI) atoms
versus corresponding U-O distances: (a) 10538 faces of the U=0, U-O or U/O types of the VD
polyhedra of the 1465 U atoms with CN =5, 6, 7 and 8; (b) 120 faces of the U=0, U-O or U/O
types of the VD polyhedra of the 15 U atoms with CN = 5.
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Figure 9. The (r, ) distribution for the 1465 U(VI) atoms with the UO,, coordination. See text for
details

According to the data listed in Table 2, the average volume of the VD polyhedra
of the U atoms is 9.3(4) A’. This is in general agreement with the previously
determined value of 9.2(3) A® calculated for 354 independent U atoms [21-23].
However, for CN =5, the Vypp is by 1 A’ larger than for CN = 6, 7, and 8. This
effect (enlargement of Vypp for CN < 6) has been observed by us for atoms of d-
and f-elements in the environments of halogen and chalcogen ions. In all cases,
the enlargement of Vypp for CN < 6 is accompanied by the sharp increase in the
number of non-bonding A/Z contacts per one A-X bond (N,;,). For instance, for
the U atoms with CN = 8, 7, 6, and 5, N, = 0.03, 0.01, 0.27, and 0.94,
respectively. In this regard, it is worthy to mention that, for any VD polyhedron
AX,Zn, the following equation should be fulfilled:

Q = QM4 QM 6)
where Q is equal to 47 steradian or 100%, Q" is a sum of the solid angles
corresponding to the A-X bonds, Q*#is a sum of the solid angles corresponding
to the non-bonding A/Z contacts. The ratio between Q"> and Q" depends upon
the chemical nature and CN of the A atom. For the U(VI) compounds under
consideration, CN = 8, 7, 6, and 5 corresponds to QM =0.05, 0.07, 1.96, and
10.47%, respectively.

The use of VD polyhedra allows one to characterize specific properties of the
coordination spheres of cations by means of the (r, @) distributions [24]. In
Figure 9, each point corresponds to the VD polyhedron with a given r(U=0),
r(U-0), or r(U/O) bond length and the ¢ angle between the D, vector and the
direction of the corresponding uranium-oxygen bond (we remind the reader that
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the D4 vector originates in the site of the A atom and ends in the centroid of the
VD polyhedron). The nuclei of the U atoms are at the origin of a polar system
of coordinates, with the D, vector directed to the right along the horizontal axis.
As can be seen, the points in the graph form half-circles. The closest half-circle
has a radius of R; = 1.78(4) A and corresponds to the U=O bonds in the uranyl
ions. The second half-circle has R; = 2.4(1) A and reflects equatorial U-O
bonds, whereas points with R; > 2.9 A correspond to the non-bonding U/O
interactions. This type of (r, @) distribution is typical for quasi-spherical
electron density distributions around complex-forming cations with D, = 0 (for
the 1465 U(VI) atoms, D, = 0.03(3) A, see Table 2).

In general, the data analyzed indicate that the volume of the VD polyhedron
practically does not depend on the CN of the U atoms. Thus, the Rgp radius is
almost always close to 1.30(2) A, whereas the U-O bonds within the UO,
polyhedra vary by more than 1 A. The 6(Rsp) standard deviation is comparable
with the bond length standard deviation in modern structure analysis.

The approximately constant value of the volumes of the VD polyhedra allows
us to consider atoms as soft (easy-to-deform) spheres of constant volumes.
Approaching of the two atoms due to their chemical interaction is accompanied
by mutual deformations of their spheres (Fig. 3f), which, in the end, leads to the
transformation of the spheres into VD polyhedra. The shapes of the VD
polyhedra are controlled by the arrangement of atoms in the structure that can
thus be considered as a close packing of soft spheres.

4. The 18-electron rule for the U(VI) oxocompounds

According to present concepts, interatomic interactions that lead to the
formation of inorganic and coordination compounds are controlled by the
tendency of atoms to have stable electronic configurations by means of electron
transfer. The ‘octet’ and 18-electron rules are the most important rules that can
be successfully applied to a large variety of molecules and compounds [25].
Following these general ideas, we consider the fact that U(VI) atoms have CN-
independent permanent volumes of their VD polyhedra as a consequence of the
formation of stable electronic configurations [13, 14]. For the sake of
convenience, we shall use the following postulates:

1. In all compounds under consideration, all U atoms exist as U®" ions that
accept electrons from the O atoms. In turn, O atoms act as donors of electrons to
the U atoms.

2. Through interactions with O atoms, the U atoms form a stable N-electron
valence shell. Within the UO, polyhedra, the electron acceptor properties of the
U atoms are distributed between the U-O; bonds in proportion to the value of
the €2;(U-O;) solid angles. Since the full solid angle (47 or 100%) corresponds
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to the N-electron valence shell, each ;(U-O;) solid angle is proportional to the
number of electrons, E;, that the U atom receives from the atom O;.

3. As a first approximation, we suggest that the U(VI) atoms tend to form 18-
electron stable electronic configurations. Therefore, if the €; are expressed in
percentages,

The model proposed has been verified using several groups of uranyl
compounds, in particular, sulfates [13] and nitrates [14]. More than 200
crystallographically independent U atoms were taken into account. For each U-
O; bond, the E; values have been calculated using the equation (7). Table 3
provides the most typical coordination characteristics of various ligands (using
the notation proposed in [26]), the total number of the U-O bonds formed by
each ligand (Ny), and the average number of such bonds (calculated as N,/D,
where D is a dentate number of the ligand). In addition, Table 3 gives average
statistical values E; and E, as well as the number of observations (). The p
values for E; and E; indicate the number of crystallographically independent U-
O bonds and number of ligands of a certain type. Here and in the following, E.,
is an average value of electron donor ability of the ligand which is determined
using the equation:

EL: EoD = Ei'Nb . (8)
Analysis of the obtained results (Table 3) allows one to conclude that the
electron donor ability of a ligand is determined by its coordination type and
does not depend on the CN of U. This is most clearly seen for the uranyl ions,
where each U=0O bonds receives 3.9(1) electrons, without regard to the
coordination number of the U atoms. This is in a good agreement with the
general ideas that each U=O is formed by means of two electron pairs, i.e. 4
electrons. In the following, we shall write the ligand coordination type [26] after
its chemical formula separated by two slashes, «//». For instance, the notation
O*//M" defines uranyl O atoms, whereas O*//M? and O*//M? correspond to the
equatorial O atoms that are bonded to two (M') or three (M?) U atoms. Table 3
also takes into account the very rarely observed situation when the same O atom
belongs to uranyl ion of one and equatorial plane of another U atom. To
distinguish this case from the usual O*//M? coordination, it is denoted as
U0,”" /M.

Our discussion of the factors that control the coordination number of U in
inorganic structures will be based on the following assumptions.

1. In aqeous systems, containing uranyl ions, there are either mono- or
polynuclear [UO,(L),]* complexes with compositions determined by the
chemical nature and concentration of acidic or/and electroneutral ligands L,
their electron donor characteristics and their possible types of coordination to
the U atoms.
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Table 3. Electron-donor characteristics of some ligands in the structures of uranyl

compounds
Ligand  Coord. Ny NyD E; u* E;=Ei‘Ny u*
mode
o> M! 1 1 3.87(11) 347 3.9(1) 347
o> M3 3 3 225(11) 30 6.7(1) 10
OH M 3 3 1.90(8) 15 5.7(1) 5
M? 2 2 2.04(6) 34 4.1(1) 17
M! 1 1 225 1 225 1
H,0 M! 1 1 1.88(10) 78 1.9(1) 78
NO; B" 2 1 1.54(6) 158 3.1(1) 79
Cos> B" 2 1 1.72(4) 76 3.44(5) 38
so,” M 1 1 222(14) 12 2.2(1) 14
B’ 2 1 2.13(9) 88 4.25(15) 44
B 2 1 1.77(5) 22 3.5(1) 11
T 3 1 2.09(9) 132 6.3(2) 44
i 3 1 1.9(2) 21 5.7(1) 7
K* 4 1 2.04(17) 40 8.2(3) 10
Se0,> B’ 2 1 2.14(19) 4 43(3) 2
T 3 1 2.07(7) 18 6.2(1) 6
K* 4 1 2.15(8) 4 8.6 1
Cro”  B? 2 1 222(10) 2 4.4 1
T 3 1 2.11(6) 27 6.3(1) 9
MoO,> B? 2 1 2.11(6) 3 4.2(1) 3
T 3 1 2.09(10) 23 6.2(1) 8
K* 4 1 2.08(9) 76 8.3(2) 20
PO,* ™ 5 1.67 1.85(36) 45 9.2(1) 9
K* 4 1 2.57(14) 27 10.3(2) 9
sios T 5 1.67  2.09(30) 50 10.5(1) 10
K* 8 2 2.05(20) 2 16.4 1
uo,” M 1 1 1.73(5) 3 1.73(5) 3
Urea Mm! 1 1 2.07(8) 27 2.07(8) 27

* u - number of bonds taken into account. In all cases, only crystallographically
different U---O bonds have been considered.



50 V.N. Serezhkin

2. Electron donor characteristics determined on the basis of crystal structure
data (Table 3) correspond to ligands with a certain composition and
coordination type in both crystals and aqueous solutions.

3. The most stable [UO,(L),]* complexes are those, in which U atoms form
stable 18-electron valence shell configurations.

4. The total number of electrons in the valence shell of the U atom (N.) is
determined by the equation:

n
Ne=Z ViiyELg )
i
where the vp are stoichiometric coefficients that indicate the number of L;
ligands with the same number E; per one U atom in the complex. Since for the
uranyl ion, O*//M' E_ = 3.9 ¢, two uranyl O atoms transfer to the U atom in
total 7.8 ¢". Therefore, the equation (9) can be transformed into:

n
Ne=7.8+ 2 viiyEwg , (10)
l
where the vp are stoichiometric coefficients that indicate the number of L;
ligands with the same number E| per one uranyl ion in the complex.
5. Since the Ep values listed in Table 3 are determined with errors 6(E.), we
postulate that stable uranyl complexes possess No=18.0 £ 0.3 ¢ or
AN=118-N, <03 (11
6. The [UO,y(L),]* complexes with N, <<18 are electron-deficient. For them,
chemical reactions should be typical that increase the N. value to 18. In
addition, for these complexes, replacement reactions according to the
Chernyaev-Schelokov row should be observed with replacement of ligands by
others with higher E; value. The uranyl complexes with N, >>18 are electron-
excessive. They should be characterized by chemical reactions that lower the N,
values to 18.
7. Complex-forming processes are considered as many-stage processes. Each
stage is characterized by its own equilibrium constant. We postulate that
replacement, association, and dissociation reactions take place only when the
resulting complex is characterized by the smaller AN, value than the initial
complex.

5. Uranyl aqua-complexes

In order to demonstrate the practical importance of the 18-electron rules, we
consider formation complexes in aqueous salt systems. Since many uranyl
compounds can be synthesized by crystallization from aqueous solutions, let us
first discuss the coordination of uranyl ions by water molecules in aqueous
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solutions. For this, we consider the UO,(ClO4), - H,O, in which uranyl ions
coexist with perchlorate anions and water molecules. It is worthy to mention
that perchlorate ions have the lowest electron donor ability in crystal structures
[13-14]. Thus, we suppose that they do not associate with uranyl ions. In
relation to uranyl ions, the water molecules can only be monodentate ligands
with EL. = 1.9 ¢ (Table 3). Therefore, for the [UO,(H,0),]*" complexes,
equation (10) can be transformed into:

Ne=7.8+n-19 (12)
where n is a number of water molecules coordinating one uranyl ion. Formation
of the uranyl aqua-complexes can be described by the following scheme (here
UOZ :A)I

[A] =[AH,0)]* =[AH,0), " =[A(H,0);]* =[A(H,0),]* —

[A(HzO)S]HF[A(Hzo)s]2+ (13)
7.8 9.7 11.6 13.5 15.4
17.3 19.2

102 - &3 - 64 - 45 - 2.6 - 0.7 «—
1.2

Here each complex is characterized (in the second row) by the N, value
calculated using the equation (12). The third row provides the AN, values
(equation (11)). The arrows point into direction with the decreasing AN.. It can
be seen that the first five stages of the uranyl ion hydration are accompanied by
the decrease of AN, and end up in the formation of the [UO,(H,0)s]*" complex
with minimal AN, value. Thus only these stages will be energetically favorable,
whereas sixth one will be not. Therefore, the [UO,(H,0)s]*" complex with
pentagonal bipyramidal coordination of the U atom is the most stable and
should be present in U compounds crystallizing from aqueous solutions. This is
in agreement with the recently reported results of quantum chemical
calculations [27]. In addition, all U(VI) compounds containing ‘pure’ uranyl
aqua-complexes consist of the [UO,(H,0)s]*" pentagonal bipyramids (e.g.
[UO,(H,0)5](C104),.2H,0  {412809}, [UO,(H,0)5](Cl04), {412808}, and
[UO,(H,0)5]B,H1,.6H,0 {201402}).

However, the uranyl pentaaquacomplexes are rare in the structures of U
compounds, despite the fact that the H,O:UO, ratio can be as high as 18 (e.g., in
the structure of Mg,[UO,(COs);].18H,0 {32101}). This is because the
[UO,(H,0)s]*" are relatively unstable and have N, = 17.3 < 18 ¢, i.e. are
electron-deficient.

Since for the [UO,(H,0),]*" complexes with n = 5 and 6, the N, values are equal
to 17.3 and 19.2 ¢, respectively, they are more or less symmetrical relative to
the stability value of N. = 18+0.3 ¢. In our opinion, this means that there is a
dynamic equilibrium:

[UOy(H,0)s]" + H,0 > [UOx(H,0)s]*". (14)
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That is, the only way to increase the N, value for the [UO,(H,0)s]*" complex is
to attract additional H,O molecule but this leads to the [UO,(H,0)s]*" electron-
excessive complex, which is therefore (also? PAG) unstable (N.= 19.2 > 18 ¢).
Another alternative for the [UO,(H,0)s]*" complex to receive 18 electrons is to
attract an O atom from the adjacent uranyl ion (EL(UO,*)//M" = 1.73 ¢) (Table
3), but this is unfavorable because water molecules are stronger donors than
uranyl ions and will replace them from the resulting configuration.

Since both complexes in the equation (14) have AN, > 0.3 ¢, they are unstable
and may participate in the reactions of the type:

[UOy(H,0),]*" +L «> [UOy(H,0),,L]*" +yH,0, (15)
if the [UOZ(HzO)n_yL]2+ complex will have smaller AN..

In our opinion, it is the fact that all uranyl aqua-complexes have AN, > 0, which
is responsible for chemical ability of uranyl ions to form complexes with a large
diversity of ligands in aqueous solutions.

6. Carbonate and nitrate uranyl complexes

The UO,*" - X053 - H,0 (X= C or N) systems have been chosen for analysis for
two reasons. First, they are well studied experimentally, since carbonate and
nitrate uranyl complexes are important from technological standpoints. Second,
the isoelectronic anions XO;“ have the same planar structure (symmetry Dsy)
and form bidentate coordination around uranyl ions (the B’' type). However,
their electron-donor characteristics are different: E; = 3.1 and 3.4 for the NOj5
and CO;” ions, respectively. From this viewpoint, it would be of interest to
understand how the difference in the electron-donor properties influences
complex formation in the UO,>" - XO5” - H,O systems. As in the case of aqua-
complexes, we shall use the 18-electron rule to obtain answers to the following
questions: (a) what is the composition of stable complexes in aqueous solutions
containing carbonate or nitrate uranyl complexes; (b) what is the coordination
number of U(VI) in these complexes.

To simplify our task, we assume that the aqueous solution contains
[UO,(H,0)s]*" and [UO,(H,0)]*" complexes (CNy = 7 and 8, respectively),
which are in equilibrium according to equation (14). Let the concentration of
the XO5“ anions (X = C and N) increase continuously, and the nature of the
outer-sphere R cations does not influence complex formation. The triangular
ions can link to uranyl ions only in a bidentate cyclic fashion: as a result,
coordination of the uranyl ion by an XO;” anion is through the replacement of
two H,O molecules of the uranyl-water complexes.

The resulting complexes will have the composition [UOy(XOs3)m(H20).]"™
Equation (10) transforms into:

Ne="7.8 + m-E(XO;") + n-E (H,0) . (16)
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Taking of the E_ values from Table 3, this equation will transform into the
equations (17) and (18) for the carbonate and nitrate complexes, respectively:
Ne=7.8+m34+n1.9. (17)
Ne=7.8+m3.1 +n1.9. (18)
Thus complex formation in the systems can be described by the following
schemes:

[UOy(H,0)s)”" — [UOx(CO3)(H20)4] — [UOx(COs)x(H,0)]" —

[UO,(CO;3)s]" (19)
I,19.2 II, 18.8 III, 18.4 1V, 18.0
1.2 - 0.8 - 0.4 - 0.0
[UO,(H,0)s]*" = [UO5(CO3)(H;0);] ¢ [UO5(CO3),(H,0)* (20)
V, 17.3 VI, 16.9 VII, 16.5
0.7 «— 1.1 «— 1.5

[UOy(H,0)s]”" — [UO(NO3)(H,0)4] — [UO2(NO3)y(H,0)2] ¢ [UOA(NO3)s]

(21)
I, 19.2 VIII, 18.5 IX, 17.8 X, 17.1
1.2 - 0.5 - 0.2 «— 0.9
[UOy(H;0)5]*" « [UOA(NO3)(H,0);]° «  [UOy(NOs)y(H;0)] (22)
Vv, 173 X1, 16.6 XII, 15.9
0.7 «— 1.4 «— 2.1

For each of the 12 complexes considered in equations (19)-(22), the next row
provides assigned numbers given in Roman numerals and the N. values
calculated according to the equations (17) and (18). The next row provides the
AN, values for these complexes and arrows pointing towards the more stable
complexes.

Analysis of the data obtained indicates that, under equilibria described by the
equations (20) and (22), replacement of H,O molecules in the complexes V by
carbonate and nitrate ions is accompanied by the decrease in the N, parameter
(it was already less than 18 for the [UO,(H,0)s]*" complex). In other words, the
increase of the XO,” : UO,”" ratio in the complexes VI, VII, XI, and XII
(schemes (20) and (22)) is accompanied by the increase of AN, from 0.7 to 1.5
and 2.1 for X = C and N, respectively. From the viewpoint of the 18-electron
rule (the most stable complexes have N.= 18%0.3 ¢), the reactions (20) and (22)
are energetically unfavorable. That is, the reactions (20) and (22) will
deliberately occur only from the right to the left, since the aqua-complexes V
are more stable than their acid derivatives VI, VII, XI, and XII.

In two other equilibria (schemes (19) and (21)), replacement of water molecules
in the [UO,(H,0)6]*" complexes by acid ligands is accompanied by the decrease
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of the N, parameter from its initial value of 19.2 ¢". In the carbonate system (eq.
19), all three stages of the replacement reactions correspond to the decrease of
AN, (from 1.2 to 0.8, 0.4, and 0 for the complexes I, II, III, and IV,
respectively). Taking this into account, we conclude that, in the UO,*" - CO5> -
H,0O system, transformations described by the scheme (19) will result in the
formation of very stable (AN, = 0) complexes [UO,(COs);]* with CNy = 8. This
conclusion is in a perfect agreement with experimental data on carbonate-
containing systems [9] and is supported by the existence of numerous minerals
and synthetic compounds containing the [UO(CO;);]* complexes. Since
triuranylcarbonate complexes have ANy = 0, the R [UO,(CO;);] or
R",[UO,(CO5);] compounds can easily be crystallized from aqueous solutions,
where these complexes should be very stable (in fact, they were detected even
in seawater).

It should be noted that despite the fact that in the nitrate system (21) the
NO;:UO; ratio increases from left to right, whereas the N, value is decreasing as
in the equation (19), the situation is different. The point is that the change in the
AN, parameter is not monotonic. Thus, for the complexes I, VIII, IX, X (21),
that have NO5;:UO, =0, 1, 2, and 3, respectively, AN, = 1.2, 0.5, 0.2 and 0.9 ¢,
respectively. Therefore, in the UO*" - NO; - H,0O system, the most stable
complex should be IX (AN.= 0.2 ¢ and N, = 17.8 ¢). Thus, the reactions that
will take place in the scheme (21) should result in the formation of the complex
IX (since I->VIII—=IX«X). Indeed, the electroneutral complexes 1X, which
have the composition [UO,(NO;),(H,0),], have been observed in the structures
of all known uranyl nitrate hydrates and their derivatives. Since the NO; : UO,
in the most stable complexes IX is the same as for uranyl nitrate, it might be
concluded that, under standard thermodynamic conditions, in the R'NO; (or
R"(NO;),) - UO,(NO3), - H,0) systems, there should be no complex formation
at all. In other words, these systems should be simple eutonic ones, and their
solubility isotherms must contain crystallization fields of R'NO; (or R"(NO3),)
and uranyl nitrate only. Moreover, one may point out that all attempts to re-
crystallize the R'[UO,(NO;);] compounds (that can be obtained under specific
conditions only [9]) from aqueous solutions will result in their decomposition
into binary nitrates. We emphasize that the conclusions mentioned above are in
agreement with numerous crystal structure investigations and experimental data
[9], which, however, were not interpreted from a common perspective until
now. At the same time, in UOy(NO;), — H,O — L systems, where L is an
electroneutral ligand with electron-donor characteristics E; higher than for
nitrate ions and water molecules, formation of polyligand complexes can be
observed.

Let us consider the UO,(NO;), — CO(NH,), — H,O system as an example. Here
CO(NH,), is a carbamide (urea), that has E; = 2.1 ¢ for urea//M'. At present
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time, formation of nine compounds have been established in this system.
Among them, three [UO,(NO;),.2urea (XIII), UO,(NO;),.4urea.H,O (XIV) and
UO,(NO;),.5urea.H,O (XV)] have their crystallization fields on the solubility
isotherm in the UO,(NOs3), - urea - H,O system, whereas six others have been
obtained from non-aqueous systems or by solid-state reactions [28]. Taking into
account equation (10) and Table 3, for polyligand complexes with composition
[UO,(NO;)m(Urea)y(H,0),]“" crystallized from aqueous solutions, one may
obtain: (23)
Ne="7.8 + m-EL(NO3") + u-Er(urea’) + n-E (H,O0) =7.8 + m-3.1 +u-2.1+ n-1.9.
Assuming that all nitrate ions are crystal chemically equivalent and can be
either intrasphere ligands (m = 2) or outer sphere ligands (m = 0), the formulas
of the compounds should be written as [UOy(NOj),(urea),] (XIII),
[UOy(urea)s,(H,0)](NO3), (XIV) and [UO;(urea)s](NO;),.H,O (XV). This is in
complete agreement with the crystal structures determined for these compounds.
The decrease in the coordination number of U from § to 7 that occurs with the
increase of the urea : UO,(NOs), ratio in the UO,(NOs3), - urea - HO system
can be described by the scheme:

[U02m03)2(H20)2] &~ [UOz(NO3)2(Urea)2] — [ UOQ(UI‘C&)4(H20)]2+ &~

[UO,(Urea)s]** (24)
IX, KU,=8 X111, KY,=8 X1V, K4y=7 XV, KUy=7
N.=17.8 N.=18.2 N.=18.1 N.=18.3

This scheme is supported by the crystal structure data on these complexes and
should be considered as the result of exclusively electronic and not steric
effects.

7. Sulfate uranyl complexes

According to the existing data, sulfate ions may have six different coordination
types in relation to the uranyl ions (Fig. 10). Like carbonate and nitrate ions,
sulfate ions may have bidentate cyclic coordination to U(VI) atoms. However,
the most common coordination is bidentate bridging that has E; = 4.25 ¢ (Table
3). Therefore theoretical analysis of complex formation in the UO,*" - SO, -
H,O system with bidentate bridging sulfate ions forming the
[UO5(SO4)m(H,0),]™ complexes should be based upon the equation:

Ne=7.8 + m-E(SO,*) + n-E (H,0) = 7.8 + m-4.25 +n-1.9 . (25)
As for carbonate and nitrate compounds, inclusion of one bidentate sulfate ion
into uranyl complex must be accompanied by the exclusion of two water
molecules. Therefore the interactions present in the system can be described by
the following schemes:
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Figure 10. Schematic representations of all known types of sulfate coordination by U(VI) atoms
(shown as black circles). Dotted lines denote U-O coordination bonds.

[UOy(H,0)]" « [UOA(SO4)(H20)4] < [UOx(SO4)x(H20),]" ¢ [UOx(SO4)5]*

(26)
I,19.2 XVI, 19.65 XVII, 20.1 XVIII, 20.55
1.2 — 1.65 — 2.1 «— 2.55
[UOQ(H20)5]2+ — [UOx(SO,)(H,0);] — [UOQ(SO4)2(H20)]2'
(27)
vV, 17.3 XIX, 17.75 XX, 18.2
0.7 - 0.25 - 0.2

As can be derived from the schemes (26) and (27), the reactions of complex
formation will take place in the direction XVIII->XVII->XVI->l—
VoXIX—XX. In the end, they must lead to the formation of the
[UO,(SO4)2(H,0)]* complex, which is the most stable and the most abundant
complex in uranyl sulfates. It is of interest that it was a uranyl disulfate
K5[UO»(S04)2(H,0)].H,0O, a complex of the XX type, which was used by
Becquerel in his discovery of radioactivity. In the structures of the XX
complexes, the U atoms have CN = 7. We note that, according to the scheme
(27), the most stable complexes should the electroneutral complexes XIX for
which AN, = 0.25 and CNy = 7. Indeed, there are some data in the literature that
provide some evidence concerning the existence of such complexes in crystals.
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However, it should be noted that, for UO,*" : SO4* = 1, the most characteristic
coordination of sulfate ions relative to the uranyl ions is not bidentate bridging
(B?, Fig. 10) but tridentate bridging (T, Fig. 10). Due to the inclusion of third O
atom into the coordination, electron-donor ability of sulfate ions increases
significantly: they have E = 3E; = 6.3e. For this reason, the most stable
electroneutral complexes have the composition [UO,(SO4)(H,0),], since for
them N, = 7.8 + 6.3 + 2:1.9 =179 ¢, and AN, = 0.1 ¢, i.e. less than for the
complexes XIX. This explains why the [UO,(SO4)(H,0),] complexes occur in
crystal structures more frequently than the [UO,(SO4)(H,0);] complexes.

In relation to the U(VI) centers, bidentate sulfate ions may occur not only as
bridging (B?), but also as cyclic (B”, Fig. 10) ligands. The data known indicate
that the electron-donor ability of bidentate sulfate ions depends upon their
coordination type. This is caused by the significant shortening of the U-S
contact for SO,*//B”' (= 3.1 A) in comparison to SO,*//B* (= 3.6 A). The mutual
repulsion of the U(VI) and S(VI) centers in the U-O-S-O-U cycle that forms
owing to the bidentate cyclic coordination is stronger and leads to the decrease
of the O-S-0 angle from ideal tetrahedral (109.5°) to 102° and to the elongation
of the U-O bonds. As a result, the solid angle corresponding to the U-O bond at
bidentate cyclic coordination constitutes 9.8(3)% of the total 47 only, whereas it
is equal to 11.9(6)% for a bidentate bridging coordination. As a consequence,
the E; value for SO,>//B° is essentially lower than for SO,>//B? (3.5 and 4.25
e, respectively). Therefore, in the case of bidentate cyclic coordination, the
stability calculations for sulfate-containing uranyl complexes given in (26) and
(27) should be carried out according to the equation:

Ne=7.8 + m-E((SO4*) + n-E (H,0)=7.8 + m-3.5+n-1.9 . (28)
Analysis shows that, if all sulfate ions are coordinated by uranyl ions in a
bidentate cyclic fashion, the most stable among the complexes XVI-XX given
in (26) and (27) must be the complex [UO,(SO,);]* (XVIII). This complex has
N, = 18.3 ¢/, whereas others have AN, > 0.6 ¢. This is confirmed by the recent
data on the structure of (CsH;4N,),[UO,(SOy);] {IPUKOT}, which is the only
known example of uranyl trisulfate with CNy = 8 (Fig. 11a). In this regard, it is
worthy to note that, in other known uranyl trisulfates [K4[UO,(SO4);] {14062},
(C4H14N2)2[UOQ(SO4)3].2H20 {IKUDAT} and
{NH(C,H;N);}[UO,(S04);].0,5H,0 {LABGOL}], the U(VI) atoms have CN =
7. Because of the simultancous presence of monodentate (M'), bidentate
bridging (B®) and bidentate cyclic (B"') sulfate ions, the trisulfate complexes
have a binuclear structure (Fig. 11b). Taking into account data listed in Table 3,
we note that, from the viewpoint of the 18-electron rule, the binuclear
complexes [UO,(SO4)5]" with N, = 7.8 + E((SO4*//B") + E(SO,*//B%) +
EL(SOs//M") = 7.8 + 3.5 + 425 + 2.2 = 17.75 ¢ are more stable than
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Figure 11. Structure of the [UOy(SO4)s]* complexes (large circles: U; medium circles: S; small
circles: O): (a) mononuclear complex with CNy = 8 in the structure of (CsH 4N;),[UO,(SO4)5]
{IPUKOT}; b) binuclear complex with CNy = 7 in the structure of (C4H;4N»),[UO»(SO4)3].2H,0
{IKUDAT}.

mononuclear ones. However, the existence of two [UO(SO4)s]* isomers
provides the evidence that, for close AN, values (0.3 and 0.25 ¢ for mono- and
binuclear complexes, Fig. 11), the ‘choice’ of coordination of the U(VI) atoms
(8 or 7) is controlled by the difference in the packing energy of uranyl
complexes and outer sphere cations and molecules. Thus, in the structure of
(CsH14N,),[UO,(SO4);] {IPUKOT} with CNy = 8 (Fig. 11a), the ratio of outer-
sphere H atoms able to form hydrogen bonds to the number of terminal O atoms
of the sulfate ions, hereafter H:O, is equal to 1.3. If this structure contained
dimers (Fig. 11b), then the H:O ratio would be equal to 1.1 due to the increase
of the number of the terminal O atoms. In the case of the binuclear complexes
(C4N2H14)2[U02(SO4)3].2H20 {IKUDAT} and
{NH(C,H;N)3}[UO,(S04);].0,5H,0 {LABGOL} with CNy= 7, and H:O = 1.5
and 1.8, respectively, formation of mononuclear complexes would lead to H:O
= 1.7 and 2.0, respectively. We may conclude that the mononuclear complexes
with CNy = 8 are stable at H:O < 1.4, whereas binuclear complexes with CNy =
7 are stable at H:O > 1.4.

As an example of predictive power of stereoatomic model in combination with
the 18-electron rule, let us find an answer to the following question:

‘What is the coordination number of U(VI) in [UO(SO4)4]* complexes?’

Let us consider all possible structures of uranyl tetrasulfates that satisfy the
following conditions:

(a) in the [UO(SO4)]> complexes, all U(VI) atoms are equivalent and may
have the coordination numbers equal to 5, 6, 7, and 8;

(b) the coordination type of the sulfate ions might be one of the six types
possible in uranyl compounds (M', B, B"', T°, T'! or K*);
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Table 4. Crystal chemical formulas of theoretically possible complexes [UOZ(SO4)4]6'

Ne CC;}qqu;?é ;Eemical formula of the CNy N, () AN, ()
1 AM',= AMy, 6 16.6 1.4

2 AB*M, = AB,, M3, 7 18.65 0.65

3 AB"M';= AB?; M3, 7 17.9 0.1

4 AT*M'y= AT;3Ms, 8 20.7 2.7

5 AT'"M'3= A(T? 1 T1)M3;, 8 20.1 2.1

6 ABLM, = AB, )My, 8 20.7 2.7

7 AB,M',= AB%,;M,,, 8 19.2 1.2

8 AB*B'"M!, = AB,;,B% 1My 8 19.95 1.95

* For all formulas written according to [26], A = U0,

(c) uranyl ions might be linked to each other through bridging sulfate ions only.
The results of the analysis are presented in Table 4 and show that the conditions
(a-c) are satisfied for 8 possible complexes, which are different in the CNs of
U(VI) and crystal-chemical role of sulfate ions. According to the 18-electron
rule, only one out of eight complexes (# 3 in Table 4) has AN, = 0.1 and
therefore is stable, whereas AN, >> 0 (from 0.65 to 2.7) for all other complexes.
In this stable complex, uranyl ion coordinates one bidentate cyclic and three
monodentate sulfate ions. It is this very complex that has been observed in the
only known uranyl tetrasulfate Nag[UO,(SO,4),4].2H,O {51751} (Fig. 12).
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Figure 12. Structure of the [UO,(SO,)4]* complex with CNU = 7 in Nag[UO,(SO4)4].2H,0
{51751}.
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Figure 13. Schemes illustrating structures of layered complexes [UO,Si04)* (a) and [UO,PO,]
(b). Black circles are U atoms, dotted lines are the U-O coordination bonds.

8. Structure of the [UO,X0,]* complexes (X= Si, P wau S)

As an additional example of the practical utility of the 18-electron rule for the
analysis of relationships between composition, structure and properties of
uranyl compounds, let us discuss the problem of influence of tetrahedral cations
of the XO4* anions (X = Si, P, S) upon the structure of [UO,XO,]” complexes.
In particular, we look to the answers to the following questions.

1. “‘Why do stoichiometrically identical complexes [U0,SiO,]* (XXI) and
[UO,PO4] (XXII) have different structures?’ Indeed, in the structure of XXI,
there are uranophane-type sheets with CNy = 7 and SiO,*//T’' (Fig. 13a),
whereas the structures of ‘uranium micas’ contain sheets of the XXII type that
have CNy = 6 and PO, //K* (Fig. 13b). Taking into account, that, in uranyl
compounds the coordination mode of phosphate ions is either T*' or K*, this
question can be re-formulated as ‘Why is only the K* phosphate coordination
mode realized in the [UO,PO,4]" complexes?”

2. “Why does the structure of [UO,SO,4] (XXIII) not contain sheets identical to
those found in the structures of ‘uranium micas’, despite the fact that the
coordination mode of tetrahedral anions is K* in both [UO,PO,] and XXIII
complexes?” Taking into account, that, in contrast to [UO,PO,], in the structure
of XXIII, one of the uranyl O atoms is coordinated by the adjacent U(VI) atom
(for this reason, CNy = 7), this question can be re-formulated as ‘Why is this
very rare mutual coordination of uranyl ions realized for [UO,X04]” complexes
(X=S8i, P, S) only when X =S?’
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3. “‘Why are the [UO,XO4]” complexes with X = Si or P stable in relation to
water and constitute parts of many hydrate minerals, whereas similar complexes
with X = S can be easily hydrated and transformed into [UO,SO4(H,0),]
complexes with SO,*//T>?’

To answer the first question, let us calculate the N, values for all complexes
under consideration. Taking into account the E; values for Si0,*/T%" and PO,*
//K* (Table 3), we obtain N.= 7.8 + 10.5 = 18.3 ¢ for [UO,Si0,4]*, andN. = 7.8
+10.3 = 18.1 ¢ for [UO,PO,]". For a hypothetical [UO,PO4]" complex with the
uranophane-type structure (XXIV) (i.e. for PO,*//T*' with EL = 9.2 ¢, Table 3),
we obtain N, = 7.8 + 9.2 = 17 €. Thus, for the complex XXIV, the N, value is
not within the range of 18+0.3 e’, which is typical for stable uranyl complexes.
Since N, < 18, the complex XXIV is electron-deficient, that is, unstable and
highly reactive. Therefore, for the composition [UO,PO,4], only the K*
coordination mode is realized (Fig. 13), since AN.= 0.1 ¢ for XXII is less than
AN.=1 ¢ for XXIV.

We note that, under assumption that E; (XO,”//K*) - EL(XO,*//T*") = const and
using data given in Table 3, we obtain E = 11.6 ¢ for SiO,"//K*. Using this
value, we can establish the N, value for the hypothetical complex [UO,SiO4]*
(XXV) with the ‘uranium-mica’ topology (Fig. 13b). Namely, this complex has
N.=78 4+ 11.6 = 19.4 > 18 ¢, i.e. XXV is an electron-excessive complex.
Therefore, the XXI complex is realized in nature for [UO,SiO4]*, which has
AN.= 0.3 ¢’, whereas the complex of the XXV type has AN.= 1.4 ¢".

In order to answer the second question, we note that, for a hypothetical
[UO,S0O4] complex with ‘uranium-mica’ structure (XXVI), N.= 7.8 + 8.2 = 16
e and ANy = 2 ¢ That is, it is again the electron-excessive complex. Since, in
the structure of XXVI, sulfate ions have the K* coordination mode of maximal
dentate number and maximal value of E = 8.2 ¢ (Table 3), then it is impossible
to increase the N, value to 18 by changing the sulfate coordination mode.
Therefore, in order to achieve the 18-electron configuration, each U atom is
forced to form additional coordination bond of the -UO,—»UO,—»UO,— type
to the O atom of the adjacent uranyl ion. As a result, each uranyl ion acts as a
monodentate ligand of the M' type relative to the adjacent U atom. Because for
UO,*//M', EL = 1.7 ¢ (Table 3), formation of these uranyl-uranyl bonds results
in the appearance of zigzag UQO, chains (Fig. 14). As a consequence, AN, = 0.3
e, since N.=7.8+1.7+82=17.7 ¢. Thus, the cation-cation interactions in the
structures of isotypic [UO,XO4] (X =S, Se, Cr, Mo or W) are explained by the
fact that U atoms are forced to accept electrons from adjacent uranyl ions in
order to form stable 18-electronic shells.

Now let us come to the last question, which is related to the different reactivity
of the complexes to water according to the reaction:

[UO,X04]” +nH,O <« [UO,XO04(H,0),]", (29)
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Figure 14. Schematic representation of the uranium-oxygen chains UQy,,0,,, = UO, formed by
uranyl ions in the structures of isotypic UO,TO, (T =S, Se, Cr, Mo, W). Black and white circles
denote U and O atoms, respectively.

Formally, this reaction can be considered as a reaction of attachment of water
molecules. Since for the initial complexes (XXI)-(XXIII) it holds that N, = 18 ¢
the reaction (29) should be accompanied by the change of the ligand
coordination mode. This is necessary in order to compensate the increase of the
N, value due to the inclusion of water molecules (each H,O molecule increases
N, by 1.9 ¢, see Table 3). In general, this process can be considered as a
replacement of coordination bonds of the X0O4“—UO,>" type by bonds of the
H,0—UO,*" type. The deliberate occurrence of such a replacement, on the one
hand, should not lead to the increase of AN, in comparison to the initial
complex, and, on the other hand, should be easily possible only under condition
that the E; value of the replacing ligand is higher than the E; value of the ligand
replaced. Since the E; value for SiO4* and PO, >> E;(H,0) (Table 3), the H,O
molecules are unable to replace the ligands and the reaction (29) should proceed
from right to the left. In the case of anhydrous sulfates, there are
—UO0,—-UO,— bonds with E;= E; = 1.7 ¢” and therefore Ei(SO42') > Ei(H,0) >
Ei{(UO,*"). As a consequence, the reaction (29) should be easily realizable.
Moreover, from the structural point of view, this reaction should proceed by the
following stages:
[UO,S04] + 5H,0 «» [UO,SO4(H,0)] + 4H,0 «> [UO,SO4(H,0),] + 3H,0 «
> [UOst4(H20)3] + 2H20 g [UOst4(H20)4] + Hzo g [UOz(HzO)S]SO4 .
(30)
At the first stage of this reaction, the weakest electron donor in the U
coordination sphere (uranyl O atom with E; = 1.7 ¢) is replaced by the water
molecule which is stronger as an electron donor (E; = 1.9 ¢). Since the sulfate
coordination mode at this stage is conserved (K*), the resulting monohydrate has
Ne=7.8+ 8.2+ 1.9 =179 €. The second stage of the reaction (30) involves
change in the sulfate coordination mode from K* to T°. For the resulting
diaquacomplex, N, = 7.8 + 6.3 + 2:1.9 = 17.9 ¢, i.e. is the same as for the
monohydrate. From the two complexes [UO,SO4H,0)] (XXVII) and
[UO,S04(H,0),] (XXVIII) that have the same AN, = 0.1 ¢, the latter is more
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stable, most likely due to the formation of energetically favorable system of
hydrogen bonds as a result of the optimized H:O ratio (XXVII: 3.5; XXVIII: 2).
The third stage of the reaction (30) would lead to the formation of the
[UO,SO4(H,0)3] complex (XXIX) with SO4*//B. This complex has E, = 4.25
e (Table 3) and N, = 7.8 + 425 + 3-1.9 = 17.75 €. Since the AN, value
increases from 0.1 to 0.25 ¢, the formation of the complex XXIX is difficult.
However, from the viewpoint of the 18-electron rule, this complex is also stable
(though not favorable in comparison to XXVIII). It seems that, under specific
conditions, it can be realized in crystals, as, e.g. in the structure of
[UO,S04.3H,070.5(18-crown-6) {SODGIB}, where it is most likely stabilized
by the hydrogen bonding system (O:H = 1.5). The fourth and fifth stages of the
reaction (30) do not take place in sulfate-containing systems, because the
resulting complexes are unstable (AN, = 0.4 and 0.7 ¢, respectively).

9. Conclusions

As it can be seen from the discussion presented above, the proposed method of
quantitative estimation of electron-donor ability of ligands is based upon
principally new geometric model of crystal structures. Within this model, the
atoms are considered as ‘soft’ (deformable) spheres of the fixed volume, and the
whole structure as a closest three-dimensional packing of these atoms. This
packing is equivalent to the Voronoi-Dirichlet partition. The model is in
agreement with the existing experimental data and classical concepts of the
complex formation in uranyl-based systems (in particular, with the Chernyaev-
Shchelokov row). In addition, it provides a unique framework for the
interpretation of the experimental facts that have been unexplained previously.
The power of the proposed model (and, in particular, its predictive ability) is
most likely due to the fact that the 3-dimensional image of chemical bonds in
crystals does in fact have many advantages over the classic 1-dimensional
description.

The fact that the same model can be applied equally well to crystals as well as
to solutions is not something superficial. In our opinion, this provides additional
evidence that the short-range order in atomic arrangements conforms to the
same laws in both crystals and complexes existing in solutions. The successful
application of crystal-structure-based values of electron-donor characteristics of
ligands to the problems of complex formation (choice of coordination number,
sequence and direction of replacement reactions, etc.) is most probably owing to
the adequate character of the model and its description of the chemical
interactions.

The principal feature of the stereoatomic model is that it does not use either
ionic or atomic radii or any data concerning character of the chemical bonds. In
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this work, we demonstrated its power using uranyl complexes as an example.
However, this model works well for inorganic and coordination compounds of
other metals as well. In particular, the Voronoi-Dirichlet polyhedra and the 18-
electron rule help to understand why cation-cation interactions (which are quite
rare for uranyl compounds) are common for the neptunyl-based oxocompounds
[29].

Since the stereoatomic model allows one to use the abundant crystal-structure
data accumulated to the present time for the solution of modern problems of
coordination and supramolecular chemistry, one can hope that it will increase its
efficiency in the future and will support further progress towards solution of the
main problem of chemistry — understanding relations between composition,
structure and properties of chemical compounds.
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Chapter 3

Hydrated oxides, hydroxides and peroxides of
transuranium elements
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A.N. Frumkin Institute of Physical Chemistry and Electrochemistry, Russian Academy
of Sciences, Leninsky pr. 31, Moscow, 119991, Russia

1. Introduction

Hydroxides of transuranium elements (TUE) can be obtained as amorphous
precipitates from aqueous solutions with certain pH values. This process is
preceded by hydrolysis that can be considered as a stepwise removal of H' from
H,0 molecules from the first coordination sphere of the TUE ions. In order to
characterize hydrolytic behavior of the TUE ions, one can use hydrolysis
constants according to the following reactions:

An"™ + H,0 = AnOH™" + H" (n =3 or 4) (1)

AnO,™ + H,0 = AnO,OH™" + H" (m = 1 or 2) )
Products of these reactions that contain more than one hydroxyl group in the
coordination sphere of the metal ions have a strong tendency to polymerize.
Owing to this tendency, the reactions (1) and (2) are accompanied by slow and
non-equilibrium polymerization of hydroxo-species and their consequent
precipitation. The hydrolitic reactivity of TUE ions can be expressed by the
following row:

An "> AnO,”" > An’* ~ AnO," 3)
Solubility data for Np, Pu, and Am hydroxo compounds in the III to VI
oxidation states in alkaline media were first published in 1949 by the
researchers of the Manhattan Project. Later, these data were confirmed and
refined by other researchers from different countries. In the following, we
consider some data on hydroxides and peroxides of transuranium elements.
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2. Transuranium element(I1l) hydroxides

Transuranium(IIl) hydroxides form from aqueous solutions at relatively
high pH. Their stabilities are remarkably different. For example, Np(IIl) in the
form of Np(OH); slowly oxidizes even under anaerobic conditions [1].
Therefore, the Np(III) hydroxide has not yet been synthesized. The Pu(Ill)
hydroxide Pu(OH); has a blue color. It can be prepared as an amorphous
precipitate using NH,OH or NaOH. In contrast, Am(OH); (pink) and Cm(OH);
(colorless) can be isolated from solution in the form of a jelly-like precipitate
that, under heating, can be transformed into a fine-crystallized state. The
crystallization time increases with temperature, and at 130°C (in the autoclave)
may take more than one hour [2].

The hydroxides of berklium(Ill), Bk(OH);, and -californium(III),
Cf(OH);, behave in a similar fashion [3]. In their crystalline forms, Am(OH);
and Cm(OH); are anhydrous (as are hydroxides of light rare-earth elements),
and are hexagonal, C%, — P63/m space group, a = 6.420 and 6.391 A, ¢ = 3.745
and 3.712 A, for Am and Cm compounds, respectively. Due to self-irradiation,
the unit-cell parameters increase with time, as does the sample amorphization.
In the case of ***Cm(OH)s, the structure decomposes within 1 day, but the same
process for **' Am(OH); takes up to 4-6 months [4]. The Mossbauer spectrum of
Am(OH); [5] is characterized by & = 4.6 cm/c (relative to AmQO,). The nuclear
magnetic resonance (NMR) studies indicate that, among the TUE(II)
hydroxides, the Am compound has the most covalent chemical bonds. The
TUE(II) hydroxides are readily soluble in different mineral acids; under these
conditions, the solutions of hydrated An" ions are produced.

In contrast to plutonium(IIl) hydroxide, Am(OH); does not react with
oxygen. However, this compound is still highly reactive, and easily participates
in different heterogeneous redox-reactions. Oxidation of Am(OH); by
hypocloride, and peroxydisulphate in dilute base is the primarily route for
Am(OH); or AmO,xH,O preparation [6]. The same product results also during
the room-temperature interaction of 2 mM Am(IIl) hydroxide with K;Fe(CN)g
in greater than 0.07 M NaOH solution. In 2M NaOH solution 0.04M K;Fe(CN)e
oxidizes Am(OH); to Am(V) [7]. In the solid state, or in an aqueous pulp,
Am(OH); actively reacts with ozone. This reaction in dilute alkaline solutions
results in the formation of americium(VI) solutions. The americium(III)
oxidation rate does not depend on the composition of the solution (0.1M
NaHCOs, 0.1M Na,CO; + 1-2M NaOH, 0.1-1M NaOH) at room temperature,
and Am(VI) is finally formed. In fact, the 0.1-1M LiOH solutions are preferred
media for obtaining the Am(VI) solutions by means of the described technique
[8]. The values of the observed rates of the Am(III) = Am(VI) reaction
increases from 2.210° to 9.25:10° M'min™' with the increase of the initial Am
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amount from 6.510 to 2.6'10° M, and decreases from 2.73'107 to 2.22:107
Mmin™ with an increase of [OH] from 0.1 to 1.0 M.
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Fig. 1. The absorption spectra of: (1) Am(III) and Am(V) hydroxides in 1M NaOH solution at
20°C; (2) The product of interaction of Am(III) and Am(V) hydroxides in 1M NaOH at 70°C or
>6M NaOH at 20°C.

During ozonation, the Am(OH); pulp dissolves in several minutes and the
solution color turns red, and, under these conditions, Am(III) is stepwise
oxidizes to Am(IV), Am(V) and Am(VI). The completion time of the oxidation
reaction does not exceed 15 — 20 min. Spontaneous [Am(V)]<—[Am(VI)]
oscillations have been observed in the 0.1M NaHCO; media (Fig. 1). Using the
*'"Am and **’Am species, it was shown that the oscillations can not be
explained by the Am self o-radiolysis generation of reducers in initial solutions.
The oscillations take place only during bubbling of ozone through the reaction
system. It was concluded that the oscillation phenomena may occur due to: (1)
oxidation of Am(V) to Am(VI) by ozone; (2) the consequent reduction of the
latter by the products of ozone decay; (3) their interactions, resulting in the
appearance of HO, and H,0,, which react rapidly with Am(VI) and ozone. The
period of the [Am(VI)]«>[Am(V)] oscillations was estimated to be not more
than 2 min [9].

An important observation has been made recently: the mixing of equivalent
amounts of **Am(III) and ** Am(V) hydroxides in 1M NaOH at 50-70°C, or in
7M NaOH at 25°C during over the course of few minutes, results in formation
of pure Am(IV) species via the reproportionation reaction Am(IIl) + Am(V) =
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2Am(1V) (Fig. 2). The reaction between Am(VI) and Am(IIl) hydroxides in
equivalent amounts provides the same result [10].

2

D, Absorbtion

T T
400 /00 200

wavelength,nm

Fig. 2. The changes of absorption spectra of the Am species in 0.12M NaHCO; solution during
the interaction of Am(OH); aqueous suspension with ozone at 20°C. 1 = 1 cm. The oscillations of
[*¥Am(VI)] are limited by curves (1) and (2). Total [Am] in the solution was 7.7 10”*M.

Cm(OH); in alkaline solutions does not interact with O3, C1O", or S,0g [11].

The data for TUE hydroxide solubility in different media have recently
receive a great deal of attention due to their importance for development of
clean-up technologies, etc. It is known that the Pu(OH); solubility in water and
5M ammonium solution is equal to 7.5¢10° M and 3.8¢10™* M, respectively
[12]. The solubility product of the Pu(III) hydroxide is about 2¢107° [13,14].
According to the data of different authors, the solubility products of Pu(OH);
and Am(OH); hydroxides are equal to about 107 [15]. The solubility of Pu(III)
hydroxide in 5SM NH,OH is 3.8+10™* M [16], and the solubility of Am(III) in
0.01-5M NH,OH is 1.6°10° M [17]. The suggested chemical form of these
alkali-dissolved hydroxides is a neutral Am(OH);-type molecule, which does
not tend to have an amphoteric nature or to form complexes with OH™ ions.
Despite the low solubility of TUE(III) hydroxides, in the crystalline form they
can be easily dissolved. Thus, the concentration of the Am(OH); and Cm(OH);
colloid solutions may exceed more than 100 g/L [4].

3. Transuranium element (IV) hydroxides

TUE(IV) hydroxides with the general composition AnO,xH,0 (x < 2)
are known for Np, Pu, and Am. Moreover, the compound NH4Np(OH)s has
been synthesized by hydrothermal methods at 550 K and a pressure of ~ 1,5-10°
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Pa. This compound is monoclinic, P2, a = 8.704, b = 8.704, ¢ = 7.067 A, y =
127.16°, Peatcutaed = 5.29 glem’, Z = 4. There are two Np sites that are 9-
coordinated by O atoms. The structure is based upon [Np,(OH),o]* layers with
NH, " ions in the interlayer space [18].
The tendency of Pu(IV) to hydrolyze and to form real solutions, colloid
solutions, or insoluble precipitates has been known since the Manhattan Project.
The main results of the earlier work in this field were summarized by Seaborg
and Katz [19]. Since then, studies have been performed to examine in detail the
equilibrium of Pu(IV) hydrolytic reactions in different media [20,21]. Great
attention has also focused on the preparation, structure and properties of Pu(IV)
polymers or colloids [22-27]. These compounds have found an important
application in sol-gel technology for the preparation of nuclear fuel materials
[28]. However, studies of the properties and behavior of solid Pu(IV) hydroxide
in complex heterogeneous systems are rather rare. A most important result of
these studies was the conclusion that Pu(IV) hydroxide, after some aging,
consists of very small PuO, crystallites and, therefore, should be considered as a
Pu(1V) hydrous oxide [23,24].
Tetravalent Np and Pu hydroxides were isolated from solutions with pH >3.
These appear as amorphous precipitates with colors from light-yellow to dark-
brown. These compounds can be easily dissolved in different mineral acids.
The properties of PuO,-xH,O are of interest from the viewpoint of treatment of
alkaline waste tanks at Hanford (USA). The studies of PuO,-xH,O were focused
on determination of composition and structural properties of this compound
aged in complicated salt systems. At the present time, there is very limited
information concerning the ability of Pu(IV) hydrous oxide to include in its
composition minor quantities of nitrate ions [29]. To obtain more definite data,
a number of PuO,-xH,0 samples were analyzed for NO;™ content. It was found
that the nitrate content in PuO,-xH,0O prepared under different conditions does
not exceed 0.03 mol%. Such a small concentration cannot remarkably affect the
PuO,-xH,0 properties and was neglected in subsequent experiments [30].
Long-term aging of the compounds that were modeled by their
coagulation at elevated temperatures including hydrothermal conditions, does
not result in the formation of well crystallized phases. The “x” value depends
strongly on the conditions of the drying of PuO,-xH,0, but it is not sensitive to
the precipitation method (direct or reverse) and coagulation time. For the
PuO,'xH,0 samples prepared at 10 to 60°C and dried in desiccators over KOH
pellets and then over 25% H,SO,, the mean values of “x” are equal to 1.6 and
2.8, respectively. The rather large difference of these values confirms the strong
hygroscopic properties of PuO,xH,0. As the temperature increases the x values
tend to go down. The composition of PuO,'xH,0 obtained at 180 to 200°C and
dried over KOH is characterized by an average x = 0.60.
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Thermogravimetric scans of various PuO,xH,O samples are similar
and do not depend upon the preparation conditions. In all cases, the mass loss is
monotonous in the range from 50 to 250°C. All differential thermal analysis
curves show gentle endothermic picks at about 110°C. This confirms that water
in PuO,-xH,O does not have discrete states, but is characterized by a continuous
range of bonding energy.

Anhydrous PuQ,, produced from PuO,xH,O by heating, possesses
clearly expressed hygroscopic properties. They remain even after prolonged
heating of the compound at 500°C and disappear only at 800°C. The small
influence of temperature on the PuO,-xH,O hygroscopicity can be explained by
the rather high thermal stability of primary crystallites. This supposition was
confirmed by direct estimations of crystallite size in the PuO,-xH,O samples,
after they were heated to different temperatures. The estimates of crystallite
size were derived by X-ray powder diffraction methods. It was found that
PuO,xH,0 crystallite size increases only from ~2.5 to 7 nm in the range of
temperatures from 20 to 800°C (Fig. 3). Infrared (IR) spectra of different
PuO,-xH,0 samples closely resemble each other and show an intense band with
a maximum at 3400 cm”', 3 weak bands in the interval 1700-1250 cm™ and an
additional strong, and usually split band between 600 and 350 cm™. The band at
3400 c¢cm’' arises from vibrations of water in the PuO,xH,0O structure, 1is
relatively wide and smooth, and has no shoulder. This fact confirms the above
mentioned assumption that there are no discrete states of water molecules in the
compound structure. The bands with a maximum at 1640 cm™ and in the low
frequency region can be attributed to deformation vibrations of H,O and
vibrations of Pu-O bonds in PuO, crystallites, respectively (Fig. 4).
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Fig. 3. X-ray diffraction patterns of PuO,*xH,O (the shape of the 111 line) as a function of

heating temperature (in °C): 1 - 75; 2-200; 3-300; 4 -400; 5 - 800.
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Fig. 4. IR spectra of PuO,xH,0 samples (the vertical axis gives absorption in relative units). The
conditions of coagulation: 1) 1 h in 0.2M NaOH at 12°C; 2) 5 h in 0.2M NaOH at 200°C; 3) 9 h
in 8M NaOH at 100°C.

Sedimentation of PuO,-xH,0 is usually complete in 2 to 3 hours. The rate of the
process decreases with an increase of the liquid phase density in the sequence
H,0 > 1M NaOH > 3M NaOH > 3M NaOH + 3M NaNO;. The influence of the
aging conditions on the precipitation rate of PuO,-xH,0 is irregular and is not
very strong. Only for compounds prepared under hydrothermal conditions at
160-200°C, the precipitation rate in water and 1M NaOH is considerably higher
than those found for precipitates prepared at lower temperatures.

In contrast to precipitation rate, the specific volumes of the PuO,xH,O
precipitates are practically independent on the liquid phase composition and
density. However, the specific volumes significantly decrease with PuO,xH,0O
aging. Samples coagulated under hydrothermal conditions at 180 to 200°C
generally have specific volumes 3 times lower than those of precipitates aged at
room temperature. Precipitate volumes after centrifugation are less sensitive to
the aging conditions. Their average value is equal to ~5 ml/g Pu. The plutonium
concentration in mother solutions over PuO,-xH,0O, centrifuged 2 minutes after
the beginning of precipitation, was found to be about 2 to 3 orders of magnitude
higher than observed for the solubility of the compound under the same
conditions. The plutonium concentration decreases as a function of time.
However, it remains high even after a day of coagulation. The precipitation of
PuO,xH,0 likely proceeds through the formation of colloids and very fine
particles that remain as a suspension during centrifugation. The use of
ultrafiltration instead of centrifugation provides about a factor of 100 decrease
in the plutonium concentration in the mother solutions.
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Fig. 5. IR spectra of Pu0,-0.88Si0,'xH,0 (a) and PuO,-0.15P,05xH,0 (b) samples.

Special experiments showed that the compounds precipitated from
0.2M NaOH at room temperature or from 1M NaOH at 60°C in the presence
2M NO,, 0.1M C,0,”, HOCH,COO", EDTA, HEDTA, citrate, 0.5M CO;” and
SO, had, after careful water washing, the same composition and hygroscopic
properties as PuO,xH,O obtained by Pu(IV) precipitation from pure NaOH
solutions. The mentioned anions do not significantly alter the rate or
completeness of PuO,xH,0 precipitation. Pu(IV) precipitation characteristics,
however, are altered for alkaline solutions containing silicate or phosphate
anions. In both cases, changes in the color and volume of precipitates have been
observed (Fig. 5). Water washing of the precipitates gave considerable
peptization. The results of direct analyses showed that the Pu(IV) compounds
precipitated from alkaline solution in the presence of 0.05M SiO;* at low
NaOH concentrations were more likely silicates than PuO,xH,O. Significant
amounts of silicate were detected even in products obtained in 7 M NaOH. In
addition, silicate was found to interact with PuO,xH,O prepared separately
under hydrothermal conditions. The alkali precipitation behavior of Pu(IV) is
similar in the presence of phosphate and silicate. However, the degree of anion
capture and the stability of compounds at high NaOH concentration for
phosphate are significantly lower than that for silicate.

Based on these results, it is reasonable to conclude that PuO,-xH,O
cannot be present in alkaline tank wastes containing significant silicate
concentrations. Under such conditions, Pu(IV) should exist as various basic
silicates depending on the waste composition. However, this conclusion may be
complicated by the behavior of mixed hydroxides of Pu(IV) and Fe(IIl) or other
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elements in alkaline silicate media. This problem requires special investigation
[31-33].

During the experimental determination of Pu(IV) hydroxide solubility, the slow
increase of the Pu concentration in solution, and simultaneous decrease of pH
was detected [34]. It is suggested that this effect is related to the accumulation
of nitric acid in the solution due to the self o-irradiation of the suspension.
Actually, during storage of 0.5 g of **PuO,xH,0 in 30 ml three times
distillated water in an isolated system within 1266 aging days of the pulp, the
concentration of NO;™ was stabilized at the level of about 0.04M, and the pH
values were changed from 7 to 1.52.

The primary investigations concerning aging of crystalline *’PuO, and
amorphous **° PuO,xH,O in aqueous suspensions were carried out by Rai and
Ryan [35]. These authors provided monitoring of the samples in solutions over
1300 days. The hypothesis that the amorphization of crystalline PuQ, is closely
related to permanent oxidation of Pu(IV) to Pu(V) or Pu(VI) was proposed. The
solubilities of the Pu(V) and Pu(VI) compounds are much higher.

This hypothesis is in agreement with other experimental data [36,37]. For
example, Fig. 6 shows that, in the presence of **PuO,xH,0, accumulation of
Pu(V) is observed even in alkaline solutions. On the basis of the literature data
[49,54] that states 50" = 12 L/M'cm, the [Pu(V)] concentration is calculated
to be 3107 M.

Additional information exists concerning the ease of Pu(IV) to Pu(V) oxidation
in neutral and subacid solutions [38-42]. Under these conditions, increasing the
alkaline concentration results in the strong stabilization of Pu(V). It was found
that, on the surface of the Pu(IV) hydroxides, plutonium is oxidized to Pu(V) by
atmospheric oxygen and O and OH’, radicals — products of water
decomposition, and possible nitrate- and nitrite-ions. The yield of back
reduction of Pu(V) has been calculated as following [43]:

G[-Pu(V)] =k (100/0.693A), @)
where k = -2.3dlog[Pu(V)]/dt (in days), and A = Xg;E./(100T,5); g; - % degree
of Pu in the sample, E,, - energy of o-particles, in eV, and T/, — half-life period
of the nuclide (in days). The value A for **’Pu is calculated as 0.765. This
number is very important for predicting the Pu behavior in the alkaline waste.
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