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AssrRAsr

The geomeffy, bond valences, and polymerization ofhexavalent uranium polyhedra from 105 well-refined structures are
analyzed. The Utu cation is almost always present in crystal stnrctures as part of a nearly linear (UOr)z* uranyl ion that is
coordinated by four, five or six equatorial anions in an approximately planar arangement perpendicular to the uranyl ion,
giving square, pentagonal and hexagonal bipyramids, respectively. The Utu-O7" bond length (Oy,: uranyl-ion O atom) is
independent of the equatorial anions of the polyhedra;-averages of all polyhedra tlat contain uranyl ions ffs; I6lIJ6f-Or. =
1.79(3), mg0.-.9 a,= 1.79(4), and t8lu6+-Our = 1.78(3) A. Not a[ r6lu6+ polyhedra contain uranyl ions; there is a continuous
series of coordiaation polyhedr4 from square bipyramidal polyhedra with uranyl ions to holosymmehic octahedral geometry.
The mUo* and t8lu6+ polyhedra invariably contaitl a uranyl ion. The equatorial U6.-0 (0: O,-, OH-) bond-lengths of uranyl
polyhedra depend upon coordhation number; averages for all polyhedra are t6lu6+-dq = 2,28(5), rlUot-$* = 2.37(9), afi
t8tlJ6+-$q- 2.47 (12) A. Cunently available bond-valence parameters for U& are unsatisfactory for determining bond-valence
sums. Coordination-specific bond-valence paxameters have been derived for U6|, together with parameters applicable to
all coordination geometries. The parameters give bond-valence sums for Ue of -6 vlr and reasonable bond-valences for
Uc,-Ou, bonds. The bond-valence paraneters facilitate the recognition of Ua, U5+ and U6| catiotrs in refined crystal structures.
The crystal-chemical consfraints ofpolyhedral polymerization in uranyl phases are discussed.
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Somraans

La gdometrie, les valences de liaison, et le degr6 de polym6risation des polybdres contenant l'uranium hexavalent dans
105 structures bien affrn6es sont ici analys6s. Dans les structures cristallines, le cation Ua' fait presque toujours partie d'un ion
uranyle, (UOJri quasiment lin6aire et coordonn6 i quatre, cinq ou six anions da:rs un agencement i peu prBs planaire
perpendiculaire i l'ion uranyle, ce qui mbne i des groupes carr6s, pentagonaux et en bip)'ramides hexagonales, respectivement.
La longueur de liaison Uc'-Oo, (Oy,: atome d'oxygbne faisant partie de I'ion uranyle) est iaddpendante de I'agencement des
anions 6quatoriaux des polyBdres; les moyennes de tous les polyBdres qui contiement l'ion uranyle sont: r6u6+-Our= 1.79(3),
lTlUe-Ou" = 1.79(4), et t8lu6f-Our = 1.78(3) A. Par contre, pas tous les polyddres contenant t61uil contiennent f ion uraayle. I1
existe une s6rie continue de polyedres de coordilence, de bipyramide carr6e avec ions d'wanyle b octaddre holosymm6trique.
[.es polybdres conGnant r7{JG et rsluo' contiennent sans exception I'ion uranyle. La longueur des liaisons Utu-$ ({: Oz-, OHJ
des polybdres i uranyle d6pend de la coordinence. Les moyennes pour tous les polyAdres sont t6lu6++q=2,28(5), mUto-S"q
=2.37(9), et r8lu6++€q - 2.A1(1r!) A.t*sparametres presentementdisponibles pour les valences de liaisbn impliquant Utu ne
sont pas ad6quats pour en ddterminer la somme. De tels paramBtres propres e rme coordinence particulibre ont 6t6 d6rivds pour
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l'uranium hexavalent, ainsi que des paramdtres applicables i toutes les g6om6tries des polyddres. Ces parambfres mhnent i des
sommes des valences de liaison pour Ue. d'environ 6 unit6s et des valeurs raisonnablas pour les liaisons U6'-Oo, Ces nouveaux
parametres facili0ent I'identification de U+r, Us et Utu dans les compos6s dont la structure a 6t6 affrn6e. Nous 6valuons les
contraintes cristallochiniques irnpos6es sur la polymdrisation des polyEdres des compos6s I uranyle.

(Traduit par la Rddaction)

Mots-cl6s: uranium, min6ral uranifdre, uranyle, g6om€ftie des polyBdres, valence de liaison.

Inrnotuctron

The Uo' (uranyl) minerals are major constituents of
the oxidized parts ofuranium deposits, where they are
commonly found as tle products of alteration of
uraninite (Frondel 1958, Finch et al. L992, Finch &
Ewng l992,Pearcy et aI. 1994). These minerals have
recently received renewed interest because of tleir
significance to the environment. Uranyl minerals are
products of the oxidation of radioactive mine-tailings;
they im.Itact upon the release of U and Pb into the envi-
ronment. In addition, uranyl minerals are prominent
alteration-induced phases in laboratory experiments on
UO, as well as spent nuclear fuel subjected to oxidative
dissolution (Wadsten 1,977, Wang & Katayama L982,
Wronkiewicz et al. 1992, Forsyth & Werme 1992,
Johnson & Werme 1994. Finn et al. I996.WrorlrjLewicz
et al. 1996). Under oxidizing conditions, such as tlose
found at tle proposed nuclear-waste repository at
Yucca Mountain, Nevada, the UO2 in spent fuel is
unstable, and the rate of alteration in the presence of
water is likd to be appreciable (Murphy & Pabalan
1995). Spent fuel contains fission products (a.g., Sr, Cs
and ! and nansuranic elements (e.g., Np, Pu, Am" Cm)
(Oversby 1994).T\e generally low concentrations of
fission products and transuranic elements in spent fuel
will generally preclude them from forming discrete
phases during alteration (Oversby 1994). The formation
of tle alteration products of UO2, mainly Uto phases,
will lower the concentration in solution of these
radionuclides if they are incorporated into the
structures ofthe alteration products. Laboratory studies
have provided evidence for the retention of some
radionuclides in the alteration phases of spent nuclear
tuel (Finn et a\.1996).

There are about 170 minerals known to contain U
as a necessary strucfural constifuent. Of these, most
contain Uil, the oxidized form of U, although Ua also
occurs in several mins14ls. The crystal structures of
56 Ue. minerals and about 120 synthetic ge+ phases
have been reported. As part ofour on-going examination
of ttre strucfural relations in U6" phases, Burts et al.
(1996) have proposed a structural hierarchy for Uo'
minerals and inorganic phases. The structures are
organized on the basis of the polymerization of cation
polyhedra of higher bond-valence, resulting in sheet,
chain, finite cluster, isolated polyhedron, and frame-

work classes. The majority of Ue'phases (106) adopt a
structure that is based upon infinite sheets ofpolyhedra
that share corners and edges. Burns et al. (1996)
grouped these sheets according to the topological
arrangement of the anions in the sheet.

A detailed understanding of the crystal chemistry
and bonding of Uc. will aid in evaluating the likelihood
ofthe incorporation offission products and transuranic
elements in low quantities into the strucfures of U6+
phases @urns et al.1997a). In addition, an appreciation
of the underlying controls of bond topology is a
necessary step toward understanding the relations
between tle hierarchy of mineral structures and the
paragenesis of the minerals. Despite the wealth of
crystal-structure data available, the current state
of knowledge of the crystal chemistry and bonding of
Ue' lags behind that of most of the lighter elements.
The coordination polyhedra of many cations imFortant
in minerals have been investigated in detail using
theoretical approaches (e.9., silicates: Gibbs 1982,
Lasaga & Gibbs 1987, 1988, L990, I99L: borates:
Tossell 1986, 1990, Burns 1995; carbonates: Tossell
1986; copper oxysalts: Burns & Hawthorne 1995ab),
but there has been little quantitative theoretical work
done on tlte coordination chemistry of U0*. This is
because Utu complexes present serious problems when
applying quantum-chemistry mettrods, owing to the
large number of electrons (requiring the use of effective
core potentials) and relativistic effects. Despite these
dfficulties with fheoretical approaches, some calcula-
tions have been reported for Ue' complexes (Taisumi &
Hoffmann 1980, Wadt L981, van Wezenbeek et al.
199 1, Pyykkd & Zhao 1991, Pyykkd et al. 1.994, Ctaw
et aI. L995).

BoNpnqc ul Uo' Por,vrupna

The oxidation states of the 5/actinide elements are
quile variable owing to the screening of the 5/electrons
from the nucleus. Uranium can occur as [J+r, lJs+ 91Ucr
in crystal structures, with U& preferred under oxidizing
conditions. The Uc' cation usually occurs in crystal
strucfures as part of an approximately linear (UtuO2)2+
uranyl ion (Evans 1963). Ab initio molecular-orbital
calculations (Craw et al. 1995) have shown tlat
the Utu_O bonding mechanism in the uranyl ion is
primarily by donation of electrons from thep orbital of
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Frc. l. The three types of. Ur$, polyhedra [Ur: (UO")z'uranyl ion, $: Oz-, OHl. u*
cations are shown as circles shaded with parallel lines, and anions are shown as
unshaded circles.
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the O atom into the empty d and/orbitals of the U
atom. Average Uto-O bond-lengths in the uranyl ion
are -1.8 A, and thus the bond-valence requirements of
the uranyl-ion O atoms (hereafter referred to as Oy,) are
largely satisfied without additional bonding.

In crystal structure$, the uranyl ion is coordinated
by four, five or six anions in an approximately planar
arrangement essentially perpendicular to the uranyl
ion, giving UrSa square, Ur$5 pentagonal and UrS6
hexagonal bipyramids (Ur: uranyl ion, $: O2-,OH-),
respectively (Fig. 1). The uranyl ion has a formal valence
of2+, and tlus tle fypical bond-valences associated
with each Uil-S"q (S*: equatorial $) bond are -0.5,
-0.4 and -0.33 valence units (va) for Ur$a, Ur$5 and
Ur$6, respectively. As the bond-valence requirements
ofthe equatorial anions are only partly satisfied by the
Utu-$"q bond, Ur$a, Ur$5 and Ur$6 polyhedra may
polymerize with other Ur$, polyhedra or with other
cation polyhedra to form complex structures without
violating the valence-sumrule @rown 1981). Because
the equatorial anions are close to being coplanar, and
the Or. bond-valence requirements are largely satisfied
without further substantial bonding, Ur$" polyhedra
may share equatorial edges and corners, commonly
resulting in infinite sheets. In such cases, the uranyl ion
is oriented approximately perpendicular to the sheet,
and the sheets are most often connected tbrough
weaker bonds to interlayer cations and tlrough H
bonds.

GgoN{ETRES oF Ue PoLYHEDRA

EXAFS data

Extended X-ray absorption fine-structure (EXAFS)
spectroscopy is a useful technique for determining
the speciation of actinide elements in solutions and
solids (Nitsche 1995, Reich et al. 1996). EXAFS spectra
readily provide bond-length information for U
polyhedra although few studies ofminerals have been
reported. Tlpical uranyl-ion Utu-O bond-lengths
ob'tained frori EXAFS spectra are 1.78 anct 1.79 A
(Charpin et al. 1985, Moll et al. 1994, 1995, AJIen et
al. L995,1996). X-ray-dffiaction studies have shown
that the two uranyl ion Ua'-O bond-lengths can differ
for a single uranyl ion, but EXAFS techniques do not
resolve ttrese two distances. EXAFS is usually not
capable of resolving individual equatorial UG-S
bond-lengths, but instead gives an average equatorial
U6r_0 bond-lengfh that is comparable to the average
bond-length obtained from X-ray-diffraction studies
0M:oll et al. 1994).

X-ray-diffraction data

The accurate reflnement of crystal structures tlat
contain Uto is more dfficult than in tle case of most
other mineral groups owing to the high absorption of
X rays by U. Thus, nvmy of the published Ue structures
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axe of low precision, and high R indices comnonly are 60
reported. Owing to the high X-ray scattering efficiency
of U, as compared to O, the O atom positions are in 40
many cases imprecisely known, and ttris problem is 20especially pronounced in Rieweld refinements using
X-ray powder data. o

The structures considered here are listed in Table 1.
In each structure considered, Uo'bonds to O2-, OH- or 12o
IIrO; structures with F or Cl bonded to Uo'have been
excluded from consideration. Structures containing 100

both U+ and Ue (or possibly U*) have been omitted 3' Bo
because of the possibility of U&-Uil disorder. 5
Structures refined using X-ray data collected from 3 eo
single crystals, or neutron data collected from powdersn E
have been included where the R index is less than1%o. 40
Structures reflned using X-ray data collected from
powders have been excluded.

General trend.s

Data have been grouped according to the
coordination number of Utu: six, seven or eight,
including tle Oy" atoms. Uil-$ bond-length data for
all coordination numbers are presented in Figure 2.
There is a completely bimodal distribution of Uto-$
bond-lengths in both tle mU& and t8lu6r polyhedra;
the bimodal distribution fe1 tol[Jo+ is less pronounced
(Fie.2).

Ft(Ja+ aTyl ttt(Ja+ polyhedra

The Uc-$ bond-length distributions in t71UG and
trlUot polyhedra (Fig. 2) are completely bimodal owing
to the presence of a uranyl ion in every polyhedron. A1l
t71u6i and t8lUtu polyhedra are Ur$5 pentagonal
bipyramidg and Ur$6 hexagonal bipyramids, respec-
tively.^In both cases, the population centered around
-1.8 A corresponds to the Ue'-Ou, bonds, and the
population centered around -2.4 A corresponds to
the Ue'-$* bo-nds. The populations at -2.4 Aare@er
than at -1.8 A because there are more Uo'*$* bonds
than Utu-Oy"bonds in each polyhedron.

The average mUto-Ou" and trUe-S"u bond-lengths
for all 93 Ur$, polyhedra are 1.79 (o = 0.04) and2.37
(o = 0.09) A, respectively.In2S Ur$6polyhedra, the
average l8l(J6t-4u, rn4 t8lu6i+e4 bond-lengths are 1.78
(o = 0.03) and2.47 (o = 0.12) A, respectively.

t6JU61 polyhedra

The Utu-$ bond-length distribution for polyhedra
containing t6lu6! isirregular, and bond len6gths range
from 1J4 to 2.34 A (Fig. 2). Unlike Ur$5 and Ur$6
polyhedra, a (U6rOr2+ uranyl ion is not evident in
ssme tolJ6r pslyhedra.Figure 3 shows the relationship
between tle average of the pair of shor[est /razs
r6lu6f-O bond-lengths and the averagl t6lu6++
bond-length of the remaining four (equatorihl) bonds.

o o o
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Frc. 2. The distribution ef{J*-$ bond-lengttrs in well-refined
structures.
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Frc. 3. Utu-$ bondJength relations in t6lu& polyhe&a. The
average ofthe two shortest trarc bond-lengths (in some
cases corresponding to bonds in the uranyl ion) varsus the
average of the remaining four equatorial bond-lengths.
The solid line is the least-squares-fit line. The broken line
represents the trend for holosymmetric octahedra.
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Ps
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U'- o Bond Length (A)

FIc. 4. The distribution of Utu-S bond-lengths fs1 te[Jot
polyhedra ia well-refined structures. Bottom: square
bipyramidal polyhedra that contain a uranyl ion, middle:
intermediate geometries, top: approximately octahedral
geonefties.

Note tlat where a uranyl ion is present, the average
t6lUil-Ou" bond-lengtl colresponds to the shortest
average trans 161U6+-+bond-length. The data in Figure
3 plot in three clusters; one corresponds to Ur04
polyhedra tlat contain uranyl ions with a typical
Ue4u, bond-lengtl of -1.8 A, one corresponds to
a holosymmetric or approximately holosymmetric
octahedral coordination, and the thhd coresponds to a
geometry that is intermediate between the two. The
gct-$ bond-leng1.h distributions for each of these tbree
gloups are shown separately in Figure 4. Considering
only the sixteen re{Jot polyhedra that contain typical
uranyl ions (i.e.,Ua,-Or,*1.8 A), the averageteUe-Ou"
and I61U6+ $eq bond-lengtls are L.79 (o = 0.03) and
2.28 (o = 0.05) A, respectively.

J[g te]IJ6+ polyhedral geometries display a trend
from the typical Ur$a square bipyramid to a
holosymmetric octahedron @g. 3). The ubiquify of the
uranyl ion in tnu6+ and t8lu6+ polyhedra @g. 2) indi-
cates that a uranyl ion is always energetically favorable
in those coordination geometies. 1!s rou$ polyhedral

geometries presented in Figures 3 and 4 were slteined
using diffraction techniques: as such, ttrey represent
long-range avetage configurations tlat may in some
cases differ from local site-geometries. Two possible
models explain tle trend shown in Figure 3: (1) the
energetics of. a Ur$a square bipyrnmid and a UtoQ6
octahedron may be similar, and ttre pathway between
the two coordination geometries may not have a sig-
nificant energy-barrier, thus permitting tle range of
polyhedron geometries to exist and be observed by
diffraction techniques. (2) A 6u6-9r)'?. uranyl ion may
be locally present in each polyhedron, but either static
or dynamic disorder results in tle range of polyhedral
geometries observed by diftaction techniques.

Pyykkit & Zhao (1991) have repofied
quasirelativistic ab initio calculations for (UO)G
clusters with Ur$4 and octahedral geometries, as well
as for geomefties intermediate between these two coor-
dination polyhedra. The calculations predict a trend
similal to that shown in Figure 3, alttrough tle
predicted bond-lengths are seriously in error. More
significantln the energy of tle cluster was found to
vary very little over the range of geometries. Thus,
Pyykkit & Znao (1991) concluded that tle range of
t6lu6+-Ou,bond-lengths may be interpreted as a soft es
vibration mode of the cubic (UO6)G cluster.

Where positional disorder is not present, ttre
anisoftopic-displacement ellipsoids of anions are typically
nearly spherical, orthey me elongate subperpendicular
to the cation-anion bon{ reflecting the relative ease of
bond-bending compared to bond-stretching. As ttre
typical t6lu6t--Ou, bond-length is -0.5 A shorter than

(a) (b)

(c)

Frc. 5. Anisotropic displacement ellipsoids (50% probability)
1e1 lor polyhedra in: (a) Nq[(UOrO3], (b) o-Li6UOa"
(c) KuLi+UOo, (d) &t@Oro6l.
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the typical tqUtu-$"q bond-length, disorder in the uranyl 20
ion positions within the polyhedron should result in
anion anisotropic-displicement ellipsoids that are 1s
elongate subparallel to the Uto-S bond. Anisotropic- 10
displacemenl parameters are available for only a small
number of well-refined Ue' structures tlaf contain 5
holosymmehic or near-holosymmetric Uo*$6 octahedra, ,e
Consideration ofthese structures supports both models
for the observed t6lUG polyhedron-geometry trends. 20
The structures of Naa[(UO")O:l CW9{,e Hoppe 1986) isand cr-LiuUOo (Wolf & Hoppe 1985) borh contain b 

'-

holosymmetric UG$e octahedra; in botl cases, the F ro
anisotropic-displacement ellipsoids (Figs. 5a, b) of *
the anions are consistent with absence of significant fi 

o

positional disorder ofthe anions, and thus are compatible S
with model (1). In contast, the anisotropic-displacement 30
ellipsoids of anions for the holosymmetric UGS. 2s
octahedron in tle structure of KrLiaUO6 (Wolf &
Hoppe 1987) and the distorted Utu$u octahedron in the 20
structure of QtQO)Oul (Wolf & Hoppe 1986) show 15
considerable elongation parallel to the cation-anion
bonds (Figs. 5c, d), and are therefore compatible with 10
model (2), without contradicting model (1). 5

Uranyl-ion bond-lmgth

The average U6'-Ou" bond-lengths for Ur$a, Ur$5
and Ur$u polyhedr4 as derived from crystal-structure
analysis, are L.79(3), I.79(4) and 1.78(3) A, respec-
tively. Thus, the uranyl-ion bond-lengths are insensitive
to tle number of anions that coordinate the uranyl ion,
in the cases where the coordination anions are Oz- and
OH-. The average Ur*-.ou" bond lengths obtained from
X-ray-diffraction studies are in agreement with the
values obtained using EXAFS spectroscopy for various
structures (above).

Uranyl-ion linearity

The distributions of O-Uo.-O bond-angles in the
uranyl ions of UrS"polyhedra are shown in Figure 6.
The uranyl-ion bond-angle is usually linear or close to
linear in Ur$a atd Ur$u polyhedra, with most bond
angles in the range L79 to 180o. In contast the uranyl-ion
bond-angles in Ur$5 polyhedra, although being close
to linear, show a strong tendency to be somewhat
distorted away from 180o, with the maximum of tne
distribution in the range L78to L79".

A possible explanation ofthe bond-angle dishibution
in UrQ, polyhedra involves tle positions ofthe equatorial
anions ofthe polyhedra- In general, the equatorial anions
and the U6" cation are close to being coplanar, and the
uranyl ion is positioned rorrghly orthogonal to a plane
drawn through the equatorial atoms. However, in many
crystal structures, considerations of local bonding
apparently require the uranyl ion to be subperpendicular
to the plane containing the equatorial aniolr. 1o,0"
case of Ur$a and Ur$6 polyhedra, the distribution of

G U*- O Bond Angle (')

Ftc. 6. Bond-angle distributions of the uranyl ion in
well-refined structures.

the equatorial anions is such that the uranyl ion may be
subperpendicular to the equatorial plane while main-
taining roughly equal repulsion between botl Or,
anions and the equatorial anions. However, in the case
of Ur$5 polyhedra any tilting ofthe uranyl ion relative
to the normal to the equatorial plane will result in the
two Ou, atoms being subjected to different amounts of
Coulombic repulsion from the equatorial anions @ig.
7), thus causing tle uranyl-ion 66ad-angle to depart
from 180".

m00
Ftc. 7. The distribution of equatorial anions with respect to

possible tilting ofthe uranyl ion in U* polyhedra-
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Frc. 8. The distribution ofbond-valence sums calculated for
tle Ua. position in well-refined structures using the
parameters of Brese & O'Keeffe (1991) and Brown & Wu
(r976).

A BoNp-VnLsNcE A?PRoAcH

Hydrous uranyl phases form during the oxidative
dissolution of UO2 and spent fuel in the presence of
water (e.g., Wadsten L977,Waag &Katayama 1.982,
Wronkiewicz et al. 1992, Forsyth & Werme 1992,
Johnson & Werme L994,Hnn a al 1996, Wronkiewicz
a al. L996) and during the alteration of uraninite @inch
& Ewing 1992). Hydrogen bonding plays a crucial role
in the stability of these structures, as in, for example,
tle structures of schoepite (Finch er aI. 1996) and
ianthinite @urns e/ aL l997b), where adjacent sheets
of U$, polyhedra are held together only by H bonds.
Unfortunately, it is usually impossible to determine
the positions ofH atoms in uranyl phases based upon
X-ray-diffraction experiments.

The bond-valence method @rown 1981) has proven
to be a powerfrrl tool for the prediction and interpretation
of bond lengths in solids. Bond-valence sums at both

cation and anion positions are regularly used to analyzn
refined structures and give information on cation
oxidation-states, anion identities and H bonding. The
strength ofthis approach is that tle bond length is a
unique function of bond valence @rese & O'Keeffe
1991). However, it is not uncommon for apparently
well-refined structures that contain Uet b have
bond-valence sums at the Utu position that depart
significantly from6vu.

The most recently published bond-valence
parameter i?rr. given for Utu by Brese & O'Keeffe
(1991) and Brown & Altermatt (1985) is 2.075 A (for
OonAs to oxygen), and the b.constant is 0.37 A.
However, the bond-valence parameters Ra = 2.059 A
and N = 4.3 given by Brown & Wu (1976) are in
conrmon usage. Other bond-valence parameters for U6'
are given by Zachariasen (1978). In our study, only
reasonably well-refined structures are considered, and
ttrus cation bond-valence sums for to[JG, tzl{J6t aad
tt[Jer polyhedra should cluster around 6 va. The distri-
butions of bond-valence sums at the Uil positions
calculated using the parameters of Brese & O'Keeffe
(1991) and Brown & Wu (1976) for the structures of
the phases listed in Table 1 are shown in Figure 8. The
bond-valence sums are usually significantly different
from the expected value of 6 vu (Fig.8). In the case of
Ir[J6* and 1r1ger, the majority of the bond-valence suills
calculated vrith both sets of parameters are significantly
greater than 6 va, and the maximum in each distribution
corresponds to bond-valence sums in tle range 6.4 to
6.7 vu, depending on the choice of par:rmeters,
although sums greater thanT vu are not uncommon.
The average sums of bond valences for tTU6+ and t8lu6r
calculated using tle parameters of Brese & O'Keeffe
(1991) are 6J (c = 0.3) and 6.6 (o = 0.3) vu, respec-
tively. The ayerage sums ofbond valence calculated
with the parameters of Brown & Wu (1976) for mUc
and t8rutu are 6.4 (o = 0.3) and 6.5 (o = 0.2) vr, respec-
tively. In most cases, the bond-valence parameters of
Brese & O'Keeffe (1991) result in uranyl ion U6'-Or"
bond-valences in excess of 2.A va, suggesting
(erroneously) that Or" atoms do not participate in
any additional bonding. There is a broader lange of
bond-valence surns for toUr+ if one uses the parameters
of Brese & O'Keeffe (1991) or Brown & Wu (1976),
with most falling between 5.6 and 7.0 vu.T)he average
bond-valence sum for t6lu6+ in structutes is 6.3 (o =
0.4) w when using the parameters of Brese & O'Keeffe
(1991), and 6.0 (o = 0.3) va when using the parameters
of Brown & Wu (1976); however, tlere is no clear
trend in either distribution.

Most Uto environments in crystal structures give
bond-valence sums that differ significantly from the
expected 6 vu @ig.8) when using the parameters of
Brese & O'Keeffe (1991). However, a total of nine
t6lu6+ cation environments give bond-valence sums in
tlhe range 5.8 to 6.0 vu. Of these polyhedra, none
contain a uranyl ion with Uil-Ou" =1.8 A; rather, most

O O t \ O O O F N O \ t
o 6 e o s o @ o @ @
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Flc. 9. The Ue'-O bond length ofthe uranyl ion versas the bond-valence deficiency ofthe
uranyl-ion O-atom in well-refined anhydrous structures.

are holosymmetric or near-holosymmetric octahedra.
Thus, it must be concluded that the bond-valence
parameter (2.075 L) of-Brese & O'Keeffe (L99L),
when used with b = 0.37 An is inadequafe for U6* sftuc-
tures that contain the uranyl ion, and this parameter
should not be used to analyze refined structures, to
predict Utu-$ bond-lengths, or to interpret H bonding.
The use of this bond-valence parameter where a uranyl
ion is present will usually result in bond-valence sums
that are significantly greater than 6 vu, and the bond-
valence sums at the anion positions will be incorect.
The parameters of Brown & Wu (1976) result in more
reasonable bond-valence sums at the Oy" atoms,
although the pararneters result in bond-valence sums at
tle r7lu6+ and t8lu6+ positions tlat are usually greater
Ihtn 6.0 v*

Derivation of bond.-valence paramcters for U6t

The most serious drawback of tle bond-valence
parameters for Uo'given by Brese & O'Keetre (1991)
is that the bond valences calculated for Ue.-Oy, bonds
are in many cases 2.0 vu or greater.It is common for
Ou" anions to be bonded to cations such as Kt or Na-,
or to accept H bonds (or both), indicating tlat tle
bond-valence requirements of Oy" anions are in many
instances not met by the Uc'-Oo, bond alone. The
inability of the bond-valence parameters of Brese &

O'Keeffe (1991) to provide appropriate bond valences
for Utu-Oy, anions makes interpretation of H bonding
difficult in hydrous structures that contain Ue.

It is impossible to firlly assess the correct
bond-valence requirements of the Oy,bond in hydrous
structures, as the Oy, ani6a i1 6srty cases accepts a H
bond, but the precise position of the H atom is usually
not known. However, H bonding is not a factor in
anhydrous structures, and the sum ofbond valences at
the Oy" position from cations otler tlan Ue may be
calculated u5ing the parameters of Brese & O'Keeffe
(I99L). The variation of the Ue-Or," bond-length with
tle bond valence associated with the Utu-Oa" bond
(obtained by subtracting the sum of bond valences to
Oy, from cations other than Utu from the formal
valence of. 2.0 vu) is shown in Figure 9. The data are
reasonably well characterized by a straight line
(P = 82Vo). The equation of the least-squares-fit line
indicates that a bond valence of 2.0 va corresponds to a
Ue'-O bondleng1h of 1.691 A.

The expected U-O1,, bond-length where tle Oy,
atom bonds only to Uo'is 1.691 A, as this corresponds
to a bond valence of 2 vu. Note that this value c4nnot
be derived using EXAFS spectroscopy of solutions, as
the Ou, aniol will accept hydrogen bonds from tle
solvent. This value may be compared to theoretically
predicted bond-lengths. Within the Hartree-Fock limil
PyylftO et al. (L994) obtained U-Oy, bond-lengths for
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D = 0.506 A. optimal parameters obtained by fitting
to the data for all types of Uc' coordination polyhedra
are Ro = 2.051 A, D = 0.519 A.

The distribution of bond-valence sunr for the Utu
positions in well-refined structures (Iable 1), calculated
using the new parameters for each coordination
number, are shown in Figure 10. The range ofbond-
valence sums for t6lUG. t7lu6f and FrU6r iS much
narrower than for those calculated using the parameters
of Brese & O'Keeffe (1991) or Brown & Wu (1976)
(Fig. 8). Also, the maximum of each distribution is in
the range 5.9 to 6.1. vu.

The distribution of bond-valence sums for each
polyhedron calculated with the pammeters Rt=2.051
A, b = 0.519 A, derived for all Uo' coordination
geometries, is shown in Figure 11. These parameters
perform best for tzu6', and pooresf fe1t6l(J6r, where the
maximum in tle distribution of bond-valence sums is
in the range 5.7 to 5.8 vz. Optimal results are obtained
where tle coordination-number-specific parameters
are used.

The distribution of bond valence for individual
Uil-Ou" bonds in well-refined structureso calculated
using the coordination-number-specific patameters, isa u ? q \

a a a av + , 6 d
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Bond Valence (vu)

FIc. 10. The distribution ofbond-valence sunn calculated for
the Uc. position in well-refiled structures using the
parameters telU#: Ru - 2.074 A, b = 0.55! A; mUe: Ru =
2.M5 A, b = 0.510 A; ttlgo+' Ru=2.M2 A, , = 0.506 A.

the uranyl ion in a vacuum tlat ranged from 1.66 to
L.72 A, depending upon t}re parameterization of the
calculation. Van Wezenbeek et al. (L99I) calculated a
bond lengtl of 1.67 A, obtained using nonrelativistic
Hartree-Fock-Slater calculations^, wittr the predicted
bond-lengtl expanding to 1.70 A where relativistic
effects are taken into account. Craw et al. (L995)
obtained a uranyl bond-length of 1.663 A by using
Harfee-Fock calculations. Accounting for correlation
of dynamic electrons with approximqtions gave bond
lengths rangrnC from 1.700 to 1.783 A.

Bond-valence parameters for Ue'-$ bonds that will
result in a valence of.2.0 vu for a U&-$ bond-length
of 1.691 A. and bond-valence sums of 6.O vu at the
Ue position have been derived. Such parameters were
sought for subsets containing t6lu6+, t7lu6+ and t81U6+
polyhedra ttrat occur in tle well-refined structures
listed in Table 1. No suitable value of R;; exists if D is
fixed at 0.37, as done by Brese & O'Keeffe (1991).
However, variation of both R;; and b provides tle
desired results. For r6tU6+ polyhedra, Rii = 2.074 4,
b = 0.554 {; for rag* polyhedra, R; = LMs A,
D = 0.510 A; for relUe* polyhedra, nu = Z.O+Z 4,,

Ftc. ll. The distribution of bond-valence sums calculated
for tie Utu position ia well-refined stnrctures usilg
the coordination-independent parameters Rr = 2.051 A,
b =0.s1.9 A.
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FIc. 12. The distribution of bond-valence sums for U&-Or, bonds calculated for well-
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shown in Figure 12. The maximum in the dishibution
occurs at 1.60 to L.65 vu, indicating that the Oy"
atoms usually receive bond-valence contributions in
addition to the U6*-Oy, bonds. Only a small number
of structures have Oy" anions whose bond-valence
requirements are met by the Ue.-Or, bond alone. More
commonly, an Or" atom accepts H bonds or bonds to
large monovalent or divalent cations. Note that those
Us-Ou" bonds with valences of -1.0 va correspond
to holosymmetlic or near-holosymmef ic octaledra,
rather than to uranyl ions.

ITqFRRNG TrD VeLm.IcE or URANTUM
N CRYS,IAL SIRUCTIJRES

Uranium is only known to occur as U& and Uo'
in mins14ls, although Us* has been reported in about
30 inorganic structures. Furthermoreo the recent deter-
mination of the crystal structure of ianthinite @urns
et al. L997b) suggests that it may contain Us*. The
bond-valence method is often used to determine
oxidation stafes of cations on the basis of bond lengths
from refined structures. Although there are parameters
available for the calculation of bond valences for Ua
and Us* @rown 1981), it is necessary to fust identiff
the valence ofthe U cation in order to select the correct
set of bond-valence parameters. Here we demonstrate
that the new bond-valence parameters Ru - 2.051 A and
b = O.519 A, tlat were derived specifically for Uo.,
distinguish between {J'rt, lJ5+ and Ue' in well-refined
sftuctures.

Coordination geometry and bond.-valence surns
for Us*

Geometries ofpolyhedra are presented in Table 2
for seven structures tlat are reported to contain Us+.
The U$ cation occurs either in octahedral coordination,
or in a pentagonal bipyramidal coordination that
contains 4 asar'-linsar (Us+Or)tt ion witl a Us*-O
bond-length of *2.05 A. fne latter coordination
geometry is similar to the Ur$, polyhedron that is
common for Uto, except that the uranyl ion Uo'-O
bond-lengtl is -1.8 A.

The bond-valence par4meters Ru = 2.051 A and
b = 0.519 A give bond-valence sums of -6 va for U&
in various coordination geometries @ig. 11). It is
informative to calculate the bond-valence sums
with tlese paxameters for the U positions in phases
soltaining U5+; these values axe grven in Table 2. The
bond-valence sums for the Us* sites are all close to 5
va, with a range from 4.82 to 5.26 vu.T\is is consistent
with the fact that these structures contain Us*, and that
ttre bond-valence parilreters are effective in distin-
guishing U5r and U6+. We will now consider slamples
to demonsfrate further how the bond-valence parameters
may be used to distinguish valences of uranium.

Specific examples of valence determinarton of U
in structures

The structure of p-U3O3 is considered to contain
Us' and ge*, with tle formula U5+2U6+O8 (Loopstra
1970). There are three U atoms located in general
positions in the space group Cmcm (Loopstra 1970);
two are coordinated by seven anions in pentagonal-
bipyramidal arrangements, and one is in octahedral
coordination (Table 2). There are two reasonable possi-
bilities here: eitherboth pentagonal bipyramids contain
Ue and the octahedron contains Ua", or one pentagonal
bipyramid contains Uo' and the other two polyhedra
contain Us*. The bond-valence sums at each site are
U(1) = 5.25, UQ) = 5.96 and U(3) = 5.03 vu (Iable 2),
consistent with the presence of two U5* and one U& in
the structure of p-U3O8.

The structure of cu-U3Os is also considered to
contain both U* and Ue', although no uranyl ion is
present in the refined structure. There are two U
positions in the structure, which crystallizes in the
space group C2rnm Q,oopstra 1977). Both sites are
coordinated by seven anions in a pentagonal-bipyramidal
arrangement, and both polyhedra contain near-linear
O-U-O clusters with bond lengtls of -2.O7 A. The
absence of a uranyl ion with a Ue-O bond length of
-1.8 A suggests that neither site contains exclusively
U6'. The bond-valence su'ns for the sites are U(1) =
5.27 and U(2) = 5.40 vu, indicating tlat each site
probably contains both Us* and UG, and as ttrere are
twice as many U(2) sites as U(1) sites in the structure,
this gives a total U valence of 16.07 va, which is
consistent witl the formula U5+2U6'O8. However,
note that these bond-valence sunu are also consistent
with Ua - Uto disorder and the formula UaU6.2Os, as
U4'- U6. disorder would result in bond-valence sums
of 5.3 va per site in this case.

The structures of UMrOr @usch & Gruehn 1994)
and UM6O16 @usch et aI. 1994) are each reported to
contain Ua, and the U atoms are coordinated by
seven and eight O atoms, respectively. The polyhedral
bond-lengths are summarized in Table 2, and tle
bond-valence sums calculated for the uranium sites
are 4.30 and 4.06 va for UNb2Or and UM6O16, respec-
tively. These results show tlat the bond-valence
parameters also successfully distinguish U+'.

The structure of U(UOJGOa)r@6nardet al. 1994)
is reported to contain both Ua and Uet, making it one
of the relatively few structures known to contain U
witl both of these valence states. There are two U
positions in the structure, which crystallizes in the
space group PI; both are positions coordinated by
seven anions in pentagonal-bipyramidal arrangements.
Only the U(2) site contains a uranyl ion, which is
consistent with tle presetrce o1 g0* (Table 2). T\e
bond-valence sums calculated for the U sites are U(L)



= 4.31 and U(2) = 5.91 va. These values are consistent
with U(1) coutaining U& and U(2) containing Uc', as
reported by B6nard et al. (1994).

The structure of UMo2Os is reported to contain
U& and Motu (Cremers et al. 1983). The structure
contains one U position tlat is coordinated by seven
anions in a pentagonal-bipyramidat anangement (Table
2). There is an approximately lilear O-U-O cluster
with U-O bond-lengths of 2.O6 A in the polyhedron.
The polyhedral geometry is similar to that observed in
various polyhedra that contain Us* (Table 2), and the
bond-valence sum calculated for the site is 5.I7 vu.T\e
structure of U2MoO3, which is reported to contain Us*
(Serezhkin et al. L973), has fwo similar coordination
polyhedra about the U atoms, and bond-valence surns
are U(1) = 4.92 and U(2) = 5.12 vu (labte2). Thus, the
structure of UMo2Os possibly contains U$, rather than
Ua as reported (Cremers et al. L983), and the chemical
composition may be more complicated than 1tr61iodicated.

The examples provided above demonstrate the
efftcacy of our revised bond-valence parameters for Ue'
for deterrnining the valence states of U atoms in refined
structures. As such, they should be useful in the
analysis of new crystal structures.

CoNsrnanqrs oN PoLyMERZATIoN oF PoLyrGDRA trr
Uo'-BeARINc Srnucrunss

Important factors sel6elling the polymerization of
polyhedra in any oxide or oxysalt structure include
cation valence, cation coordination number, and the
lenglhs of edges of polyhedra. The rules of Pauling
(1960) indicate that cation polyhedra with low coordi-
nation number and high valence will tend not to share
elements of the polyhedra; in cases where tley do,
the sharing of corners will be more favorable than the
sharing of edges or faces of the polyhedra. In most
structures that contain Uo', the U6t cation forms a
(Ue'O)z* uranyl ion. It is common for uranyl polyhedra
to share edges witl cation polyhedra that contain
cations with valences of up to 5+, and also with otler
uranyl polyhedra indicating that the uranyl ion behaves
more like a divalent cation than a hexavalsnt cation.

Where tle sharing of edges of polyhedra does
occur, the degree of mismatch between the ideal length
of edges of the polyhedra is an important factor in
determining the stability of the structure. Where a
uranyl polyhedron shares an edge with another
polyhedron ofhigher bond-valenceo the shared edge is
always an equatorial edge because the bond-valence
requirements of the Oy, anions are largely satisfied by
the UG-Ou" bond (-L.7 vu). Assuming that the equatorial
anions and tle U0* cation are coplanar, and that the
bond angles are ideal, estimates of ideal equatorial
edge-lengtls of polyhedra for Ur$a, Ur$5 al;d Ur$6
polyhedra are 3.22, 2.79 and 2.47 A, respectively.

The structural hierarchy ofUa phases presented by
Burns e/ aI. (1996) includes 106 phases that have
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structures containing infinite sheets of polyhedra.
These structures account fot 78Vo of U minerals for
which stuctures axe known, many of which may form
owing to the oxidative dissolution of spent nuclear fuel.
The nature of the polymerization of polyhedra in each
of the 106 stuctures based upon sheets is summarized
in Table 3, where the mode of polymerization is
indicated by a letter, and either occurs by the sharing of
edges (e) or corners (c) ofpolyhedra and the numbers
indicate the number of structures that contain each type
of polymerization.

The sharing of edges between two Ur$a polyhedra
in a sheet only occurs in the structure of Cs4[OOr)rOt];
tle scarcity of Ur$a polyhedra that share edges is
presumably due to the Coulombic repulsion of tle
U6' cations, which are separated by 3.56 A only in
Csa[(UOJsOr]. Where Ur$a polyhedra arc present in a
sheet, it is much more common for the Ur$a polyhedra
to share corners only, as in some sheets with the
autunite anion-topology (Fig. 4b ofBurns et al. 1996),
or the Ur$a polyhedra share edges with Ur$5 polyhe-
dra. In contrast, Ur$5 polyhedra usually polymerize
with other UrQ, polyhedra in sheets by sharing edges;
this includes all of the Ur$a, Ur$t, and UrS6 polyhedr4
although the sharing of edges with other Ur$5
polyhedra is most common. Where Ur$6 polyhedra are
present in a sheet polymerization occurs by sharing edges
with either UrS5 or Ur$6polyhedra but neverby sharing
edges with Ur$a polyhedra, presumably owing to the
large mismatch of ideal edge-lengths of the polyhedra.

The details of how other polyhedra of higher
bond-valence cations polymerize with Ur$, polyhedra
are also summarized in Table 3. The mode of polymeri-
zation is dependent on both cation charge and
polyhedron size, which, in tum, is dependent on cation
radius and tle number of coordinating anions. In the
case ofthree-coordinaled cations in sheets, ttre triangles
usually share an edge witl a Ur$opolyhedron. Both
C&$3 and 5s+$, share edges with Ur$6 polyhedra,
whereas B3*$3 triangles share edges with both Ur$t
and Ur$6polyhedra, or they share only corners witl
Ur$5 polyhedra.

qJ+
rAUe

eh

cfoo
Te*Oo
Pe04 9c

l le
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TABLE 3. STJMMARY OF POLYHDRAL X)LYMAIZATION IN
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Several four-coordinated cations occw in the sheets
of Uc' phases (Iable 3), and the modes of polymerization
are dependent upon cation valence. Where the cation
valence is 6+, ttre tetrahedra share corners only witl
Ur{, polyhedra; edge sharing witl Ur$" polyhedra
does not occur, presumably owing to Coulombic
repulsion between the leftahedrally coordinated cation
and Ua'. The only known exception in a Uo'phase is
found in the structure of &IOOJ(SOa)31, which
contains finite clusters in which SSa tetrahedra share
edges with Ur$5 polyhedra (Mikhailov et al. 1977).
Where the cation charge is 5+, the polyhedra share botl
corners and edges with Ur$, polyhedra. The As5'0a
tetrahedron commonly occurs in sheets that are based
upon tle autunite anion-topology (Fig. 4a of Burns et
al. 1996), where it shares only corners with Ur$a poly-
hedra. In the shucture of Mg[(UO)(AsO)]2(H2O)a, the
Ast*40 tetrahedra share edges with Ur$5 polyhedra
@achet et al. L99l), and the sheet has the uranophane
anion-topology @urns e/ a/. 1996). The F $n teftahedron
also occurs in sheets that are based upon ttre autunite
anion-topology, where it shares corners with Ur$a
polyhedra. In addition, P:*$n tetrahedra commonly
occur in sheets based upon tle phosphuranylite
anion-topology (Fig. 8a ofBurns et al. 1996),where
the teftahedra share edges with Ur$6 polyhedra.

The Ass*-O and F*-O bond lengths, inferred from
sums of effective ionic radii (Shannon 1976), are I.69
and 1.53 A, respectively. Assuming ideal bond-angles
of tlese tetrahedra, ideal edge-lengths ofAss*$o and
Ps'$o tetrahedra arc 2.76 and 2.50 A, respectively.
Thus, the ideal edge-lengths of As5*0a and F*04 tetra-
hedra are best matched to Ur$5 and Ur$6 polyhedra,
respectively. The edge-length of the As*04 tetrahedron
is incompatible with a Ur$6 polyhedron, which explains
why no structures contain As5*0a tefrahedra in sheets
with tle phosphuranylite anion-topology. Where the
tetrahedron contains a cation with a valence of 4+,
fte tetrahedron always shares an edge with a Ur$t
polyhedron. Most examples involve the Si4+04 tetrahe-
dron, which has an ideal edge-length of 2.64 A, a fair
match for the ideal Ur,fr polyhedron. All uranyl silicate
sheet strucnres contain sheets that are based upon the
uranophane anion-topology (Fig. 6a of Burns et aL
1996), where each SiQa tetrahedron shares an edge with
one UrQ5 polyhedron and a corner with another.

The only five-coordinated polyhedra tlat occur in
the sheets of U6+ phases are NblS5 and Vs*$5 square
pyramids. In all cases, the square pyramids share edges
with Ur$5 polyhedra, and all but one occur in sheets
based upon the francevillite anion-topology @ig. 7b of
Burnse/aL L996a).

Excluding Ua, polyhedra with cations of higher
bond-valence and coordination number greater than
five are rare. The only instances are two examples of
Mf$u octahedra" each of which share edges with
Ur$5 polyhedra in sheets based upon the iriginite
anion-topology (Fig. 7e of Burns et al. 1996), and

a Moo'$, hexagonal bipyramid that shares edges
with Ur$6 polyhedra in the structure of umohoite,
[(UO)(Mood](HzO)al (Makarov & Anikina 1963)
@g. lOa of Burns et al.1996).

Considering each of the Utu structures that are
based upon infinite sheets, the following observations
may be made:

(1) Ur$a polyhedra commonly share corners only with
otler uranyl polyhedra, and where Ur$a polyhedra
share edges witl otler uranyl polyhedra, it is almost
invariably with Ur$5 polyhedra.
(2) No structure contains either a Ur$5 or a Ur$6
polyhedron tlat shares a corner only with anotler
uranyl polyhedron; where polymerization occurs, it
involves the sharing of edges between polyhedra.
(3) Uror polyhedra most commonly share edges with
other Ur$5 polyhedra although edge-sharing with both
Ur$aor Ur$6 polyhedra also is common.
(4) Ur$6 polyhedra commonly share edges with either
Ur$5 or Ur$6 polyhedra but never \rith UrQa polyhedra-
(5) The most important factor in determining the mode
of polymerization between Ur$, polyhedra and other
cation polyhedra is cation charge.
(6) Those cation polyhedra (excluding Utu polyhedra)
with high-charge cations (6+) and low coordination
number (<6) do not commonly share edges with UrQ,
polyhedra.
(7) Polyhedra containing pentavalent cations regularly
share edges with Ur$5 and Ur$6 polyhedra, but they
also commonly share only corners with UrS" polyhedra.
(8) Cation polyhedra witl lower-charge cations (3)
almost invariably share edges with Ur$5 or Ur$6
polyhedra but never with Ur$4 polyhedra.
(9) An important geometical factor for the polymeriza-
tion of polyhedra is the edgeJength mismatch between
the ideat polyhedra, which is mainly due to cation
size. Small degrees of mismatch favor edge-sharing,
whereas larger degrees of mismatch favor the sharing
of corners.
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