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ABSTRACT

The crystal structure of Pb4O(VO4)2 has been solved using crystals prepared by high-temperature solid-state reactions. The
compound is orthorhombic, Pnma, a 22.7276(9), b 11.5346(4), c 7.4349(3) Å, V 1949.09(13) Å3, Z = 8. The structure was solved
by direct methods and refined on the basis of F2 of all unique reflections to R1 = 0.029 (wR2 = 0.052), calculated for 3052 unique
observed reflections. There are six symmetrically independent Pb2+ cations in the structure of Pb4O(VO4)2. The Pb–O bonds in
the PbOn polyhedra range from 2.23 to 3.42 Å, and can be subdivided into three groups: short bonds (2.15–2.50 Å), intermediate
bonds (2.50–2.70 Å) and long bonds (>2.70 Å). The Pb2+ cations each form from three to five short and intermediate Pb–O bonds
located on one side of the cation, and from three to seven long Pb–O bonds on the other side of the cation. The asymmetry of the
distribution of bonds around the Pb2+ cations is due to the stereochemical activity of 6s2 lone-electron pairs. The structure con-
tains chains of composition [O4Pb8]8+ that involve edge-sharing O(1)Pb4 tetrahedra. The chains extend along [010] and are
arranged into layers parallel to (100). The layers of OPb4 tetrahedra alternate with layers that contain VO4 tetrahedra as well as
Pb(1), Pb(3), and Pb(4) atoms. The structural formula of the compound is Pb2[Pb2O](VO4)2, which emphasizes the Pb atoms that
are not bonded to the additional Oadd atoms.
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SOMMAIRE

Nous avons résolu la structure cristalline du composé Pb4O(VO4)2 en utilisant des cristaux préparés par réactions à l’état
solide à température élevée. Il s’agit d’un composé orthorhombique, Pnma, a 22.7276(9), b 11.5346(4), c 7.4349(3) Å, V
1949.09(13) Å3, Z = 8. La structure a été résolue par méthodes directes et affinée en utilisant les facteurs F2 de toutes les réflexions
uniques jusqu’à un résidu R1 = 0.029 (wR2 = 0.052), calculé pour 3052 réflexions uniques observées. Il y a six cations Pb2+

symétriquement indépendants dans la structure de Pb4O(VO4)2. Les liaisons Pb–O des polyèdres PbOn vont de 2.23 à 3.42 Å; on
peut les subdiviser en trois groupes: les liaisons courtes (2.15–2.50 Å), intermédiaires (2.50–2.70 Å) et longues (>2.70 Å).
Chacun des cations Pb2+ forme entre trois et cinq liaisons Pb–O courtes ou intermédiaires d’un côté du cation, et entre trois et sept
liaisons Pb–O plus longues de l’autre côté. L’assymétrie dans la distribution des liaisons autour des cations Pb2+ découle de
l’activité stéréochimique des paires d’électrons isolés 6s2. La structure contient des chaînes de composition [O4Pb8]8+ qui
impliquent des tétraèdres O(1)Pb4 à arêtes partagées. Ces chaînes sont parallèles à [010] et sont agencées en couches parallèles à
(100). Les couches de tétraèdres OPb4 alternent avec des couches contenant des tétraèdres VO4 ainsi que des atomes Pb(1), Pb(3),
et Pb(4). La formule structurale de ce composé, Pb2[Pb2O](VO4)2, souligne le fait que certains atomes de Pb ne sont pas liés aux
atomes additionnels d’oxygène, Oadd.

(Traduit par la Rédaction)

Mots-clés: oxyde de plomb vanadaté, structure cristalline, tétraèdres oxocentrés.
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INTRODUCTION

Recently, Barkov et al. (1999) described the un-
named phase Pb4V2O9 from the Kirakkajuppura plati-
num-group-element deposit, Penikat layered complex,
Finland. Barkov et al. (1999) identified the phase on the
basis of chemical analyses and indicated that its pow-
der-diffraction pattern probably corresponds to that of
Powder Diffraction File 26–1163, although a dearth of
material prevented full characterization.

The phase Pb4V2O9 was first described by Shimohira
et al. (1967) in their investigation of the system PbO–
V2O5. Von Hodenberg (1972) reported that it is ortho-
rhombic, space group Pcmn, a 7.435, b 11.53, c 22.76
Å. Escobar & Baran (1979) studied the IR spectrum of
Pb4V2O9 and found that in the region of V–O stretch-
ing, the spectrum closely resembles that of Pb3(VO4)2.
On that basis, Escobar & Baran (1979) suggested that
the coordination of vanadium may be tetrahedral and
that the formula should be written as Pb4O(VO4)2. How-
ever, details of the crystal structure of the compound
were unknown.

If we assume that the formula Pb4O(VO4)2 is correct
for the phase in question, it must contain O atoms that
are not bonded to V atoms. Recently, we have demon-
strated that such additional Oadd atoms in the structures
of Pb oxide oxysalts are tetrahedrally coordinated by
four Pb atoms, thus forming strong oxocentered OPb4
tetrahedra (Krivovichev & Burns 2000a, b, 2001a, b,
2002a, b, 2003a, Li et al. 2000, 2001, Krivovichev et
al. 2001). The OPb4 tetrahedra preferentially share
edges (in cases, corners) to form topologically complex
structural units. The crystal-chemical theory of these
units has been elaborated by Krivovichev & Filatov
(2001) [see Krivovichev et al. (1998) for an earlier and
shorter review].

In this paper, we report the crystal structure of
Pb4O(VO4)2, which was determined for a synthetic crys-
tal prepared by high-temperature solid-state reactions.
In this structure, OPb4 tetrahedra are not isolated [as one
might expect from the ratio Pb/(Oadd) in the chemical

formula] but share trans edges to form O2Pb4 chains.
Chains of this type are common in the structure of sev-
eral minerals and inorganic compounds, as we review
herein.

EXPERIMENTAL

Synthesis

Crystals of Pb4O(VO4)2 used in this study have been
prepared by high-temperature solid-state reactions. A
mixture of PbO (1.784 g) and NH4VO3 (0.468 g) was
heated in a platinum crucible to 850°C, followed by
cooling to 300°C over 80 h and then to 50°C over 50 h.
The product consists of slightly greenish white ortho-
rhombic crystals of Pb4O(VO4)2 and a few white crys-
tals of �–Pb3(VO4)2 (room-temperature modification).

X-ray data collection

A crystal of Pb4O(VO4)2 selected for data collection
was mounted on a Bruker three-circle diffractometer
equipped with a SMART APEX CCD (charge-coupled
device) detector with a crystal-to-detector distance of
4.67 cm. More than a hemisphere of data was collected
using monochromated MoK� X-radiation and frame-
widths of 0.3% in �. The unit-cell dimensions (Table 1)
were refined on the basis of 7607 strong reflections us-
ing the least-squares techniques. The unit-cell param-
eters are in good agreement with those reported by von
Hodenberg (1972) (following re-orientation of the unit-
cell from the non-standard space group Pcmn to the stan-
dard Pnma). The three-dimensional dataset was reduced
and filtered for statistical outliers using the Bruker pro-
gram SAINT. The data were corrected for Lorentz, po-
larization and background effects. An empirical
absorption-correction was done by modeling the crystal
as an ellipsoid, which lowered Rint from 18.8 to 6.5%.
Additional information pertinent to the data collection
is given in Table 1.
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Structure solutions and refinements

Scattering curves for neutral atoms, together with
anomalous-dispersion corrections, were taken from In-
ternational Tables for X-Ray Crystallography, Vol. IV
(Ibers & Hamilton 1974). The Bruker SHELXTL Ver-
sion 5 system of programs was used for the determina-
tion and refinement of the structure. The structure was
solved by direct methods, which gave the positions of
Pb and V atoms. Oxygen atoms were located in differ-
ence-Fourier map calculated after least-squares refine-
ments of the partial-structure models. The structure was
refined on the basis of F2 for all unique data. The final
refinement included all atomic positional parameters
with an allowance for anisotropic displacement of all
atoms, and included a weighting scheme of the struc-
ture factors. The refinement converged to an agreement
index (R1) of 2.9%, calculated for the 3052 unique ob-
served reflections (Fo > 4�Fo), with a goodness-of-fit
(S) of 0.915. Final atomic positional and displacement
parameters, and selected interatomic distances are listed
in Tables 2 and 3, respectively. Observed and calculated
structure-factors are available from the Depository of
Unpublished Data, CISTI, National Research Council,
Ottawa, Ontario K1A 0S2, Canada.

RESULTS

Cation polyhedra

The coordination environments of the six symme-
try-independent Pb2+ cations in the structure of
Pb4O(VO4)2 are shown in Figure 1. The Pb–O bond
lengths in the PbOn polyhedra range from 2.23 to 3.42

Å and are subdivided into three groups: short bonds
(2.15–2.50 Å), intermediate bonds (2.50–2.70 Å) and
long bonds (>2.70 Å). The Pb2+ cations each form from
three to five short and intermediate Pb–O bonds located
on one side of the cation, and from three to seven long
Pb–O bonds on the other side of the cation. The asym-
metry of the distribution of bonds around the Pb2+ cat-
ions is due to the stereochemical activity of 6s2

lone-electron pairs (E) on Pb2+ cations. The arrange-
ments of short and intermediate Pb–O bonds can be
described as polyhedral PbOnE configurations, with a
lone-electron s2 pair E at one of the apical corners.

The polyhedron geometries about the Pb(1), Pb(2),
Pb(5) and Pb(6) atoms are PbO3E pseudo-tetrahedral or
trigonal pyramidal with the E electron pair at the apical
corner. These arrangements are comparable to Se4+O3
trigonal pyramids observed in the structures of seleni-
tes. However, in selenites, the effect of the lone-elec-
tron pair is even more pronounced, and there are no long
Se4+–O bonds opposite the three short Se4+–O bonds.
In Pb4O(VO4)2, the PbO3E arrangements are comple-
mented by seven, six, four and four long Pb–O bonds
for the Pb(1), Pb(2), Pb(5) and Pb(6) atoms, respec-
tively. The strongly bonded portion of the Pb(3) coordi-
nation polyhedron involves a Pb(3)O4E configuration
(Fig. 1). Geometrically, it can be described as an octa-
hedron with two adjacent vertices replaced by the E
lone-electron pair. The PbO4E configuration is comple-
mented by four long Pb–O bonds. The Pb(4) atom forms
five short and intermediate Pb–O bonds, such that the
Pb(4)O5E configuration is described as an octahedron
with one vertex occupied by E. The number of long
Pb(4)–O bonds is three.
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There are three symmetry-independent V positions
in the structure. All of them are tetrahedrally coordi-
nated by four O atoms each, with the mean <V–O> bond
lengths of 1.71 Å for all three V atoms (the individual
V–O bond lengths are in the range of 1.677 to 1.735 Å).
The VO4 tetrahedra are isolated from one another, con-
sistent with the chemical formula Pb4O(VO4)2.

OPb4 tetrahedra: geometry and mode of linkage

The O(1) atom in the structure of Pb4O(VO4)2 is not
bonded to V, whereas each of the other ten form part of
VO4 tetrahedra. The O(1) atom forms four short Pb–O
bonds (2.265–2.369 Å), resulting in a OPb4 oxocentered
tetrahedron. It is important to note that only Pb(2), Pb(5)
and Pb(6) atoms are part of the OPb4 tetrahedra, whereas
Pb(1), Pb(3) and Pb(4) are coordinated by O atoms of
the VO4 tetrahedra only. The mean O–Pb bond length
in the OPb4 tetrahedron is 2.31 Å, which is quite typical
of OPb4 units (Krivovichev & Filatov 2001).

The OPb4 tetrahedra share Pb(2)–Pb(6) and Pb(5)–
Pb(5) edges, resulting in a [O4Pb8]8+ chain, depicted in
Figure 2a. The topology of linkage and structural ge-
ometry of the OPb4 tetrahedra can be described using
connectivity diagrams. The connectivity diagrams are
based upon Schlegel diagrams, which were first adopted
for the description of polyhedron distortions by Moore
(1970). A Schlegel diagram is a planar projection of nets
of edges and vertices of a three-dimensional polyhedron.
The following notations are adopted in order to take into
account the linkage of a polyhedron to adjacent ones
(Krivovichev 1997): if a polyhedron shares an edge or
corner with the adjacent one, this edge or corner is de-
noted by a heavy line or circle, respectively. The
Schlegel diagram with respective notations of polyhe-
dron linkages is a connectivity diagram. Recently, we
have demonstrated that analysis of connectivity dia-
grams is useful in investigations of ridigity of dense
sheets of polyhedra in uranyl tungstates (Krivovichev
& Burns 2003b).

The connectivity diagram for the O(1)Pb4 tetrahe-
dron in the structure of Pb4O(VO4)2 is shown in
Figure 2b. It has two edges drawn as heavy lines that

are shared with adjacent OPb4 tetrahedra. Near the cor-
ners of the diagram, O–Pb distances are indicated, and,
near the edges, Pb–Pb distances are given, with Pb–O–

FIG. 1. Coordination of Pb2+ cations in the structure of Pb4O(VO4)2. Legend: Pb atoms: greenish yellow, O atoms: red. The
Pb2+–O bonds with lengths >2.7, 2.5–2.7, and <2.5 Å are shown as single, thin double, and thick double lines, respectively.
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Pb angles provided in brackets. The O(1)Pb4 tetrahe-
dron is strongly distorted, which is a consequence of
the sharing of edges with two adjacent tetrahedra. The
Pb(2)–Pb(6) and Pb(5)–Pb(5) distances (corresponding
to the Pb–Pb edges shared with adjacent tetrahedra) are
3.692 and 3.505 Å, respectively. The Pb–Pb distances
that correspond to the non-shared Pb–Pb edges are in
the range 3.856–4.006 Å, except one Pb(5)–Pb(6) dis-
tance, which is suprisingly short at 3.641 Å. The latter
shows that linkage of the OPb4 tetrahedra is not the only
factor that determines the geometry of OPb4 tetrahedra;
the effects of their environment should also be ac-
counted for.

The mean Pb–Pb distance in the O(1)Pb4 tetrahedron
is 3.76 Å, which is in good agreement with the average
value of 3.74 Å given by Krivovichev & Filatov (2001).

Bond-valence analysis

The bond-valence analysis for the structure of
Pb4O(VO4)2 is presented in Table 4. The bond valences
were calculated using parameters given by Krivovichev
& Brown (2001) for the Pb2+–O bonds and by Brown
(2002) for V5+–O bonds. The bond-valence sums ob-
tained are in good agreement with the values expected
on the basis of the chemical formula.

Description of the structure

The structure of Pb4O(VO4)2 is shown in Figure 3a.
The [O4Pb8]8+ chains of O(1)Pb4 tetrahedra extend
along the b axis. These chains are arranged into layers
parallel to (100) (designated A; Fig. 3b). The layers al-
ternate with layers that contain VO4 tetrahedra and
Pb(1), Pb(3), and Pb(4) atoms (designated B; Fig. 3c).
The periodicity of the [O4Pb8]8+ chain, P, defined as a
number of OPb4 tetrahedra within the identity period of
the chain, is four, whereas its ideal periodicity (the pe-
riodicity of a topologically similar chain constructed
from geometrically ideal tetrahedra) is two. The increase
in the periodicity is caused by slight distortions of tetra-
hedra induced by the arrangement of VO4 groups adja-
cent to the chains (Fig. 3b).

Taking into account the composition of the chains
of OPb4 tetrahedra, the structural formula of the com-
pound should be written as Pb2[Pb2O](VO4)2 to empha-
size that there are Pb atoms that are not bonded to the
additional Oadd atoms.

DISCUSSION

It is interesting to note that Pb4O(VO4)2 is not
isostructural with Pb4O(PO4)2 (Krivovichev & Burns

FIG. 2. The [O4Pb8]8+ chain of edge-sharing OPb4 tetrahedra in the structure of Pb4O(VO4)2 (a) and connectivity diagram of its
OPb4 tetrahedra (b). For the connectivity diagram, the O–Pb bond lengths are written in green near the corners; the Pb–Pb
distances and Pb–O–Pb bond angles (in brackets) are written near the respective edges.
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2003a). In contrast to Pb4O(VO4)2, oxocentered OPb4
tetrahedra in Pb4O(PO4)2 are isolated from each other,
and all Pb atoms are bonded to the additional Oadd at-
oms.

The chains of edge-sharing XA4 tetrahedra (X = an-
ion, usually O2– or N3–; A = cation, usually Cu2+, Pb2+,
REE, etc.) are common in minerals and inorganic com-
pounds that are based upon anion-centered XA4 tetra-
hedra (Krivovichev & Filatov 2001). Chains of
trans-edge-sharing OPb4 tetrahedra were first described
by Sahl (1970) in the structure of lanarkite, Pb2O(SO4).

The crystallographic data for minerals and inorganic
compounds based upon [OPPb2P]2P+ chains are given in
Table 5. The identity period of the [OPPb2P]2P+ chains
in compounds with a P of 2 is in the range of 5.68 to
5.80 Å. The [O4Pb8]8+ chains (with a P of 4) have been
observed only in the structure of elyite, [Pb2O]Cu(SO4)
(OH)4•H2O (Kolitsch & Giester 2000), where the iden-
tity period of the chain is 11.532 Å, i.e., almost identi-
cal to that in Pb4O(VO4)2 (11.5346 Å). In the structure
of philolithite, [Pb2O]6[Mn(Mg,Mn)2(Mn,Mg)4
Cl4(OH)12 (SO4)(CO3)4] (Moore et al. 2000), the chains

FIG. 3. The structure of Pb4O(VO4)2 projected along the b axis (a) and projections of the A and B layers along the a axis (b and
c, respectively).
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have a P of 6 and their identity period is 17.857 Å. In all
cases, the identity periods are multiples of 2.73 to 2.98
Å, which is a distance between the imaginary middle
points of the two opposite edges of a OPb4 tetrahedron.
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