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The distribution of bond lengths in (V3TOg) polyhedra shows a maximum between 1.98
and 2.04 A, and limits of 1.88 and 2.16 A, respectively. The bond lengths in (V4t0O,) and
(V®t0O,) (n =5, 6) polyhedra show distinct populations which allow us to define the following
types of bonds: (1a) vanadyl bonds in (V4*O,) polyhedra, shorter than 1.74 A; (1b) vanadyl
bonds in (V5t0s) polyhedra, shorter than 1.76 A; (1c) vanadyl bonds in (V5tOg) polyhedra,
shorter than 1.74 A; (2a) equatorial bonds in (V4t0O,) polyhedra, in the range 1.90 to 2.12 A;
(2b) equatorial bonds in (V5tOs) polyhedra, longer than 1.76 A; (2c) equatorial bonds in
(V5*Og) polyhedra with one vanadyl bond, in the range 1.74 to 2.10 A; (2d) equatorial bonds
in (V5tOg) polyhedra with two vanadyl bonds, in the range 1.80 to 2.00 A; (3a) trans bonds
in (V4*Og) polyhedra, longer than 2.10 A; (3b) trans bonds in (V*Og) polyhedra with one
vanadyl bond, longer than 2.15 A; (3c) trans bonds in (V57Og) polyhedra with two vanadyl
bonds, longer than 2.025 A. The average equatorial bond length in (V4*O,) and (V°*O,)
polyhedra can be used to calculate the mean valence state of V in mixed-valent structures.
We define characteristic bond valences for vanadyl, equatorial, and trans bonds in different
coordinations and examine which binary linkages are possible and which linkages occur in
minerals and synthetic compounds. Here, V5T—0—V>*, V5t—-0—V**t, and V4"—0—V*" linkages
between vanadyl—trans and equatorial—equatorial bonds occur often in synthetic compounds,

whereas the corresponding V4"—0—V4" linkages are rare in minerals.

Introduction

In the past few years, new synthetic strategies have
been developed to find suitable catalysts for higher
selectivity in chemical reactions. At first, these new
synthetic pathways included aluminosilicate and alu-
minophosphate zeolites, which show high selectivity for
molecular shape through their well-defined pores and
cages. Subsequent work has attempted to combine the
well-known catalytic properties of transition elements
with the shape-selective capacity of zeolites (e.g., vana-
dium—KVS-51). Synthesis of compounds containing
vanadium increased dramatically after the work of
Centi et al.2 which described the catalytic conversion
of C4 hydrocarbons to maleic anhydride over divanadyl-
diphosphate, (VO),P,07; the product of catalytic conver-
sion, maleic anhydride, is used for the production of
unsaturated polyesters. In (VO),P,07, (V4tOs) pyramids
link with diphosphate groups to form a dense layer
structure. Subsequent synthesis of a large number of
vanadium compounds has yielded exotic new structure
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types; examples include a vanadium phosphate double
helix® and microporous vanadium phosphates*~6 with
V509 groups in the shape of a spiked helmet.

Evans’ surveyed the crystal chemistry of vanadium
compounds, mainly with reference to mineral struc-
tures, and Evans and White® developed a classification
scheme for 119 vanadium minerals. Recently, Zavalij
and Whittingham? discussed the crystal chemistry of
vanadium oxides with open frameworks, addressing
vanadate compounds constructed from (IVOs) and
(5 Og) polyhedra and without other oxyanion groups
such as (SiO4), (PO4), (SO4), and (AsO,). Crystal-
chemical data for vanadium-bearing structures, includ-
ing synthesis and magnetic, optical, and catalytic
properties, are summarized in Clark!® and Boas and
Pessoa.!!

(3) Soghomonian, V.; Chen, Q.; Haushalter, R. C.; Zubieta, J.;
QO’Connor, J. Science 1993, 259, 1596.

(4) Khan, M. I.; Meyer, L. M.; Haushalter, R. C.; Schweitzer, A. L.;
Zubieta, J.; Dye, J. L. Chem. Mater. 1996, 8, 43.

(5) Schindler, M.; Joswig, W.; Baur, W. H. Z. Anorg. Allg. Chem.
1997, 623, 45.

(6) Schindler, M.; Joswig, W.; Baur, W. H. J. Solid State Chem.
1997, 134, 286.

(7) Evans, H. T., Jr. Handbook of Geochemistry; K. H. Wedephohl,
K. H., Ed.; Springer-Verlag: Berlin, 1969; Vol. 11/1, sect. 23 (Vana-
dium), part A.

(8) Evans, H. T., Jr.; White, J. D., Jr. Mineral. Rec. 1987, 18, 333.

(9) Zavalij, P. Y.; Whittingham, M. S. Acta Crystallogr. 1999, B55,
627

© 2000 American Chemical Society

Published on Web 04/14/2000



Crystal Chemical Aspects of Vanadium

Electron Configuration and Coordination
Number of Vanadium in an Oxide Environment

Vanadium has three oxidation states in minerals: 3+,
4+, and 5+. Trivalent V has the electron configuration
3s23p®3d? and occurs mainly in octahedral coordination.
In an octahedral ligand field, the two unpaired d
electrons occupy the tyg orbitals and are responsible for
the paramagnetic and optical properties of V3*-
compounds. Many minerals containing V3" as the only
transition element are green (e.g., V-bearing tourmaline
or garnet).

Tetravalent V has the electron configuration 3s23p®3d?!
and occurs in [5]- or [6]-coordination. In both coordina-
tions, the degenerate ty and ey orbitals are further
split®2 and the d electron occupies one of the nonbonding
orbitals (3dyy); it is responsible for the paramagnetic and
optical properties of V4*. The color of minerals contain-
ing V4T are in the green/blue range, but minor contents
of V5" or interaction with other transition metals or
OMCT bands (oxygen—metal charge transfer) can pro-
duce different colors. Thus, sincosite, Ca(VO),(PO4),-
(H20)s, and simplotite, Ca(VO)2(VO4)2(H20)s, are green,
minasragrite, VOSO,4 (H20)s, and pentagonite, Ca(VO)-
(Siz010)(H20)4, are blue, and many mixed-valent V4*/
V5T minerals are black or dark colored [e.g., corvusite,
(Ca,Fe)Vg020(H20)s, and melanovanadinite, CazVgOao-
(H20)10].

Pentavalent V has the electron configuration 3s23p8-
3d° and forms different kinds of coordination polyhe-
dra: tetrahedral coordination, which occurs also in
structures with other transition elements of d° config-
uration (e.g., Ti*", Crb", Mo®", W), and [5]- and
[6]-coordination. Minerals containing V°* are almost
always colored even though they have no d electrons.
Interactions with other transition metals, minor amounts
of V4T, and OMCT bands cause a broad range of colors
from red through brown [descloizite, ZnPb(VO,4)(OH)]
and orange [schoderite, Alo(PO,)(VO4)(H20)g] to yellow
[carnotite, K,(UO3)2(V20g)(H20)3] and green [fernan-
dinite, Cao_e(VSOZO)(Hzo)lo].

Bonding in VO, Polyhedra: Vanadyl,
Equatorial, and Trans Bonds

Clark?° defined a vanadyl bond as one which has a
short bond length in the range 1.57—1.68 A; it is a
multiple bond with a z-component arising from electron
flow from O(px) to V(dx) orbitals. When there are two
vanadyl bonds present in a polyhedron, they are in a
cis arrangement.'3 This cis arrangement for metals with
d electrons is preferred over the trans arrangement
because the strongly z-donating O ligands then share
exclusively one dx orbital each (dy,, dy;) and share a
third (dyy), whereas in the trans configuration, they
would have to share two dx orbitals and leave one
unused. In an infared spectrum,!® the vanadyl bond

(10) Clark, R. J. H. The chemistry of titanium and vanadium;
Elsevier: New York, 1968.
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Figure 1. The distribution of individual )\3*—0O bond lengths
in minerals and inorganic structures: values between 1.98 and
2.08 A are most common.

gives rise to a very strong sharp V=0 stretching band
at 985 4+ 50 cm~1,

In [5]- and [6]-coordinated (V4*0O,) and (V>TOy) poly-
hedra, equatorial bonds occur in a cis arrangement to
the vanadyl bonds, and they are longer than the vanadyl
bonds. Optical spectra of compounds with vanadyl
bonds?? show that o-bonds involve the spo-hybrids of
the equatorial O atoms and the V 4s — 3d2, 4py, 4py,
and 3d,2_,2 orbitals, and Selbin!® showed the presence
of z-bonding from the equatorial ligands. In (V4TOg) and
(V>TOg) polyhedra, the sixth ligand is trans to a vanadyl
bond. This trans bond is usually longer than the
equatorial bonds; it forms a o-bond with the 4p, V
orbital.'?

The number of vanadyl, equatorial, and trans bonds
in a polyhedron may be indicated by using a multiple
coordination number in which the numbers of bonds are
listed in the order vanadyl + equatorial (+ trans). Thus,
[1 + 4]-coordination indicates [5]-coordination with one
vanadyl bond and four equatorial bonds, and [2 + 2 + 2]
coordination indicates [6]-coordination with two vanadyl
bonds, two equatorial bonds, and two trans bonds.

Polyhedral Geometry and Bond Length
Distribution

Most of the data considered here are taken from
recently published vanadium phosphate structures with
R indices < 10% for which the X-ray data were collected
from single crystals under normal conditions (no high-
pressure or high-temperature data). In some cases,
structural data from well-refined vanadates, including
minerals, were added. Bond lengths and corresponding
references are deposited as supplementary data.

Vanadium(l11). The data for vanadium(l1l) includes
bond lengths from 72 octahedra from 47 structures. The
distribution of individual V-0 bond lengths (Figure
1) shows a maximum between 1.98 and 2.04 A, and
minimal and maximal bond length limits of 1.88 and
2.18 A, respectively. In minerals, V3* often replaces Fe3*
in octahedral coordination as the radii (0.64 for V3T,
0.645 for Fe3* 16) and average bond lengths [2.01(5) A

(16) Shannon, R. D. Acta Crystallogr. 1976, A32, 751.
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Table 1. Comparison of Actual and Predicted Mixed
Valences for V

compound Sva Rb ze  \/5td \Ate pef

Ko,5[61V4'5+OPO4(H20)1,5 450 1.956 455 4.69 4.45 24

T|3[5]V4'5+203(V4+OPO4)2- 450 1.939 445 469 4.45 25
(HPO,)

KaBIVA5+,05(V4*0)(POy),- 450 1.935 4.49 458 4.35 26
(HPOy)

CUO.s(OH)o,s[[G]V4‘5+OPO4]- 450 1.966 4.43 4.64 4.41 27
(H20).

Na0_5[6]V4-5+OPO4(H20)2 450 1.960 451 4.67 4.44 24

asV: stoichiometric valence. P R: average equatorial bond in
[A]. ¢ Z: mean valence calculated from the equations given in the
text. 9 V5*: bond-valence sum calculated from the V5*—O curve
of Brown and Altermatt.2° ¢ V4. bond-valence sum calculated
from the V4t—0O curve of Brown and Altermatt.2°

Table 2. Bond Lengths in V-0, Polyhedra

no. and kind of polyhedra bond? WEelL
72 octahedra [6], overall mean: V3t —Oa 2.01(5)
84 square pyramids [1+4]: V4 —0y 1.59(2)
V4 —Og 1.98(4)

overall mean V4 —0Og 1.90(15)
93 octahedra [1+4+1]: V4 —0y 1.60(4)
V4 —0Og 2.00(5)

V4 —0r 2.27(12)

overall mean V4 —Oa 1.98(21)
34 square pyramids [1+4]: V5+t—0y 1.59(3)
V5t —Og 1.89(6)

overall mean V5t —0Ogy 1.83(13)
125 octahedra [1+4+1]: V5+t—0y 1.61(3)
V5+—Og 1.92(9)
V5t—0r 2.31(8)

overall mean V5t —0Oa 1.93(22)
49 polyhedra [2+3]: V5t -0y 1.66(4)
V5t —Og 1.95(8)

overall mean V5t —0Ogy 1.83(16)
66 octahedra [2+2+2]: V5+t—0y 1.67(4)
V5+—Og 1.93(6)

V5t—0r 2.20(14)

overall mean V5t —Oa 1.93(23)

aVanadyl bond, V—Oy; equatorial bond,V—Og; trans bond,
V—0r. » g of V—00(=x) is ((xi — XD%n — 1)12.

for B\/3+—0, Table 2; 2.01(1) A for Fe3*—0,17] are very
similar [when necessary, coordination numbers are
given in square brackets as left superscripts to the
element symbol]. Schindler and Hawthorne!® argued
that, unlike Fe3*, the degenerate tyq orbitals in BI\Vv3*
can decrease their energy by spontaneous structural
distortion, giving rise to more distorted (V3'Og) octa-
hedra. Therefore, V3* occurs in the kieserite-type struc-
ture of [V3T(PO.)(H20)],*° whereas Fe®" does not.

Vanadium(1V). The coordination polyhedra for V4*
are square pyramidal or square dipyramidal. In [5]-co-
ordination, V4t is displaced from the plane of the
equatorial anions in the direction of the vanadyl O atom,
and the angles between the vanadyl bond and the four
equatorial bonds are in the range 100 to 110°. In
[6]-coordination, there is an additional anion trans to
the vanadyl anion (Figure 2a). We denote this [5]-
coordination as [1 + 4] and this [6]-coordination as
[1+4+1].

The data for the [1 + 4 + 1]- and [1 + 4]-coordinated
vanadium(lV) bond length distributions include bond

(17) Baur, W. H. Trans. Am. Crystallogr. Assoc. 1970, 6, 129.

(18) Schindler, M.; Hawthorne, F. C. Am. Mineral. 1999, 84, 665.

(19) Vaughey, J. T.; Harrison, W. T. A.; Jacobson, A. J.; Goshorn,
D. P.; Johnson, J. W. Inorg. Chem. 1994, 33, 2481.
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lengths from 92 dipyramids and 83 pyramids from 54
and 62 structures, respectively. Variations in individual
bond lengths are shown in Figure 3a for [1 + 4]-
coordination. Vanadyl bonds extend over the range
1.48—1.66 A with a maximum at 1.59 A; equatorial
bonds are in the range 1.80—2.12 A with a maximum
at 1.97 A.

Figure 3b shows the distribution of individual bond
lengths for [1 + 4 + 1]-polyhedra. Vanadyl bonds extend
over the range 1.48—1.74 A with a maximum at 1.60 A;
equatorial bonds are in the range 1.86—2.16 A with a
maximum at 2.00 A. Figure 3, parts a and b, shows gaps
between the vanadyl and equatorial bonds; all vanadyl
bonds are shorter than 1.74 A. The average equatorial
V4*+—0 bond length is 1.98(1) A for [1 + 4]-coordination
and 2.00(1) A for [1 + 4 + 1]-coordination.

The variation in trans bond lengths in [1 + 4 + 1]-
coordination is shown in Figure 4. We have not included
anions with bond valences less than 0.1 vu (correspond-
ing to distances longer than 2.6 A). Trans bond lengths
extend over the range 2.00 to 2.60 A with a maximum
at 2.20—2.32 A.

Definition of Bond Types for V 47O, Polyhedra.
Inspection of Figures 3 and 4 shows that there are
distinct populations of V—0 bond lengths separated by
ranges in which no bond lengths occur. This feature
allows us to define following different types of V4*—0
bonds: (1) a vanadyl bond is shorter than 1.74 A; (2)
an equatorial bond is cis to the vanadyl bond and is
between 1.80 and 2.12 A; (3) a trans bonds is trans to
the vanadyl bond, and is longer than 2.0 A.

Vanadium(V). In tetrahedral coordination, V5*—0O
bond lengths range from 1.6 to 2.0 A. Shannon and
Calvo?° discussed the bond length variation of tetrahe-
drally coordinated V> and found a grand mean V>*—0O
bond length of 1.72(1) A. Data for the [1 + 4], [2 + 3],
[1+ 4+ 1], and [2 + 2 + 2]-coordinated vanadium(V)
bond length distributions include 34, 49, 125, and 66
polyhedra, taken from 28, 39, 34, and 50 structures,
respectively.

[5]- and [6]-coordinated V> are characterized by the
occurrence of one and two strong vanadyl bonds, re-
spectively. Their presence in mineral and synthetic
structures causes a larger variation of vanadyl, equato-
rial and trans bond lengths in (V5t0,) polyhedra than
in (V4TO,) polyhedra. Figures 5 and 6 show the variation
of vanadyl, equatorial, and trans bond lengths in dif-
ferent (V>T0O,) polyhedral geometries. There are distinct
populations of V—0 bond lengths, separated by ranges
in which no, or only a few, bond lengths occur. This
feature allows us to define different types of V5t—0O
bonds and different (V>TO,) coordinations.

Vanadyl Bonds. In [5]-coordination ([1 + 4] and
[2 + 3]), there is a minimum at 1.74—1.76 A; in [6]-co-
ordination ([1 +4+ 1] and [2+ 2+ 2]), there is a
minimum at 1.74—1.75 A. Thus, we can define a vanadyl
bond in [5]- and [6]-coordinations as a bond shorter than
1.74 A

Equatorial Bonds in [5]-Coordination. In [5]-co-
ordination, the equatorial bond can be defined as a bond
longer than 1.74 A. Figure 5 shows the variation in
length for [1 + 4]- and [2 + 3]-coordinations. The varia-

(20) Shannon, R. D.; Calvo, C. J. Solid State Chem. 1973, 6, 538.
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Figure 3. The distribution of individual bond lengths in (V4*Os) polyhedra in mineral and inorganic crystal structures: (a)

[1 + 4]-coordination and (b) [1 + 4 + 1]-coordination.

frequency at 1.88 A (Figure 5a). For [2 + 3]-coordina-
tion, the equatorial bond lengths are in the range 1.74

tion in equatorial bond length for [1 + 4]-coordination
is generally between 1.74 and 2.04 A, with a maximal
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to >2.06 A and the maximal frequencies occur at 1.87

Trans Bonds in [6]-Coordina-

tion. Figure 6a shows the equatorial and trans bond
length distributions for [6]-coordination. There is a min-
imum at 2.10—2.15 A between the equatorial and trans
bond length distributions in polyhedra with one vanadyl
bond. Thus, in [6]-coordination with one vanadyl bond,
we can define the equatorial bond as cis to the vanadyl
bond and with a bond length in the range 1.74—2.125
A. A trans bond is defined as trans to the vanadyl bond
! and longer than 2.125 A. The equatorial bond length
distribution has maxima at 1.825 and 2.00 A, and shows

a variation similar to that of the equatorial bonds in

[1 + 4]-coordination;
nated as a [1 + 4 + 1]-coordination.

In the distribution of bond lengths in polyhedra with

thus, this coordination is desig-

two vanadyl bonds, there are three equal and distinct

20

16 1

Frequency

Vanadyl bonds

BIV**.Q: [1+4]-coordination

Q

[
B
[
[
e
3
e
ge
(X3
”ne
(X
(X3
e
e
(X
e
o
ol
DG
o
e
o

OOOOOOOOOOOOOOOOO0

O

3

O

O

Q
Tesele

252

O

5% e
v 04
B X K5
P X e
e 54 o X4 K3
B [od ) X 134 R
ok ’:’ 54 oo 154 %
RIS R R4
O K% IS K XY X3
PO 1908 e 02 DA DG
A 18 04 104 154 Ad K54
ROCE 154 'e%. e 0 154
Sl o 3 158 ol RS2
B g KN d R
ol 1098 Hollta bl e DS

Equatorial bonds

(a)

4 W e o & T L ©O N T L o g e e 2 A o % o oo T v
AREEEIEERETIERE=xI XTI ITSEc o,
e e e i i R -
' P . [ [ N R
N e SN T e X O N T Yoo O T e oo + ¢ o« o o <
"?"?"'!“’.Q‘Q‘Q\C‘Q‘\.“ﬁ‘\.'\.w-w.w.w.“fafgatm.'-‘.o.‘iqA
il L i T T T T B SRS N ]
Bond length [A]
BRS*_O)- dinati
o V°>*"-0: [2+3]-coordination
.:.
26 K
X .
° Equatorial bonds
*
.’.
0'. 0
>l e g
o 20F ] e
2 B Vanadyl bond s
= K K anadgyl bonds K I
2] o X Q2 by
e o2 ,
=3 :’: 5 15 ",
4 K & K4
DY X3 [ 104 4
= - 0 1 0 ' DO
(204 154 LS b5 054 154
[-*) PS¢y I8¢ " %3 XY 1%
Sl Py 158 ¥l o R84 X3 XS
ool o% X ] 1X4 B3 R 1
= 16 KX ool B 1Y RSt i3 BSd ot
15 I =X 1% IS XA 104 PO X XA IS
o 0 O Y BN Beq BT 153 DX K
o o7 BT IS 1XT 164 1Y RS RS O 154 RSq) 6
15 1501 ¢ 0 XS o I5Y R X1 R 4 RS IX) o
O BO1 KA KM KD B3 O DY K4 B KBS B 5
5 DA X1 Y DO 4 (X1 4 153 B4 154 104 15 EX
51 EX 50 I5GY X3 o e I B2 150 BT 1¢d X IS b
Of KK K4 K4 KD 24 DS KM DY 159 P B3 DAY K¢ O
I D4 DA X3 X3 % 54 DA 5 154 53 198 3 [ o
N 5% IS4 5¢9 I8¢ PO DSX 1K XA Y XX B DO <8,
Seflorallsiafoielsle o™ 1 RS BS1 B0 163 Bodt k<A B <t &
5 - sa DY DG D4 DY DL o G 15 X D3 X G 18 154 R s o
PSAl 15Y I5¢Y 5y IS 13 P 150 0 528 ot I B9 s RS IRt Y o
b RS2 oY 154 1Y IS RS 3 139 1 Bsdl 13 ot 134 Rod 1T B BB B BX
PST B5) BT XY 13 (03 153 B X3 131 R34 Bol 25 154 R Rod K5 [l BT RS R B
o 0:4 o:¢ IXY 11 1T 1S3 RS ’.:4 X R X '.: e '.:‘ X3 ',:< R ’0:4 i 2 ..:‘ ;’:‘ X
ey DG N X3 DG DG DG DX ¥ v % X4 DX 184 D4 R (264 XX KM K (X3 X1 3 K] KX
0 B B4 DaSt DO Do K4 104 Kod Kpq bS] DO 10 o 2<p4 Bed 4 BeS) Kpd BeSl 1ed Red) KP4 DOt DSl BeSl DO
T v xS & T © R - R - R E- -
e B8 QT EERERER xR xS ad RS aS S
L T e T T e T T T O B N B VR o Y o P
T3 R R
ol o e O < % O S ¢ ®x © & T v X O <+ & o @ o <
S 3L S IgERREEREIERZEEFEgI&EEES 34
B T e e i L A I X P

Bond length [A]

Figure 5. The distribution of individual bond lengths in (V°tOs) polyhedra in mineral
[1 + 4]-coordination and (b) [2 + 3]-coordination.

and inorganic crystal structures: (a)
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Figure 6. The distribution of individual vanadyl, equatorial, and trans bonds in (®1V5tQg) polyhedra in mineral and inorganic
crystal structures: (a) [1 + 4 + 1]-coordination and (b) [2 + 2 + 2]-coordination.

populations, indicating [2 + 2 + 2]-coordination with
two vanadyl, two equatorial, and two trans bonds
(Figure 6b). The equatorial and trans bonds can be
distinguished in Figure 6b by their lengths: equatorial
bonds range from 1.75 to 2.025 A with a maximum
frequency at 1.925 A and trans bonds are longer than
2.025 A with a maximum frequency at 2.125 A.

Closer inspection of individual bond length distribu-
tionsin [1 + 4]-, [2 + 3], and [1 + 4 + 1]-coordinations
and the occurrence of more than one maximum in the
equatorial bond length distributions show the exist-
enceof[1+1+2+1)[1+2+2],2+1+2],[2+2+1],
and [1 + 2 + 2 + 1]-coordinations. This variability of
equatorial bond lengths is characteristic for (V5tO,)
coordination polyhedra and display different interac-
tions between O(pxr) and V(dx) orbitals. Here, we
distinguish the (V570 coordinations only according to
the number of vanadyl bonds and treat all equatorial
bonds as equivalent.

General Geometrical Features of V >TO, Poly-
hedra. the general geometrical features of (V°tOp)
polyhedra can be summarized as follows:

(1) There is more than one maximum in the distribu-
tion of V—0 equatorial bond lengths in [1 + 4]-, [2 + 3]-,
and [1 + 4 + 1]-coordinations.

(2) The average equatorial bond lengths are 1.89(6)
A for [1 + 4]-coordination and 1.92(10) A for [1 + 4 + 1]-
coordination (Table 2).

(3) [1 +4]- and [1 + 4 + 1]-coordinations with four
similar equilateral bonds occur as square—pyramidal
and square—dipyramidal coordination polyhedra (Fig-
ure 2a).

(4) Geometrical distortion of square—pyramidal or
square—dipyramidal coordination polyhedra occurs, e.g.,
in[2 + 2 + 2]- and [2 + 3]-coordinations (Figure 2, parts
b and c).

Zavalij and Whittingham? classified [®IV>* polyhedra
into three major groups: trigonal—bipyramids with one
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vanadyl bond, square—pyramids with one vanadyl bond,
and distorted trigonal—bipyramids with two vanadyl
bonds. In this context, Addison et al.?! introduced an
angular structural parameter to distinguish between
either square—pyramidal, distorted square—pyramidal,
distorted trigonal—bipyramidal, or trigonal—bipyrami-
dal. In this work, we use only the term square—pyramid
for [1 + 4] coordination with four similar equatorial
bonds. In all other cases, we use the terms [1 + 4]- or
[2 + 3]-coordination without considering if the geometry
of the polyhedron is closer to square—pyramidal or
trigonal—dipyramidal.

Identification of V4t and V5*. To identify the
valence of V in [5]- or [6]-coordination, the bond-valence
sum [using the curves of Brown and Altermatt?? or
Brese and O’'Keeffe?3] can be calculated. However, the
V—0 bond length distributions are also characteristic
of the valence state of V: (1) two vanadyl bonds occur
only in (V5T0O,) polyhedra; (2) the average equatorial
bond lengths in polyhedra with one vanadyl bond are
characteristic of both coordination and valence state:

P4+ — Op=1.98 A
P4 — 0= 2.00 A
0P+ — 0= 1.89 A

PV — 00=1.92 A

In mixed-valence vanadium compounds, the bond-
valence sum can be calculated from the bond-valence
curves for V4 or V57, leading to an ambiguity in the
average valence state. However, an unambiguous de-
termination of the average valence of V can be derived
by comparison of the average equatorial bond length in
a specific (VO,) polyhedron with the above average
equatorial bond lengths for V4™ and V> in their differ-
ent coordinations.

The equatorial bond lengths for V4* are about 0.1 A
longer than for V>t polyhedra. The corresponding linear
equations are as follows:

[5]-coordination: [Z[= (25.99 — 11.11)R (1)
[6]-coordination: [Z[= (29.00 — 12.50)R (2)

where R is the average equatorial bond distance and
[Z0is the average valence.

Table 1 lists five well-refined crystal structures of V
phosphates?4-27 where the mixed valence of V is un-
equivocally determined by fixed stoichiometry and the
valence states of the other cation and anions. The mean
valence of V predicted from the bond-valence curves for
V4 —0 and V5—0 2 and from the above predictive

(21) Addison, A. W.; Rao, T. N.; Reedijk, J.; van Rijn, J.; Verschoor,
G. C. J. Chem. Soc., Dalton Trans. 1984, 1349.

(22) Brown, I. D.; Altermatt, D. Acta Crystallogr. 1985, B41, 244.

(23) Brese, N. E.; O'Keeffe, M. Acta Crystallogr. 1991, B47, 192.

(24) Wang, S. L.; Kang, H. Y.; Cheng, C. Y.; Lii, K. H. Inorg. Chem.
1991, 30, 3496.

(25) Huan, G.; Johnson, J. W.; Jacobson, A. J.; Corcoran, E. W.,
Jr.; Goshorn, D. P. J. Solid State Chem. 1991, 93, 514.

(26) Vaughey, J. T.; Harrison, W. T. A.; Jacobson, A. J. J. Solid
State Chem. 1994, 110, 305.

(27) Zhang, Y.; Clearfield, A.; Haushalter, R. C. J. Solid State Chem.
1995, 117, 157.
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equations are also listed in Table 1. The root-mean-
square deviations for the three methods are 0.04, 0.16,
and 0.06, respectively, indicating that the predictive
equations developed above are the most effective method
for calculating the mean value of V in mixed-valent
structures. The equatorial bond lengths of V4™ and V5"
reflect the difference in oxidation state well, while the
vanadyl and trans bonds do not do it in any significant
way (Table 2). The four equatorial bonds correspond
here to the grand mean of all six bonds in a comparison
such as between Fe?* and Fe3" in octahedral coordina-
tion where the difference in mean bond lengths is also
about 0.1 A,

In a method applied by Skowron and Brown (1990),28
the calculated bond-valence sums of V4™ and V> are
multiplied by the corresponding occupation factors of
V4t and V57, yielding an average valence state. This
method is based on a knowledge of the V4*/V>* ratio,
whereas determinations of the valence via the above-
mentioned method do not need any assumptions about
the V4*/V5* ratio. Thus, their and our results cannot
be compared with each other.

The mean values of the vanadyl (V—0y), equatorial
(V—0g), and trans bonds (V—Or), together with the
overall means, are given for all coordinations discussed
above in Table 2.

Characteristic Bond-Valence, Lewis Acid, and
Lewis Base Strengths and the
Valence-Matching Principle

Brown?? introduced the idea of a characteristic bond-
valence by examining the range of bond valences around
a specific cation in a wide range of crystal structures.
The mean bond-valence of a cation correlates with its
electronegativity. Electronegativity is a measure of the
electrophilic strength of the cation, and the correlation
with characteristic bond-valence indicates that the
latter is a measure of the Lewis acid strength of the
cation (see also O’'Keeffe and Brese®). Thus, Brown?®
defined the Lewis acid strength of a cation as its
characteristic bond valence and the Lewis base strength
of an anion as its characteristic bond valence. From this
emerges the valence-matching principle: stable struc-
tures will form when the Lewis acid strength of the
cation closely matches the Lewis base strength of the
anion.

Characteristic Bond Valences in (VO;)
Polyhedra

We have defined characteristic coordination geom-
etries for (V4*On,) and (V°TO,) polyhedra and have
calculated the corresponding average equatorial bond
lengths. Now, we define the characteristic bond valences
for vanadyl, equatorial, and trans bonds in different
coordinations. For (VOp) coordinations where vanadyl
and equatorial bond lengths show a broad distribution,
the maximal, average, and minimal bond valences are
given in Table 3.

(28) Skowron, A.; Brown, I. D. Acta Crystallogr. 1990, C46, 527.

(29) Brown, I. D. Structure and Bonding in Crystals I1; O’'Keeffe,
M., Navrotsky, A., Eds.; Academic Press: New York, 1981; p 1.

(30) O’Keefe, M.; Brese, N. E. 3. Am. Chem. Soc. 1991, 113, 3226.
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Table 3. Average and Range of Lewis Acid Strengths? for Different Bonds in Polyhedra with [5]- and [6]-Coordinated
Vanadium

coordination vanadyl bond [vu]

equatorial bond [vu] trans bond [vu]

VA [144] 2.00 > 1.69 > 1.40
VA [14441] 2.00 > 1.63 > 1.13
V5 [144] 2.00 > 1.78 > 1.47
V5 [144+1] 2.00 > 1.68 > 1.32
V5 [2+43] 2.00 > 1.47 > 1.19

Vot [242+2] 1.93>143>1.25

a Bond-valence parameters from Brown and Altermatt.??

The data of Table 3 allow us to systematize some
aspects of vanadium crystal chemistry: Using the
valence-sum rule,?® we can examine which linkages
[vanadyl—vanadyl, vanadyl—equatorial, vanadyl—trans,
equatorial—equatorial, equatorial—trans and trans—
trans of the (VO,) polyhedra] are possible, and which
actually occur in minerals and synthetic compounds.

Occurrences of Binary V-V Linkages between
([1+4]V4+), ([l+4+l]V4+), ([l+4]V5+), ([2+3]V5+),
(+4+1ysh), and ([2+2+2v5H) Polyhedra in

Structures of Minerals and Synthetic
Compounds

Nomenclature. Linkage between (VO,) polyhedra in
mineral and synthetic structures can be denoted as
[NvZ—y0p—I"VZ, where [n] denotes the coordination, (e.g.
[1+ 4+ 1] or [2 + 3]), b is the type of bond between V
and O (v = vanadyl, eq = equatorial, t = trans) and Z
is the valence state of V (4+ or 5+). For example, the
notation P3IVST— O~ H4+1V5* denotes linkage through
a common O atom between a vanadyl bond from V5" in
[2 + 3]-coordination and an equatorial bond from V5
in [1 + 4 + 1]-coordination.

Vanadyl—Vanadyl Linkages. For all vanadyl—
vanadyl bonds, the bond-valence incident at the linking
anion significantly exceeds the maximum possible value
of 2.00 vu. For example in the binary linkage [2+221\/5+—
vOy—[2T2+2\/5+  the range (and average value) for the
incident bond-valence sum at the linking anion is (1.93
>1.43 > 1.25) + (1.93 > 1.43 > 1.25) = 3.86 > 2.86 >
2.50 vu, and, therefore, polyhedra cannot link through
vanadyl—vanadyl bonds. Thus, there are no vanadyl—
vanadyl linkages in mineral or synthetic structures
(Table 3).

Vanadyl—Equatorial Linkages. Combining va-
nadyl and equatorial bonds of the six different kind of
coordinations gives 42 possible binary vanadyl—equato-
rial linkages; in all of these linkages, the average bond-
valence sums exceed and the minimum bond valences
do not exceed the maximum possible value of 2.00 vu.
Thus, these binary linkages are only possible if the bond
valence of the vanadyl or equatorial bond is smaller
than its average bond valence (Table 3). Four of these
binary linkages occur in mineral and synthetic struc-
tures; they are listed in Table 4 with their incident bond-
valence sums at the linking anion, their general occur-
rence (if mineral, synthetic compound or both) and one
example.?531-50

(31) Evans, H. T., Jr.; Konnert, J. A. Am. Mineral. 1978, 63, 833.

(32) Lloyd, D. J.; Galy, J. Crystal Struct. Commun. 1973, 2, 209.

(33) De Picciotto, L.; A. Adendorff, K. T.; Liles, D. C.; Thackeray,
M. M. Solid State lonics 1993, 62, 297.

(34) Grandin, A.; Chardon, J.; Borel, M. M.; Leclaire, A.; Raveau,
B. J. Solid State Chem. 1992, 99, 297.

0.96 > 0.59 > 0.40
0.81 > 0.56 > 0.40
119> 0.79 > 0.53
119> 0.73 > 0.42
1.19 > 0.67 > 0.50
1.19 > 0.71 > 0.55

0.56 > 0.27 > 0.10
0.42 > 0.25 > 0.10

0.55 > 0.34 > 0.10

As an example, the binary linkage I+4T1V4+,0qq—
[2+2+2l\/5+ has an incident bond-valence sum at the
linking anion of (2.00 > 1.63 > 1.13) vu + (1.19 > 0.71
> +0.55) vu = (3.19 > 2.34 > 1.68) vu This binary
linkage does not occur in mineral and synthetic struc-
tures, but could exist according to the valence-sum
rule.?®

Vanadyl—Trans Linkages. There are 21 possible
vanadyl—trans linkages and their incident bond-valence
sums are in the range 1.29—2.56 vu, with an average
value of ~2.00 vu. Hence, all these linkages are possible.
In some cases (e.g., P8IVt — 0—[1T4+1V/51), the incident
bond-valence is sufficiently low that another trans bond
could be involved in linkage at the anion. There are six
different binary vanadyl—trans linkages in mineral and
synthetic structures, but only two (It4Flv4F— 0O
[L+4+1\/4+ gnd [2+2+2]V5+_Vot_[2+2+2]vs+) occur in miner-
als (Table 4).

Equatorial—Equatorial Linkages. There are 21
possible binary equatorial—equatorial linkages, and in
all of them, the average bond-valence sum does not
exceed 2 vu at the linking anion. In some cases, the
incident bond-valence is close to 2 vu, whereas in others,
the incident bond-valence is close to 1 vu. In the latter
case, the linking anion could be monovalent (OH, F, CI),
or other linkages (either to V and/or other high-valence
cations) are required. Thus, three equatorial bonds
meeting at a common vertex are possible for all poly-
hedra, whereas four equatorial bonds at a common
vertex seem likely only for about one-third of the
possible configurations. At an equatorial—equatorial
vertex, up to four incident trans bonds are also formally
possible if allowed by packing restrictions, e.g. for the
minimum bond-valence sum of BF4HVST— Ogy—
[1+4+1/5+:(1,19 > 0.73 > 0.42) + (1.19 > 0.73 > 0.42) =
(2.38 > 1.46 > 0.84) vu.

(35) Benhamada, L.; Grandin, A.; Borel, M. M.; Leclaire, A.; Raveau,
B. C. R. Acad. Sci. Paris Il 1992 314, 585.

(36) Haushalter, R. C.; Wang, Z.; Thompson, M. E.; Zubieta, J.;
QO’Connor, J. J. Solid State Chem. 1994, 109, 259.

(37) Gopal, R.; Calvo, C. J. Solid State Chem. 1972, 5, 432.

(38) Evans, H. T., Jr.; Post, J. E.; Ross, D. R.; Nelen, J. A. Can.
Mineral. 1994, 32, 339.

(39) Konnert, J. A.; Evans, H. T., Jr. Am. Mineral. 1987, 72, 637.

(40) Riou, D.; Férey, G. J. Mater. Chem. 1998, 8, 2733.

(41) Hughes, J. M.; Finger, L. W. Am. Mineral. 1983, 68, 634.

(42) Yamase, T.; Ohtaka, K. J. Chem. Soc., Dalton Trans. Inorg.
Chem. 1996, 2599.

(43) Medrano, M. D.; Evans, H. T., Jr.; Wenk, H. R.; Piper, D. Z.
Am. Mineral. 1998, 83, 889.

(44) Muller, A.; Meyer, J.; Bdgge, H.; Stammler, A.; Botar, A. Z.
Anorg. Allg. Chem. 1995, 621, 1818.

(45) Appleman, R.; Evans, H. T., Jr. Am. Mineral. 1965, 50, 825.

(46) Ahmed, F. R.; Barnes, W. H. Can. Mineral. 1963, 7, 713.

(47) Evans, H. T., Jr. Z. Kristallogr. 1960, 114, 257.

(48) Torardi, C. C.; Calabrese, J. C. Inorg. Chem. 1984, 23, 1308.

(49) Mdller, A.; Doring, J.; Ishaque Khan, M.; Wittneben, V. Angew.
Chem. (German Ed.) 1991, 103, 203.

(50) Swallow, A. G.; Ahmed, F. R.; Barnes, W. H. Acta Crystallogr.
1966, 21, 397.
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Table 4. Occurrence of Binary V-V Linkages between Polyhedra with [1F4l\4+ [LHa+ilyat [1H4lS5+ 24315+ [1+4+1\/5+ gnd
[2+2+2\/5+ and Their Incident Bond-Valence Sums2

type

range of incident

bond-valence sums [vu]

occurrence

example

[2+3]\/5+_voe —[2+3]\/5+
[a+1l\A+—, O, —[2+2+2\/5+
[1+4+11\/5+— O, —[2+31\/5+
[1+4+1]V5+_eqov_[2+2+2]V5+

[+HA\/4+— O, —[1+4+1]\/a+

[L+4+1\/4+— O, —[1+4+1N/4+
[L+4+1N/4+— O —[2+2+2]\/5+
[2+2+2)\/5+— O, —[1+4+11\/5+
[L+4+1]\/5+— O, —[1+4+11\/5+
[2+2+20\/5+— O —[2+2+2)\/5+

[LH40N/A+ —  Ogq—[1H4IV/A+
[1+4]\/4+_e Oe. —[1+4+1]\/4+
[LHAIN/AT — O — 14V
[1H+4I\/4+ —  Ogg—[LH4+1I\/5+
[LHA0\/4+ —  Ogq— 235+
[LFa+10\ 4+ —  Opq—[1H4+1I\/4+
[1+4+1]\/4+_ere —[1+4+1]\/5+
[1+4+1]V4+_eqoeq_[2+3]\/5+
[1+4]\/5+_e Oe —[1+4]\/5+
[1+4]V5+_eqoeq_[1+4+1]v5+
[1+4I\/5+ —  Ogq—[2+3IV/5+
[1H4+11\/5+ — o Ogq— [T H4+1IV/5+
[LH4+11\/5+ — o Opq—[2F2F20\/5+
[2+3]V5+_eqoeq_[2+3]\/5+
[2+2+2]V5+_eqoeq_[2+2+2]vs+

[+Ha+1\ A+ —  Op—[1+4+1]\/4+
[+a+1I\ A+ O —[2+2+2]\/5+
[L+H4+1I\ A+ — O —[2+2+2]\/5+
[+H4+1\ 5+ Op—[2+2+2]\/5+
[LH4+11\/5+ — O —[242+2V/5+

[L+H4+10\/4+ — O —[1+4+1]\/4+
[L+H4+1I\/4+ — O — [1+4+11\/5+
[L+Ha+1)\4+— O —[2+2+2)\/5+
[L+4+1]\/5+ — O —[1+4+1]\/5+
[L+4+1]\/5+— O, —[2+2+2]\/5+
[2+2+2)\/5+ — O —[2+2+2]\/5+

Vanadyl—Equatorial Linkages

3.19 > 2.14 > 1.69
2.74 > 1.99 > 1.65
3.19> 220> 1.61
3.12 > 2.16 > 1.67

2.56 > 1.96 > 1.50
2.56 > 1.90 > 1.23
2.55>1.97>1.23
2.35>1.68 > 1.35
242 > 193> 142
248 > 1.77 > 1.35

synth.

min.+ synth.
min.+ synth.
min.+ synth.

Vanadyl—Trans Linkages
synth.
min.+ synth.
synth.
synth.
synth.
min.+ synth.

TI(VO,)(HPO4)?
Ca4,5(A|V12V2040)(H20)23, sherwoodite3!
(X-ZnV30332

Li1oV30g%3

Ba(VO2)(PO4)2*

KVOPO4%

Csy[(V203)(H PO4)2(H20)36
Cs2[(V203)(HPO4)2(H20)3

B-VOPO,

Ca1_44(V7_eFeo_4020)(H20)4, fernandinite38

Equatorial—Equatorial Linkages

1.92 > 1.18 > 0.80
1.77 > 1.15> 0.80
2.15>1.38 > 0.93
2.15>1.32>0.82
2.15>1.26 > 0.90
1.62 > 1.12 > 0.80
2.00 > 1.29 > 0.82
2.00 > 1.23 > 0.90
2.38 > 1.58 > 1.06
2.38 > 1.52 > 0.95
2.38 > 1.46 > 1.03
2.38 > 1.46 > 0.84
2.38 > 144> 0.97
2.38 > 1.34 > 1.00
2.38 > 1.42>1.10

1.37 > 0.83 > 0.50
1.36 > 0.90 > 0.65
1.75 > 0.98 > 0.65
1.74>1.07 > 0.52
1.61 > 0.96 > 0.65

1.12 > 0.54 > 0.20
0.98 > 0.52 > 0.20
1.11>0.61 > 0.20
0.84 > 0.50 > 0.20
0.97 > 0.59 > 0.20
1.10 > 0.68 > 0.20

min.+ synth.
synth.

synth.

min.+ synth.
synth.

min.+ synth.
min.+ synth.
min.+ synth.
min.+ synth.
min.+ synth.
min.+ synth.
min.+ synth.
min.+ synth.
min.+ synth.
min.+ synth.

Equatorial—Trans Linkages

min.+ synth.
min.+ synth.
min.+ synth.
min.+ synth.
min.+ synth.

Trans—Trans Linkages
synth.
synth.
min.+synth.
min.+ synth.
min.+ synth.
min.+ synth.

Ca(V4010)(H20)s,3° melanovanadinite
MIL-7 (HT)*

Na—FVP-15

Nap 76VeO015,* bannermanite
KsH2(V15036(CO3))(H20)14.5%
phosphovanvdylite*?
(CN3He)3[V4"V35013(COCH2)3 (CH20H)](H20)4.5%
MIL-7 (LT)40

K2(UO2),2(V20g)(H20)3,%® carnotite

Nap 76VeO015,* bannermanite
Ca(VO3)(H20)4, rossite*t

Li12V30g*
(Nag.7Cao.3)(V7.6F€0.4)O20(H20)4,%8 corvusite
K(VO3)(H20)*"

Cay.44(V7.6F€0.4020)(H20)a, fernandinite38

phosphovanadylite*3
(Nao,7cao‘3)(V7,5F60,4)020(H20)4,38 corvusite
Li12V30g®

(Nag 7Cap 3)(V7.6F€0.4)O20(H20)4,38 corvusite
Li1.2v30833

VOHPO,4(H20)05%8

(CN3He)3[V4V5T50,3(COCH3)3 (CH20H)2](H20)45*
K7(AsV14040)(H20)124°

Cag(Vloozg)(Hzo)le, pascoite5°

Cag(VmOzg)(Hzo)le, pascoite5°

Caz(V10028)(H20)16, pascoite™®

aMIL-7(HT): (VO2)(OH)(H20)[0sP(CH2)sPO3)](H20)(NHa). MIL-7(LT): (V203)(H20)[O3P(CH2)sP03)](H20)(NHa). FVP-1: Nay[((V**4-w-
V5% 11)00(PO4)2] (PO (OH)y(H20),. (v = 2.8—4.0, w = —0.1-1.1, x = 0-0.2, y = 0—2.1, = 7—10). Phospovanadylite: (BapzsCa2Ko.0sNap 02)-

[(V3.44Al0.46)(OH)5.6602.34) (PO4)2] (H20)12.

Fifteen of the 21 possible binary linkages occur in
crystal structures of minerals or synthetic compounds.
Three of them occur only in synthetic structures:

[”“]V‘”—ereq—[1+4+1]V4+, [l+4]V4+_ereq_ [l+4]V5+, and

[1+4]V4+_eqoeq_ [1+4]V5+_

Equatorial-Trans Linkages. Combining equato-
rial with trans bonds for all (VO,) coordinations gives
21 possible equatorial—trans linkages. For those link-
ages, the average incident bond-valence sums are all
approximately ~1 vu; the linking anion may be mono-
valent (OH, F, CI) or divalent with other strong incident
bonds or numerous weak incident bonds (e.g., one
equatorial bond and four or five trans bonds). Five out
of the 21 possible linkages occur in both mineral and
synthetic structures (Table 4).

Trans—Trans Linkages. All six possible binary
trans—trans linkages occur in mineral or synthetic
structures (Table 4), four of them in minerals. Their
incident bond-valence sums are in the range 0.2—1.2 vu
and numerous other weak bonds can connect with the
same vertex. This occurs in the decavanadate polyanion

[V1002g],5~ where six [MVZ—,0 bonds are incident at one
central O atom: [+4+1\/5+Q [1+4+1\/5+ 0, [1+4+1\/5+.0,
[1+4+1]V5+t0, [2+2+2]V5+t 0, [2+2+2]V5+to_ The correspond-
ing incident bond-valence sum at the linking O atom is
(0.42 > 0.25 > 0.10) x 4 + (0.55 > 0.34 > 0.10) x 2 =
(2.78 > 1.68 > 0.60) vu.

General Occurrence of Binary Linkages

Minerals. There are 132 possible combinations of
binary "NvZ— 0,—["IVZ linkages; in 111 cases, the mini-
mum (and in 83 cases) the average incident bond-
valence sums do not exceed 2 vu. Only 26 of these
linkages occur in minerals (Table 4). One reason might
be that many V4t/V5" minerals occur as secondary
phases in the oxidation zone of rocks containing V3+
minerals. Under these conditions, 5+ is the most stable
oxidation state for vanadium, accounting for its domi-
nant role in the crystal chemistry of V minerals.

Linkages between (["V5+0,) polyhedra occur in the
vanadium bronzes, in minerals with the carnotite
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Figure 7. Structural units in selected vanadium minerals: (a) the divanadate chains in rossite with edge-shared [5]-coordinated
polyhedra; (b) the tetravanadate chain in which V is in [6]-coordination; (c) two *4V5+ polyhedra share common edges in the
carnotite structure (marked with dots); (d) the [V10025]®~ group in pascoite, with 10 condensed (VOg) polyhedra; () the [V2*TV51,0,0]
group in the structures of sherwoodite and K7(AsV14040(H20)12; (f) the [V3AIO2(OH)6)(PO4)42]*~ units in phosphovanadylite (the
phosphate tetrahedra are dotted); in parts a, b, and d, V atoms are indicated with larger white circles.

structure, and as heteropolyhedral anions or infinite
[VO3] chains. [VO3] chains occur in the structure of
rossite, Ca(VO3)2(H20)4,6 where BH4V5T— Ogq— 14V
and VST —,Oeq—[2 IV linkages occur (Figure 7a).
Pascoite, CazV10025(H20)16,° contains isolated het-
eropolyhedral [V10025]®~ decavanadate polyanions in
which (1H4+1V5+Qg) and (12+2+2V5+tQg) polyhedra link
by equatorial—equatorial, vanadyl—equatorial and trans—
trans bonds (Figure 7d). Another hetropolyhedral
[AIV5T1,V4,040]%~ polyanion occurs in the structure of
sherwoodite, Cays[AIV14040](H20)2s 3! (Figure 7e). In the
center of the polyanion, an (AlOg) octahedron is sur-
rounded by two [1+4+1V4+ pipyramids and 12 [2+2+2\/5+
polyhedra. Here, the polyhdera are linked by the rare
binary linkages [1+4+1]V4+_eqov_[2+2+2]V5+ and [LH4+14+—
{Or— [2F2+2]5+ The layer structure of carnotite, Ko-
(UO2)2(V20g)(H20)3,% is built from edge-sharing (1 4\v>-
On) pyramids 45— ,0qq—[ 45+ connected by (UO7)
polyhedra (Figure 7c).

The natural vanadium bronzes may be classified®!
according to whether the layers contain connected
tetravanadate chains, divanadate chains or combina-
tions of the two (Figure 7, parts a and b). Examples are
hewettite, Ca(V¢Oi16)(H20)s (tetravanadate + divana-

(51) Evans, H. T., Jr.; Hughes J. M. Am. Mineral. 1990, 75, 508.

date chains®?), corvusite, (Ca,Fe)(VgOa20)(H.0); (tetra-
vanadate chains®®), and shcherbinaite, V,Os (divanadate
chains®3). Thus, the hewetite structure-types33 contains

the following binary linkages: P13IV5"—¢ Ogq—12T3IV5T,
[242+2\/5+ —  Opq—[2H2H2V/5+ | (24242155 — O —[2+2+2\/5+

[2+2+2]V5+_eqot_[l+4+1]V5+1 [2+2+2]\/5+ — O, —[1+4+1]\/5+
R+3N/5+—, voeq_[1+4+1]vs+l [2+2+2]\/5+_voeq_[1+4+1]\/5+, [+H4-+1\ 5+
eqoeq_[1+4+l]V5+, and [2+2+2]V5+_eqoeq_[1+4+1]V5+_

The V4"—0—V4* binary linkage is rare in minerals
(Table 4), but occurs in melanovanadinite, Ca(V4O01o)-
(H20)5,%° phosphovanadylite, (Bag 3sCao 2Ko.osNaog02)[(V3.44-
A|0_46)(OH)5,5602_34) (PO4)2](H20)12,43 and duttonite, V204-
(H20),.54 Melanovanadinite contains layers of edge-
sharing [[1T4V4+,0g] dimers connected by ([*1V510,)
groups. The structure of phosphovanadylite consists of
four edge-sharing (1 4+1Vv4+0g) dipyramids, 414 —
eqOeq— V4 which are connected by phosphate
tetrahedra to adjoining identical groups (Figure 7e.). In
duttonite, (V204)(H20),%* 414+ dipyramids share
common edges over equatorial linkages and common
corners over vanadyl—trans linkages.

Synthetic Compounds. In their review of the struc-
tural chemistry of vanadium oxides, Zavalij and Whit-

(52) Evans, H. T., Jr. Can. Mineral. 1989, 27, 181.
(53) Hughes, J. M.; Finger, L. W. Am. Mineral. 1983, 68, 1220.
(54) Evans, H. T., Jr.; Mrose, M. E. Acta Crystallogr. 1958, 56.
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Figure 8. Structural units in selected vanadium compounds with rare binary "\vZ—,0,—["VZ linkages: (a) infinte chain of (VOg)
polyhedra; (b) infinite chains of 2*3IV5* polyhedra in TI(VO2)(HPO.); (c) the isolated polyhedral group in the structure of MIL-7
(see text); (d) one 44+ pyramid is connected with one 1414+ dipyramid in Ba(VO),(PO,)2; (e) two 1414+ dipyramids share
faces in VOHPO4(H20)o5; (f) two [VsOg] groups in FVP-1 are connected via one phosphate tetrahedron (the phosphate tetrahedra
are marked with stripes); in parts a—e are the (VO,) polyhedra indicated with dots.

tingham?® discussed various topologies of vanadium
oxide frameworks. In many of these compounds, there
are similar binary MvZ—,0,—[MVZ linkages as in V
minerals. Prominent structural features are several
(VOp) chains in which mostly equatorial—equatorial and
equatorial—trans linkages (see hewettite) occur. In
many of these structures, V> can be also in tetrahedral
coordination where the FIV5* atoms are linked to O
atoms of equatorial bonds. The average “IV—O bond
valence is 1.25 vu, and according to Table 2, all [lv5+—
Ocq—["IVZ are possible for n = [1 +4 + 1], [2+ 2 + 2],
[1 + 4], and [2 + 3] and z = V*" and V>*. Many of these
compounds were synthesized at high-temperature. Thus,
their crystal chemistry is dominated by M5+ —Q—[Mv5+
linkages, where V4™ can replace V> in [1 + 4]- and
[1 + 4 + 1]-coordinations. This explains the occurrence
of similar binary linkages as in V minerals.

Rare binary linkages do occur in such compounds as
vanadium phosphates and polyvanadates (Table 4)
which can be synthesized under moderate temperature
and (sometimes) slightly reducing conditions. These
compounds can be snthesized under hydrothermal
conditions or in aqueous solution, and the reducing
agents can be organic solvents, elementary vanadium
or reducing acids such as HzP3tO3 or H3As3T0s. In these
compounds, the highest degree of polymerization of
(VO,) polyhedra involves chains of polyhedra (Figure
8a,b). Similar to phosphovanadylite, these chains are
connected by phosphate tetrahedra to adjoining chains.
This is in contrast to the natural V bronzes and many

other vanadates listed by Zavalij and Whittingham,®
where chains of (VO,) polyhedra are polymerized to form
layers and frameworks.

Chains of (VOg) polyhedra occur in KVOPQ,,35 Cs,-
[(V203)(HPO4),](H20),% and p-VOPO,%’ (Figure 8a). In
KVOPOQ,, [+4+lv4+ polyhedra connect through va-
nadyl—trans bonds, whereas in Cs,[(V203)(HPO4),](H.0
and B-VOPO,, there are vanadyl—trans linkages be-
tween [1+4+1]V4+ and [l+4+1]V5+ and [1+4+1]V5+ and
[1+4+1\/5+ polyhedra, respectively. A chain of R+3lv5+
polyhedra occurs in TI(VO,)(HPOy),?> where the poly-
hedra are connected by vanadyl—equatorial bonds (Fig-
ure 8b). Other rare binary linkages occur in isolated
polyhedral groups, e.g. (VO2)(OH)(H20)[O3P(CH2)3POs]-
(H20)2(NH,) (also known as MIL-7(HT)),*° (V203)(H,0)-
[O3P(CH2)3P0O3)](H20)2(NH4) (also known as MIL-
7(LT)),% Ba(VO)(PO4)2,3* (VOHPO4(H,0)05,%8 and
N [(V* 4-wV5" 111)Oa(PO4)2] (PO4)(OH)y(H20); (v = 2.8—
40, w= —-0.1-1.1, x = 0-0.2, y = 0-2.1, z = 7-10)
(also known as FVP-1).5 In MIL-7,%0 there is a high- (HT)
and a low-temperature form (LT). In the HT form,
[1+4\/4+ gnd LH4+1v4+ and in the LT form BH4+1vA4+ and
[1+4/5+ polyhedra link through equatorial—equatorial
bonds (Figure 8c). In Ba(VO)2(PO4)2,3* 144+ pyramids
and 414+ dipyramids link via vanadyl—trans link-
ages with I+4+1v4+ dipyramids (Figure 8d). In (VOHPO,-
(H20)055,%8 two [1H4+F1\/4+ polyhedra share faces involving
equatorial—equatorial and trans—trans linkages (Figure
8e). In FVP-15 and other synthetic compounds, there are
isolated [VsOg] groups, where four 44+ and one
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[+4v/5+ pyramids link through equatorial—equatorial
linkages (Figure 8f). The [V50¢] group in FVP-1 is
connected to the next identical group by phosphate
tetrahedra, similar to the linkage of [V4Og] groups in
phosphovanadylite.>®

Summary

The bond length distributions in (V4*0O,) and (V>TOy)
(n = 5, 6) polyhedra show distinct populations which
can be used to define vanadyl, equatorial, and trans
V-0 bonds. These definitions can be used to define
different coordinations of V in the form of the notation
[a + b + c], where the sequence of numbers gives the
amount of vanadyl (a), equatorial (b), and trans (c)
bonds, respectively. The mean equatorial bond length
in (V4T0Oy) and (V5+0,) polyhedra were used to develop
an effective scheme for calculating the average valence
state of V in mixed-valent structures. The definition of
characteristic bond valences for vanadyl, equatorial, and
trans bonds allow us to specify which Kinds of binary

(55) Schindler, M.; Baur, W. H. Angew. Chem., Int. Ed. Engl. 1997,
36, 91.
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linkages are possible in vanadate structure, and to
examine their occurrence in minerals and synthetic
compounds. Vanadium bronze minerals and many syn-
thetic vanadate structures are characterized by polym-
erization of (VOp,) chains to form layers and frameworks.
In the chainlike character of these structures, equato-
rial—equatorial and equatorial—trans linkages domi-
nate. Rare binary [MvZ— 0p—["VZ linkages occur in
compounds synthesized under hydrothermal conditions
or in aqueous solution and under slightly reducing
conditions. The structure of these compounds are char-
acterized by infinite (VOp) chains or isolated finite
polyhedral groups.
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