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Abstract

The decavanadate polyanions [V,045]%", [H,V 0,51~ and [(M**, V>, )0,5]*~ are constituents of the pascoite-family
minerals. The interaction between the interstitial complex and the decavanadate structural unit may be analyzed using the
principle of correspondence of Lewis acidity-basicity. The Lewis base strengths of the decavanadate polyanions vary from
0.054 to 0.135 vu and [V (0,4] structures can form from Cs*, Rb*, K*, TI* and Na*; simple cations with higher Lewis
acidities are too acidic to form structures. Such cations bond to transformer (H,0) groups to form polyatomic cations that
have lower Lewis acidities than the corresponding simple cations. In the pascoite-family minerals, the stereochemical details
of the decavanadate ion are modified by (1) exploiting the two different patterns of bond-length arrangement in [*'V>*, (2)
substituting tetravalent cations for V>* at one of the octahedra, and (3) protonating the decavanadate ion. These mechanisms
change the individual Lewis basicities of the 26 external O> ions of the polyanion, allowing great versatility in the bind-
ing of decavanadate ions to constituent polycations of crystallizing structures. This suggests that the [V,0,3] polyanions
may be used to induce co-crystallization of large aqueous polyatomic cations, facilitating their structural characterization.
Decavanadate can also induce crystallization of proteins and is of major importance in protein crystallography because of
this capability. Proteins and enzymes can bind to the decavanadate ion as very large polyatomic cations, modifying their
function and showing potential for treating various forms of cancer, Alzheimer’s disease, AIDS, diabetes and COVID-19.
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1 Introduction

Polyoxidometalates are a group of compounds that contain
clusters of three or more transition-metal ions from group
5 and group 6 of the Periodic Table. These ions are in their
high oxidation states, d’ and d' configurations, e.g., (V°7,
Nb>*, Ta>) and (Mo®* and W®"), and occur as transition-
metal-centered polyhedra that are linked together by sharing
O’ ions between the polyhedra. Synthetic polyoxidometa-
late compounds have many important industrial applica-
tions: coatings, gas sorbents, sensors, dyes, capacitors,
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cation exchangers, nanomagnetism and semiconductors (see
the excellent review by Katsoulis 1998), and medical appli-
cations as potential anti-tumor agents (e.g., Aureliano et al.
2021), antiviral agents (e.g., Bijelic et al. 2018), treatment
of AIDS and Covid (e.g., Lentink et al. 2023) and cancer
antagonists (e.g., Bijelic et al. 2019).

The Uravan Mineral Belt is a 120-km-long region of roll-
front uranium-vanadium deposits in the Salt Wash sandstone
of the Morrison Formation (Carter and Gualtieri 1965;
Shawe 2011) on the Colorado Plateau of western Colorado
and eastern Utah, USA. Mines within this belt have been a
productive source of U and V ores during the twentieth cen-
tury. Detailed investigation of post-mining secondary min-
erals in this region pioneered by Tony Kampf has resulted
in the discovery of many new polyoxidometalate minerals.
The most common polyoxidometalate minerals from the
Colorado Plateau belong to the pascoite family (Table 1)
and involve the decavanadate polyanions [V,y0,5]°",
[H, V00451 and [(M**, V7, )0,,1€™". Since 2008,
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Table 1 Minerals of the pascoite family

Mineral species

Ideal formula

First references; structure references

Decavanadates: [V ;,044]%

Ammoniolasalite (NH,),Mg,[V00,51(H,0),0
Burroite (NH4),Ca,[V3045](H,0);5
Gunterite Na,Ca,[V,(,0,5]1(H,0),,
Huemulite NayMg[V50,51(H,0),4
Hughesite NazAl[V,;0x51(H,0),
Hummerite K;Mg,[V60,51(H,0)46
Hydropascoite Ca;[V051(H,0)p4

Kokinosite Na,Ca,[V,(,05](H,0),,
Lasalite Na,Mg,[V90,51(H,0)y
Magnesiopascoite Ca,Mg[V;0,51(H,0) 6

Okieite Mg;[V 190251 (H0)55

Pascoite Ca3[V,00,51(H,0),7

Postite MgAL(OH),[V 140,51(H,0),7
Protocaseyite [AL{(OH)¢(H,0) 1,11V 100,51(H,0)4
Rakovanite (NH,);Na;[V 505 1(H,0) 5
Schindlerite (NH,),Na,[V,051(H,0)y
Wernerbaurite (NH,),Ca,[V¢0](H,0),4
Bluestreakite K Mg, [(VH, V)05 (H,0),4
Nashite Na;Ca,[(V*V75)0,51(H,0),,
Trebiskyite NasMg,[(Ti*V>*)05](H,0),,

Hydrogenated mixed-valence decavanadates: [H,(M**,V>* |_);,05]%™"

Caseyite

[(V5+02)Al7.5(OH)15(H20)13]2

Kampf et al. 2018

Kampf et al. 2017a

Kampf et al. 2011a, 2022a

Gordillo et al. 1966; Colombo et al. 2011
Rakovan et al. 2011

Weeks et al. 1951; Hughes et al. 2002
Kampf et al. 2017b

Kampf et al. 2014a

Hughes et al. 2008

Kampf and Steele 2008

Kampf et al. 2020b

Hillebrand et al. 1914; Hughes et al. 2005
Kampf et al. 2012

Kampf et al. 2022b

Kampf et al. 2011b; Kampf et al. 2021
Kampf et al. 2013a; Kampf et al. 2016
Kampf et al. 2013a; Kampf et al. 2016
Kampf et al. 2014b

Kampf et al. 2013b

Olds et al. 2024

Kampf et al. 2020a

[Hy(VHV* )01V 0055]5(Hy0)g0

the number of minerals in this family has increased from 3
to 21.

2 The pascoite-family minerals

The minerals of the pascoite family are based on the
decavanadate polyanion, the simplest form of which is
the [V3*,,044]% group. Inspection of Table 1 shows that
[V3*,00,5]1% is by far the most common form of decava-
nadate in these minerals but more complex (sensu lato)
forms also occur. The general form of the chemical formu-
lae consists of a decavanadate polyanion (shown in green
in Fig. 1) which is the structural unit (Hawthorne 1983,
2014) and an array of lower-valence cations plus (H,0)
groups that forms the interstitial complex (Hawthorne
1983, 2014). These features are illustrated for pascoite in
Fig. 1. Stereochemical details of the [V>*,,0,5]® decava-
nadate group are shown in Fig. 2 using the nomenclature
of Schindler et al. (2000a, b) and Cooper et al. (2019a,
b). The decavanadate unit ideally has 2/m2/m2/m sym-
metry, and it is generally assumed that the free polyanion
has this symmetry (Evans 1966) and that deviations arise
from the influence of neighboring ions and groups both in
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crystals and in aqueous solution. As indicated in Fig. 2,
there is considerable variation in coordination number for
the O>~ ions of the decavanadate group, and this variation
plays a key role in the adaptability of the group to a wide
variety of constituents that can form the interstitial com-
plex of the complete structures.

3 Binary structure representation, Lewis
basicity and Lewis acidity

This partitioning of a complicated crystal structure into
two parts is known as binary structure representation
(Hawthorne 2012, 2015): a complicated structure is con-
sidered as two components, a strongly bonded (usually
anionic) structural unit and a weakly bonded (usually cati-
onic) interstitial complex (Hawthorne 1983), and the bond-
ing between these two components may be quantitatively
characterized using Lewis-acid—Lewis-base interactions
(Fig. 3). The Lewis-acid strength of a cation is defined as
the characteristic valence (strength) of the bonds formed
by that cation (Brown 2016), and values are given by
Gagné and Hawthorne (2017) as the oxidation state of a
cation divided by its characteristic coordination number,



Rendiconti Lincei. Scienze Fisiche e Naturali

Fig. 1 The crystal structure of
pascoite; a shows the complete
structure, b shows the structural
unit, and ¢ shows the interstitial
complex. (V3*Oy) octahedra
are shaded green, Ca** ions

are shown as red circles and
O ions are shown as yellow
circles; HT ions are omitted for
clarity

(

PASCOITE: Cas(H,0),7 [V4904s]
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b) STRUCTURAL UNIT: ( ) INTERSTITIAL
[V1c026" ¢
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COMPLEX: {Ca,(H,0),,}¢*

Fig.2 The [V,,044]% decavana-
date polyanion. V atoms =black
circles, [1]-coordinated O
atoms = brown circles, [2]-coor-
dinated O atoms =blue circles,
[3]-coordinated O atoms = green
circles, [6]-coordinated O

atoms =yellow circles, V-
Ovanadyl bonds = red lines, V- [2]
Opans bONds = yellow lines, V-

Okcquatorial PONds = mauve lines
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4 Q) 3]
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the weighted grand-mean coordination number given by  here. Lewis-base strengths for simple anions show too
Gagné and Hawthorne (2016, 2018a, 2018b, 2020) and  large a range in variation to be useful in examining chemi-
Hawthorne and Gagné (2024) for each oxidation state of  cal compositions and bond topologies of crystal structures.
each cation in the periodic table; these values are used  Simple oxyanions, e.g., (SO,)*", (SiO,)*", show a much
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Fig.3 Definitions of Lewis
acidity and Lewis basicity

The average strength of a cation-anion bond

LEWIS ACIDITY:

Defined as ion valence / mean coordination number
Values given by Gagne & Hawthorne (2017) Acta Cryst.

The average strength of an anion-cation bond

LEWIS BASICITY:

|

Defined as the charge deficiency per simple anion / number of
bonds from the interstitial complex to the structural unit

more limited variation (e.g., Brown 2009; Hawthorne
2012), and Lewis base strengths used here are from Haw-
thorne (2018).

3.1 The valence-matching principle

The interaction of structural units and interstitial complexes
may be examined using the valence-matching principle: sta-
ble structures will form where the Lewis-acid strength of the
cation closely matches the Lewis-base strength of the anion
(Brown 2016; Hawthorne and Schindler 2008; Schindler and
Hawthorne 2001a, 2001b, 2008). This principal is extremely
powerful as it allows us to examine interaction of structural
unit and interstitial complex without knowing the details of
the crystal structure.

Let us consider three simple examples taken from Haw-
thorne (1994). Consider Na,SO,: the Lewis basicity of the
(SO,) group is 0.17 vu and the Lewis acidity of Na is 0.17
vu. The Lewis basicity of the anion matches the Lewis acid-
ity of the cation, the valence-matching principle is satisfied,
Na,SO; is stable and corresponds to thenardite (Hawthorne
and Ferguson 1975). Consider Na,SiO,. The Lewis basicity
of the (Si0,) group is 0.33 vu and the Lewis acidity of Na
is 0.17 vu. The Lewis basicity of the anion does not match
the Lewis acidity of the cation, the valence-matching prin-
ciple is not satisfied, and Na,SiO, is not a mineral. Consider
Na[AISiO,4]. The Lewis basicity of the [AlSiO,] group is 0.13
vu and the Lewis acidity of Na is 0.17 vu. The Lewis basic-
ity of the anion approximately matches the Lewis acidity of
the cation, the valence-matching principle is satisfied, and
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NaAlSiO, corresponds to nepheline (e.g., Tait et al. 2003).
Nepheline shows incommensurate behavior (e.g., Angel et al.
2008), reflecting the minor mismatch between the basicity and
acidity of its constituents.

3.2 The principle of correspondence of Lewis
acidity-basicity

The valence-matching principle deals with single ion-ion
interactions. However, in more complicated minerals such
as those of the pascoite family (Table 1), the structural unit
and the interstitial complex are complicated aggregations
of ions and neutral species. We may define a Lewis basic-
ity for a structural unit and a Lewis acidity for an intersti-
tial complex and look at the aggregate interaction between
these units (Fig. 4) using the principle of correspondence
of Lewis acidity-basicity (Hawthorne and Schindler 2008),
a mean-field equivalent of the valence-matching principle
(Hawthorne 2012, 2015).

4 Polyoxidometallicions

The decavanadate ion is a polyoxidometalate (or POM), a
polyatomic ion that consists of three or more transition-metal
polyhedra linked by shared O*~ ions to form dense packings
of oxo-polyhedra. The metal atoms are group 5 (V, Nb, Ta),
group 6 (Mo, W) and group 7 (Tc, Re) transition-metals in
their high oxidation states. With regard to their interaction
with simple cations, polycations and neutral species, V>,
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Fig.4 The principle of cor-

respondence of Lewis acidity PASCO ITE Ca3( H20)1 7 [V1 0028]

— Lewis basicity applied to the

structure of pascoite /

~

STRUCTURAL UNIT INTERSTITIAL COMPLEX

[V, 0028]6'

Ca;(H,0),,

LEWIS BASICITY E— LEWIS ACIDITY

\

Average strength of an Average strength of an
anion-cation bond cation-anion bond

—

PRINCIPLE OF CORRESPONDENCE OF
LEWIS ACIDITY - LEWIS BASICITY

Mo®" and WO are particularly effective in this regard and
examination of their general bond-length distributions tells
us why. Figure 5 shows the variation in bond lengths for
[61y5+ 16IMo®* and ['WO*. They all have strongly trimodal
distributions but ["Mo°" and ['W®* have frequencies of
2:2:2 whereas [®'V>* is more irregular. This less well-defined
trimodal behaviour arises because [¢'V3*—0 octahedra can
adopt two different configurations. As shown in Fig. 6a, one
type of octahedron has two short V-O bonds in the range
1.5-1.7 A that are known as vanadyl bonds and are adjacent
to each other. There are two long V-0 bonds in the range
2.1-2.2 A; these bonds are trans to the vanadyl bonds and
are known as frans bonds. The octahedron is completed by
two V-0 bonds of intermediate length 1.9-2.0 A that occur
approximately orthogonal to the plane of the vanadyl and
trans bonds and are known as equatorial bonds. This type of
configuration is denoted as [2 +2 + 2]. As shown in Fig. 6b,
the other type of octahedron has one vanadyl bond and one
trans bond in the range 2.0-2.6 A, and four equatorial bonds
approximately orthogonal to the direction of the vanadyl
and trans bonds. This type of configuration is denoted as
[1+4+1]. The mean bond-lengths of the different types of
bonds in the two types of decavanadate octahedra are shown
in Fig. 7. The two different types of coordination result in a
more irregular overall variation in the distribution of bond
lengths than occurs for [?"Mo®* and ''W®* (Fig. 5). In the
decavanadates, this flexibility in bond lengths for [®1V>+

combines with the variation in coordination number of the
O”" ions of the decavanadate unit (Fig. 2) to produce a poly-
oxidometallic ion that can combine with a wide variety of
counterions, accounting for the diverse nature of the inter-
stitial complex in decavanadate structures.

5 The decavanadate groups

5.1 The undecorated [V**,,0,,1°" decavanadate
polyanion

The decavanadate group consists of ten (VOg) octahedra that
share edges to form a closely packed polyanion of maximum
symmetry 2/m2/m2/m with the inversion centre between V1
and V10 in Fig. 2. However, in most crystal structures, the
symmetry of the decavanadate group is significantly lower
due to the influence of the interstitial complex on the overall
structure. The [V>*,,0,4]% polyanion shown in Fig. 2 may
be decorated by H* ions and modified by replacement of
(usually one) V>* ion by a different ion (e.g., V**, Ti**), but
the undecorated [V5+10028]6’ polyanion is by far the most
common structural unit in the pascoite-family of minerals
(Table 1). Due to the compact nature of the group, there is
wide variation in the coordination numbers of the various
O ions (Fig. 2). In the centre of the group, there are two
[6]-coordinated O* ions (shown as yellow circles in Fig. 2);
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Fig.5 Variation in bond lengths for ions commonly forming polyoxidometallic ions: a 'V3*-0%; b [IMo®*-0%; ¢ ®'W5*-0.2; n=number of
bond lengths included; after Gagné and Hawthorne (2020)

Fig.6 Coordination geom-
etries in (V-Oyg) octahedra:

a [1+4+ 1]-coordination

with one vanadyl bond, four
equatorial bonds, and one
trans bond in a trans arrange-
ment to the vanadyl bond; b
[2+2+2]-coordination with
two cis vanadyl bonds, two
equatorial bonds, and two trans
bonds in a frans arrangement
to each vanadyl bond; modified
after Schindler et al. (2000a, b)
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(a) (b)

Vanadyl bonds Vanadyl bond
1.5-1.7A 1.5-174

Equatorial bonds \4 100°-110°
1.8-22A . )

I

|

Trans bonds | Trans bond
~21-22A 2.0-2.6A

[2+2+2]- [1+4+1]-
coordination coordination
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[2+2+2] coordination [1+4+1] coordination
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Fig.7 Variation in V°>*—-0> bond lengths: a [2+2+2] coordination; b [1+4 + 1] coordination; modified after Schindler et al. (2000a) check for
2000b

(a) [V5*1002]%

[[1+4+1]] [12+2+21] [[1+4+1] |

(b) [H4V5*1,02]*

[m1+ast1 | | 12e2e21 | [ (14411 |

[(+4+11] [12+2+21] [[1+4+1]]

[ 1+a+11 | | [2+2+2] | | [1+4+1] |

(c) [H,V5*100 ]+

[(1rasty | | 12v2+21 | | 14411 |

(d) [H3V5+1ooza]3'

[1+ast1 | | 12v2e21 | [ 14411 |

[1+asr ] [12e2+21 | [11#aen1 |

[east | [2e2+21 | [110a+11 ]

(€) [HaV5*140,6]*

[ 144411 | | [2+2+2] | | [1+4+1] |

[1rast | | 12+2¢21 | [ 144411 |

Fig.8 a The [V,0,5]% decavanadate polyanion and b, ¢, d, e its protonated derivatives: [H,V>*,j0,5]®™~, x= 1—4. The patterns of [2+2+2]-
and [1+4+ 1]-octahedra are also shown; O atoms of OH groups are shown as fuchsia circles
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they are completely surrounded by V>* ions and cannot bond
to any ions external to the decavanadate group. In addition,
there are four [3]-coordinated O%~ ions (shown in green),
fourteen [2]-coordinated O®" ions (shown in blue), and eight
[1]-coordinated O* ions (shown in brown) (Fig. 2). Note
that because of differences in symmetry, there cannot be a
consistent labelling of the ions in the decavanadate group,
and here I use the colour scheme of Fig. 2 to indicate only
the topological commonalities of the different O*~ ions in
the different decavanadate groups.

5.2 The decorated [V°*,,0,,] decavanadate
polyanions

There are four types of decavanadate polyanions: (1) the
[V3*,,045]% polyanion (see above); (2) protonated deriva-
tives: [H,V>*,,0,5]™7; (3) mixed-valence polyanions,
both isopolyanions, e.g., [(V*,V>*,,_)04] 7, and het-
eropolyanions, e.g., [(Ti*", V3" ,_)0,4]¢"~; and (4) pro-
tonated mixed-valence polyanions, e.g., [H+y(V4+XV5+10_X)
0,51~ These are illustrated in Figs. 8 and 9. Note that
not all of the polyanions have refined H" ion positions
as (1) odd numbers of H* ions require either long-range
disorder, making location more difficult, or require refine-
ment in a non-centrosymmetric space group, or (2) loca-
tion of H* ions can be difficult where there is disorder in

) Trebiskyite: [Ti¢*V5*,0,,]"

[11+4+1]] [12+2+21 | [[1+4+1]]

[11+4+11] [12+2+2]] [11+4+11]

[[1+4+11] [12+2+2]| [12+2+21|

O |[2+2+2]| |[2+2+2]| |[1+4...1]|

[ Vv=4.68vu:ve V5 |

Fig.9 Decavanadate heteropolyanions a [(Ti**V3)0]"" in tre-
biskyite, and protonated mixed-valence polyanions, b [Hy(V4V+)
0,5]°~ in caseyite; the V sites labelled V5 are long-range occupied by
VHsV7s
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the other constituents of the structure. The arrangements
of [24+2+2] and [1+4+ 1] octahedra are also shown
for the different types (Figs. 8 and 9). All polyanions in
Fig. 8 have two central [2+ 2 4 2] octahedra, and all except
[H,V3*,,045]* (Fig. 8c) are mantled by six [1+4+ 1] octa-
hedra; [H,V>*,j044]* has two [2+2 +2] mantling octahe-
dra that seem to be influenced by the non-centrosymmetric
arrangement of H* ions. The mixed-valence polyanions are a
little more mysterious. Trebiskyite (Fig. 9a) has an arrange-
ment similar to most of the protonated decavanadates: two
central [2 +2 + 2] octahedra mantled by six [1+4 4 1] octa-
hedra. Caseyite (Fig. 9b) has eight [2 +2 + 2] octahedra and
two peripheral frans [1 44 + 1] octahedra that are occupied
by (V¥ 50V *,.50) and an arrangement of the two H* ions
different from that in [H,V>*,0,4]* (Fig. 8c). It is apparent
that we do not yet have a complete understanding of the fac-
tors governing the arrangements of [2+2+2] and [1+4+ 1]
octahedra in the decavanadate polyanions. However, it is
also apparent that the polyanions of the decavanadate group
are extremely flexible in their arrangements of chemical
bonds of different strengths, promoting linkage with a wide
range of interstitial complexes.

6 The Lewis basicities of decavanadate
groups sensu lato

Hawthorne and Schindler (2008) give details of how to cal-
culate Lewis acid and base strengths. As a structure must be
electroneutral, the bonds to the structural unit must neutral-
ize the charge of the structural unit. The Lewis basicity of
the structural unit is the effective charge on the structural
unit divided by the number of bonds to the structural unit,
and to calculate the Lewis basicity, we need to know (1) the
effective charge on the structural unit, and (2) the number of
bonds incident at the structural unit from adjacent interstitial
complexes and neighboring structural units. For structural
units with no H' ions, e.g., [V,,044]1%", the effective charge
on the structural unit is the formal charge. For structural
units containing H* ions, it is necessary to account for the
charge transferred from the structural unit by hydrogen
bonds to external anions (commonly 0.20 vu; Brown 2016;
Hawthorne 1992). Thus for the four types of decavanadate
polyanion, we may express the effective charge as follows:

1. [V,04].%" Effective charge=—6

2. [H Vg0~ Effective charge =-6+y-0.20y =—6
+0.80y

3. (VA VT, 00,510~ Effective charge =—6+x

4. [H+y(V4+xV5+10—x)O28](6+X)_
charge=—6+4x+y-0.20y

Effective
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Table 2 Lewis basicities for decavanadate polyanions

Polyanion Lewis basicity (vu)
[V3*100251" 6.0/52=0.115
[H, V405> 5.2/52=0.100
[HyV* 4051+ 4.4/52=0.085
[H3V>* 405> 3.6/52=0.069
[H4V5+10023]27 2.8/52=0.054
[V4+1V5+9023]77 7.0/52=0.135
[HV*V3*g0,4]" 6.0/52=0.115

Calculation of the number of bonds incident at the struc-
tural unit from adjacent interstitial complexes and neighbor-
ing structural units is less straightforward for the decavana-
date structures as the presence of many (often disordered)
(H,0) groups commonly precludes accurate assignment
of hydrogen bonds. Earlier work (Hawthorne 1985, 1986,
1990) assumed a coordination number of [4] for 0%~ ions in
structures with pentavalent cations in a structural unit, and
this value was quite successful in predicting aspects of the
interstitial complex. In decavanadates, there are 28 simple
anions and these need 28 X4 =112 bonds to give an anion
coordination number of [4]. There are 6 X 10 =60 inter-
nal bonds for [V;40,4]% and [(V*, V>*, 10,16, and
60 +x internal bonds for [H,V 50,51~ (the additional x
bonds result from the H*, ions in the polyanion). In turn, the
numbers of bonds required from the interstitial complex for
each polyanion are as follows: [V40,5]% and [(V*, V5*, )
O] ™2 112 - 60=52; [H,V (0] 11260 — y =52
—y. The resultant Lewis basicities for the various decavana-
date polyanions are given in Table 2.

6.1 Decavanadate in aqueous solution

Decavanadates and other vanadate species are soluble in
aqueous solution, forming protonic acids at near-ambient
temperatures, and the stable species are very sensitive to
pH (Fig. 10). All decavanadate polyanions are stable at acid
pH, and we may derive the pH of maximum stability of
each species from the curves in Fig. 10. Above, we calcu-
lated the Lewis basicity of each vanadate species in a very
simple manner (Table 2). How do we know that these cal-
culated values are correct? According to the principle of
correspondence of Lewis acidity-basicity, the Lewis basicity
of the decavanadate polyanions should correlate with the pH
of the aqueous solution in which they have their maximum
stability. This issue is examined in Fig. 11. The values of
Lewis basicity calculated for the polyanions [Hy;V>*,,0,5]*,
[H, V" ,0045]4, [H, V40,517 and [VF,0,,]% are linear
with the pH values of the aqueous solutions at the maximum
stabilities of these polyanions, validating our calculation of
the Lewis basicities, giving confidence that these calculated
values of the Lewis basicity are valid.

7 Lewis acidity-basicity and the interstitial
complex

Figure 12 shows the variation in mean coordination num-
ber for simple cations (values from Gagné and Hawthorne
2017) as a function of Lewis acidity as red circles and the
Lewis-base strengths for the vanadate polyanions as green
circles emphasized by the dashed red ellipse. The dashed
black vertical line shows the limit of the correspondence

Fig. 10 Concentration of 100
aqueous vanadate species as a
function of pH at 0.200 M, with [H2V1002]*
the concentrations of the deca-
vanadate species shown in red. 80
From Aureliano et al. (2022),
copyright Elsevier
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Fig. 11 Lewis acidity versus 012 F
pH at maximum stability for .
decavanadate species .
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Fig. 12 Mean observed coordi- \
nation number for 91 cations as 1
a function of their Lewis acidity :
(red circles). The Lewis acid- =~ 12 | 1 Cs*
ity for NH,*, 0.109 vu (from 2 !
Hawthorne et al. 2022 from the = Ba2+ :
results of Garcia-Rodriguez > (0] 1 @ Rb*
et al. 2000) overlaps that of c (€] Ced* :
K*, 0.110 vu. The green circles C e Sr2@ 1 K*, NH4+
indicate the Lewis basicities of 9 TI*

= EuZ (]
the decavanadate units listed in [ 8
Table 2. The broken black line c :
denotes the maximum value of 'E ® (¢ ®
the green circles o | o® .’ NF
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1
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)
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1 1 1 1
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between Lewis basicity and Lewis acidity. The monovalent
cations Cs* to TI* plus (NH,)* (Lewis acidity =0.109 vu,
Hawthorne et al. 2022) have Lewis acidities in the same
range as the Lewis basicities of the vanadate polyanions
and hence satisfy the principle of correspondence of Lewis
acidity-basicity. The Lewis acidity for Na* lies slightly
outside the range of Lewis basicity for the decavanadate

@ Springer
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polyanions. However, for simple cations, the Lewis acid-
ity of a cation reflects the grand mean-bond-length, and a
cation can decrease its effective Lewis acidity by increas-
ing its coordination number above its average value. Na*
has a grand mean coordination number of 6.31 (Gagné and
Hawthorne 2017) and a Lewis acidity of 1/6.31=0.158 vu.
Increasing its coordination number to [8] will change the
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Lewis acidity to 1/8 =0.125 vu in accord with the principle
of correspondence of Lewis acidity-basicity. Thus Na* is
the most common interstitial cation in decavanadate miner-
als and has coordination numbers > [8]. It is apparent from
Table 2 that protonated vanadate polyanions have the low-
est Lewis basicities, and synthetic protonated vanadates
such as Cs,(H,0)4[H,V,04] (Rigotti et al. 1987) and
Rb,Na(H,0),,[HV 7Ol (Yakubovich et al. 2015) contain
the least-acid cations, i.e., Cs™ and Rb*.

Inspection of Table 1 shows that Ca**, Mg>™ and AI**
are also common interstitial cations in decavanadate miner-
als and yet according to Fig. 12, their Lewis acidities lie
far outside the region conforming to the principle of corre-
spondence of Lewis acidity-basicity. How can this happen?
It happens because of the presence of interstitial (H,O) in
these minerals as discussed below.

(8) MO——@®
V2.0

(b) MO—

vi2
| TRANSFORMER (H,0) |

(d) MO

8 Transformer and non-transformer (H,0)

(H,O) is a very polar group: it acts as an anion on the
0? side of the group and as a cation on the H* side of
the group (Hawthorne 1992). Figure 13a shows a cation M
bonding to an anion S with a bond valence of v vu, and
Fig. 13b shows a cation M bonding to an (H,O) group, and
the (H,O) group bonding to two anions S. In Fig. 13a, the
anion receives one bond of bond valence v vu from the cat-
ion M. In Fig. 13b, the donor 0% ion of the (H,0) group
receives a bond valence of v vu from the cation; the bond-
valence requirements of the donor O*~ ion in Fig. 13b are
satisfied by two short O>—H* bonds of strength (1 — v/2)
vu. Each H* ion forms a hydrogen bond with an S anion to
satisfy its own bond-valence requirements, and the S anion
receives a bond valence of v/2 vu, one half (Fig. 13b) of
what it received where it bonded directly to the M cation
(Fig. 13a). The (H,O) group is acting as a bond-valence
transformer, dividing one bond into two bonds of half the

| NON-TRANSFORMER (H,0) |

ed .

| DOUBLE-TRANSFORMER (H,0) |

.. V4
s C{) @

@

Metal cation O

Anion @

H,O group

Hydrogen bond ===sssssssss

Fig. 13 The bond-valence structure around (H,O) as a function of
local bond-topology; a a cation, M (green) bonded to an anion, S
(violet) with bond valence v vu; b a cation bonded to an (H,0) group
(O=yellow, H=red) with bond valence v vu; the H" ions hydrogen-
bond to the anions S with bond valence v/2 vu per bond; ¢ two cati-
ons bonded to an (H,0) group with bond valence v vu per bond; the

H* ions hydrogen-bond to the anions S with bond valence v vu per
bond; d a cation bonded to an (H,O) group with bond valence v vu;
the H.™ ions hydrogen-bond to other (H,0) groups which hydrogen
bonds to the anions S with bond valence v/4 vu per bond. Modified
from Hawthorne et al. (2022)
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bond valence; this type of (H,O) group is called a trans-
former (H,0) group (Hawthorne and Schindler 2008).
Figure 13c shows two cations bonding to an (H,0)
group, which in turn bonds to two anions. The donor
0% ion receives a bond valence of 2v vu from the cations,
and the valence-sum rule at this O> ion is satisfied by
two short O—H bonds of strength (1 — v) vu. Each H" ion
forms a hydrogen bond with a neighboring anion, which
receives the same bond valence (v vu, Fig. 13c) as where
it is bonded directly to one M cation (Fig. 13a); this is a
non-transformer (H,0) group. Figure 13d shows a cation
bonding to an (H,O) group which hydrogen bonds to two
other (H,O) groups which then hydrogen bond to four
anions S. Each of the four anions S receives an incident
bond-valence of v/4 vu, and this type of arrangement is
termed a double-transformer (H,0) group. The net effect

Table 3 Range in Lewis acidity for hydrated interstitial cations

Polyanion Lewis basicity (vu)

Octahedra with transformer
(H,0) groups

M0 4, (H,0), 0.50-0.25
“IM**04_,(H,0), 0.33-0.17
IM*04_,(H,0), 0.17-0.09

Octahedra with double-transformer (H,O) groups
CIM*(H,0)5(H,0)o.1
M+ (H,0)5(H,0).1
IM*(H,0)4(H,0)q- 1

0.25-0.13
0.17-0.08
0.09-0.05

of transformer and double-transformer (H,O) groups is
to allow higher-valence cations to function as interstitial
constituents and yet accord with the principle of corre-
spondence of Lewis acidity-basicity.

9 The stereochemistry of the interstitial
complex

9.1 Simple and polyatomic cations

A simple cation is a single positively charged ion, e.g., Na*,
AP*, and a polyatomic cation is a cluster of ions with a net
positive charge, e.g., {Na(H,0)4}*. In the decavanadate min-
erals, simple cations always occur as part of a polyatomic
cation. Thus in lasalite (Table 1), Na* has the coordination
(NaO,(H,0),)* and three O~ ions bond to the V>* cations.
However, when we write the mineral formula, the polya-
tomic cation does not include the bonds to the decavanadate
unit and such ions are omitted from the polyatomic cation.
We do not wish to lose the information of how many bonds
the simple cation has with the anions of the decavanadate
unit and so include the coordination number of the simple
cation in the formula for the polyatomic cation: in lasalite,
we write the polycation {/"INa(H,0),}* where the difference
between the coordination number of Na™ and the number of
included (H,O) groups gives the number of bonds from Na*
to the anions of the decavanadate unit.

Fig. 14 Ranges in Lewis acidity
of complex interstitial cations
with one layer of coordinat-

ing transformer (H,0) groups
(yellow boxes) and complex
interstitial cations with two lay-
ers of coordinating transformer
(H,0O) groups (green boxes).
The green circles indicate the
Lewis basicities of the decava-
nadate units listed in Table 2.
The broken black lines denote
the maximum Lewis acidity of
simple cations that can combine
with (H,0) to form complex
cations that can combine with
decavanadate in accord with the
principle of correspondence of
Lewis acidity — Lewis basicity

-
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9.2 Transformer (H,0) and polyatomic cations

Inspection of Fig. 12 shows that the only simple cations
that obey the principle of correspondence of Lewis acid-
ity-basicity for the decavanadate units are Cs*, Rb*, K*,
TI™ and Na*. However, variation in the number of trans-
former (H,O) groups is an effective mechanism for allow-
ing higher-valence cations to form polyatomic cations. e.g.,
{Mg(H20)6}2Jr (Fig. 13), and also obey the principle of
correspondence of Lewis acidity-basicity and function as
interstitial species. The Lewis acidities for hydrated inter-
stitial cations are given in Table 3. Figure 14 indicates the
range in Lewis acidity for complex cations involving mono-,
di and tri-valent simple cations: yellow boxes: single trans-
former M"*O,,(H,0),_,, green boxes: double-transformer
M™(H,0)4(H,0);,_,,, m=1-6. The effect of transformer
(H,O) groups is to greatly extend the range of Lewis acidity
of simple interstitial cations that can form interstitial com-
plexes that accord with the principle of correspondence of
Lewis acidity-basicity.

9.3 Polymerization of polyatomic cations

Polyatomic cations rarely occur as isolated entities in the
interstitial complexes of decavanadate minerals. I will just

&M

[AI(H,0)qF (a)
HUGHESITE

(a) (b)
)2(H,0)

[Al(OH),(H0)gl**
(b) POSTITE

P

give a series of examples involving flatimers of hydrated
BIAL**, A flatimer was defined by Kampf et al. (2022b) as a
small, approximately two-dimensional AI** polyoxocation,
distinguishing such arrangements from higher-symmetry
Keggin-like ions such as [AlO,Al,,(OH),,(H,0),,]’* (Casey
2006). The {'M>**(H,0),}** group occurs as a monomer
in hughesite (Fig. 15a), as a dimer in postite (Fig. 15b) and
as a tetramer in protocaseyite (Fig. 15¢). One can write
a general formula for these linear flatimers as follows:
[AL(OH)y,_1y(Hy0)5(42)]™ 2", Shared octahedron edges
involve (OH)™ groups and the stoichiometry of the linear pol-
ymers is not affected by staggering of the chain, as occurs in
protocaseyite. If all (H,O) groups are transformer groups, the
Lewis acidity of the general [Al (OH),,_;,(Hy0)y40) "2
chainis (n+2) /2 X 2 X (n+2)=0.25 vu, and the Lewis
acidity of the linear flatimers is fixed: 0.25 vu. As the Lewis
acidity of this series of linear flatimers is independent of
chain length and chain configuration, the value of n and the
chain configuration must be controlled by the arrangement
of decavanadate units and the other constituents of the inter-
stitial complex.

Flatimers may also be non-linear. The flatimer
[V3t0,Al,,(OH),,(H,0),4]"°" occurs in caseyite
(Fig. 15d) and [Al;3(OH),,(H,0),,]'>* occurs in the
synthetic compound [Al,;3(OH),,(H,0),,1Cl,5(H,0)5

(c)

LA NOT AFFECTED
BY THIS
POLYMERIZATION

[Al(OH)(H;0)121%*
(c) PROTOCASEYITE

LA AFFECTED BY

THIS
POLYMERIZATION
H,O
[V5*0,Al,4(OH),0(H,0)46]"* O ( 2 )
(d) CASEYITE ® (OH)'
[A|13(0H)24("'20)24]15+ @) 02-

Fig. 15 Complex cations involving AI’* in decavanadate miner-
als; a the monomer [Al(HzO)ﬁ]3+ in hughesite; various flatimers in
minerals [b=postite; c=protocaseyite; d=caseyite]; e synthetic

(f) SYNTHETIC

[Al;3(OH),4(H,0),41Cl,5(H,0) 5.
cles=(OH)~, green circles= 0.” ions.
et al. (2022)

Blue circles=(H,0), red cir-
Modified from Hawthorne
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(Seichter et al. 1998). The [Al,;(OH),,(H,0),,]"*
flatimer in caseyite has two fewer octahedra than
[Al,3(OH),,(H,0),,1Cl,5(H,0),; (Fig. 15¢) and one AI**
at an edge-sharing octahedron has been replaced by V>*
with the loss of two H ions at the outer edge, leaving two
O ions (shown in green in Fig. 15d) which receive bond-
valences from V3% of 1.63 and 1.59 vu and accept two and
three hydrogen bonds, respectively. These two O*” ions
are hydrogen-bond acceptors whereas the other external
ions of the flatimer are hydrogen-bond donors. Thus, the
flatimer in caseyite has polar character, acting as a cation
at most ions by donating hydrogen bonds to the struc-
tural unit and acting as an anion at the two O>~ anions by
accepting hydrogen bonds from the structural unit.

10 Linkage between the structural unit
and the interstitial complex

The decavanadate polyanion is very compact. Of the 28
simple anions, two have their bond-valence requirements
satisfied by bonds within the structural unit and the remain-
ing 26 anions have coordination numbers from [3] to [1]
(Fig. 2) and present an outer anionic surface of bond-valence
acceptors to their environment. The Lewis basicities of the
outer O> ions vary from 0.11 to 0.34 vu (Hawthorne et al.
2022) and can receive bonds directly from interstitial cations

(a) Hughesite
Na;AlI[V,0](H;0),,

and from H* ions involved in (H,0) groups. However, as
indicated by Figs. 12 and 14, the majority of the bonds from
the interstitial complex to the structural unit must be hydro-
gen bonds. These hydrogen bonds of the interstitial (H,0)
groups are soft and compliant and impart a flexibility to
the structures that allows the interstitial species to easily
conform to the arrangement of the external O~ ions of the
decavanadate unit.

Inspection of the chemical compositions in Table 1 shows
considerable variety in the chemical compositions of the
interstitial complexes: some interstitial complexes have a
much smaller number of individual constituents than oth-
ers and the relative volumes of the structural unit and the
interstitial complex can vary widely. Figure 16a and b show
the structures of hughesite, NajAl[V,,0,3](H,0),,, and
caseyite, [(V’*0,)Al; s(OH),5(H,0),3],[HVH V¥ 400]
[V ,4045],(H,0)g0; the smaller volume of the interstitial
complex in hughesite compared to that in caseyite is visibly
apparent. The greater volume of the interstitial complex in
caseyite is a result of having a large polycation, [(V>*0,)
Al; 5(OH),5(H,0)31,(H,0)qq, in its interstitial complex with
a minor contribution by disordered Na*, K* and Ca®* ions
and (SO,) groups.

The structure of caseyite (Fig. 16b) shows the poten-
tial of the decavanadate structures to incorporate large
heteropolyatomic cations into their structures. There are
several large aqueous Al-hydroxide polyatomic cations
(Casey 2006), including the Baker-Figgis-Keggin Al

(b) Caseyite
[(V>*0,)Al, 5(OH),5(H,0) 5],
[H2V4+V5+9028] [V5+10028]2(H20)90

Fig. 16 The crystal structures of a hughesite, green=decavanadate
polyanion, blue=Na polyhedral, and b caseyite, brown=decavana-
date polyanion, blue=Al/V polycation; red ellipses outline the deca-
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[MO,Al,,(OH),,(H,0),,] isomers (M= Ge**, Ga** and
A*), the Aly, group [Al,O5AlLg(OH)ss(H,0),5]'F, and
various flat-Al, groups. Casey (2006) noted that “most
large polymers are yet uncharacterized and unidentified...”.
The existence of caseyite suggests that [V,,0,5] poly-
anions might be used to induce co-crystallization of large
AlP*-containing polyatomic cations from aqueous solu-
tion and lead to their structural characterization by crystal-
structure solution and refinement (Hawthorne et al. 2022).
Indeed, this capability of decavanadate polyanions to induce
crystallization of “hard-to-crystallize” proteins is a signifi-
cant feature of protein crystallography (Bijelic and Rompel
2015, 2018).

11 Proteins as giant interstitial complexes

11.1 Polyoxidometalates as protein crystallizing
agents

Proteins are notoriously difficult to crystallize and this has
been a significant problem in their structural characteriza-
tion. Various additional constituents have been added to
promote the formation of adequate crystals for structure
determination. Polyoxidometallic ions are increasingly used
for this purpose; they bond primarily to side chains in flex-
ible regions of proteins and tend to reduce this flexibility to
induce crystallization of good-quality crystals (e.g., Vande-
broek et al. 2019). Moreover, polyoxidometallic ions have
strong X-ray scattering and significantly enhance solution of
the phase problem for these complex structures (e.g., Bijelic
and Rompel 2018).

11.2 Polyoxidometalates as protein inhibitors

Polyoxidometalates act as inhibitors for a wide range of
enzymes and are promising possible therapeutic agents for
a wide range of diseases, including cancer, Alzheimer’s,
AIDS, diabetes and COVID-19 (e.g., Aureliano et al. 2021,
2022; Bijelic et al. 2018, 2019; Lentink et al. 2023). There is
also the possibility of optimizing these inhibitory properties
of specific polyoxidometalates through a better understand-
ing of the polyoxidometalate-protein interactions.

12 Decavanadate-protein interactions

Figure 17 shows a transient receptor potential channel
(TRP): a Ca**-activated cation channel permeable to Na*
and K* which can modulate the operation of the cell that
is important for cardiac thythm and immune response.
There are two types of decavanadate polyanions, coloured
blue and brown in Fig. 17, each surrounded by red circles

Fig. 17 Transient receptor potential channel (TRP): a Ca®*-activated
cation channel permeable to Na* and K* that can modulate the opera-
tion of the cell which is important for cardiac rhythm and immune
response. The decavanadate units are brown and blue and are empha-
sized by red circles and rectangles. From Aureliano et al. (2022), cop-
yright Elsevier

or rectangles. Quantitatively, the decavanadate polyanions
are a very minor part of the structure, but as stated above,
are instrumental in causing crystallization of the protein-
decavanadate structure. Moreover, comparison of Figs. 16
and 17 emphasizes the continuum of interstitial complexes
from simple alkali-metal polyhedra to polymetallic cati-
ons to proteins. Figure 18 shows the details of the bonding
between the protein and the decavanadate units in which the
coordination numbers of the acceptor anions of the decava-
nadate units are identified by the colours coded in Fig. 2.
It is apparent (and not surprising) that those anions with a
coordination number of [1] are the more common accep-
tor anions followed by those with a coordination number
of [2] whereas anions with [3]- and [6]-coordination do not
accept (visible) external bonds. This protein-decavanadate
complex was grown at a pH of 2.0 which suggests (Fig. 10)
that the decavanadate polyanion will be protonated, a fac-
tor that will significantly affect the stereochemistry of the
protein-decavanadate interaction.

Figure 19a shows the structure of the enzyme phos-
phatase Francisella tularensis, a respiratory burst-inhibiting
acid phosphatase, one of a super-family of acid phosphatases
and phospholipases C (Aureliano et al. 2022), that is clas-
sified by the U.S. Centres for Disease Control and Preven-
tion as a category A bio-terrorism agent. Figure 19b and ¢
show the details of the bonding between the protein and the
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Fig. 18 a, ¢ Details of the bond-
ing between the decavanadate
polyanions and the protein of
Fig. 17 by hydrogen bonds and
metal-O bonds. b, d showing
the bonding to the differently
coordinated O ions in the
decavanadates, colours as in
Fig. 2: brown=[1], blue=[2],
green=|[3] and yellow=[6]. a
and c are from Aureliano et al.
(2022), copyright Elsevier

Lys1154 _

GIn1153 |
{;51149

His159

.

v10

Fig.19 a The structure of Francisella tularensis AcPA decavana-
date complex; b interaction of the protein surface with decavana-
date; ¢ showing the bonding to the differently coordinated O*~ ions

decavanadate units in which the coordination numbers of
the acceptor anions of the decavanadate are [1] and [2]. It
seems worthwhile in the future to examine in more detail the

@ Springer
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Serl77

Argl1138

Arg214 (d) -
Ser422 -

Argd21

(b) His49

in the decavanadates, colours as in Fig. 2: brown=[1], blue=[2],
green=|[3] and yellow=[6]. a and b are modified from Aureliano

et al. (2022), copyright Elsevier

stereochemical relations between the hydrogen-bond donors
and the metals of the protein active sites and the acceptor
anions of the decavanadate, as this may lead to increased
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control and optimization of the inhibitory action(s) of the
decavanadate polyanion.

13 Coda

1. The pascoite-family minerals contain decavanadate
polyanions of four different types: (i) [V5+10028]6’,
(i1) mixed-valence [(V4+XV5+(]O_X)Ozg]((’”)’, (iii) pro-
tonated [H+yV5+10028](6‘y)‘ and (iv) protonated mixed-
valence [(HY V4 V¥ 15 10p] O,

2. The decavanadate units form the structural units which
are linked together by cations and (H,O) of the inter-
stitial complex.

3. Linkage between the decavanadate units and the inter-
stitial complexes is constrained by the principle of cor-
respondence of Lewis acidity-basicity.

4. The Lewis base strengths of the various decavanadate
polyanions vary from 0.054 to 0.154 vu.

5. The principle of correspondence of Lewis acidity-
basicity shows that decavanadate structures can form
from simple cations only for Cs*, Rb*, K*, T1" and
Na*. Simple cations such as Ca**, Mg?* and AI** are
too acidic to form decavanadate structures by them-
selves.

6. Such cations may bond to transformer (H,O) groups to
form polyatomic cations that have lower Lewis acidi-
ties than the constituent simple cations.

7. The occurrence of the complex polyatomic cation
{(V3*0,)Al,((OH),,(H,0),5}!'* in caseyite shows
the potential of decavanadate structures to incorporate
large complex heteropolycations into their structures.

8. Decavanadates may combine with proteins to form
crystals in which the proteins act as giant interstitial
complexes.

9. Decavanadate can act as an inhibitor for several
enzymes and are promising possible therapeutic agents
for a wide range of diseases, including cancer.

10. The principle of correspondence of Lewis acidity-
basicity suggests that, by changing the form of the
decavanadate by altering the ambient pH and adding
additional Lewis acids, it may be possible to tune the
inhibitory function of the decavanadate and lead to
more control of the inhibitory process.
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