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Abstract

One of the most common polyoxometalates (POMs) is the Anderson-Evans archetype with the general formula
[Hy(XO6)M60O1s]™, where y = 0-6, n = 2-8, M = addenda atoms (Mo"' or W"!) and X = a central heteroatom. The
Anderson-Evans archetype is a highly flexible POM cluster that allows modification from several point-of-views; i) it
can incorporate a large number of different heteroatoms differing in size and oxidation state, ii) it can incorporate
inorganic and organic cations and molecules demonstrating different coordination motifs, and iii) covalent
attachment with tris(hydroxymethyl)methane ligands allows it to be combined with specific organic functionalities.
The catalog of available heteroatoms, counter cations and organic ligands has witnessed a tremendous expansion
during the last years ranging from small inorganic anions that act as building-blocks for larger structures to anions
in the nanometer range exhibiting multifunctional properties. This in-depth review discusses synthesis approaches
and looks into existing Anderson-Evans structures with a special emphasis on structure-property relationship that
tris(hydroxymethyl)methane functionalized structures bring. It also covers the successful use of the Anderson-
Evans archetype in various fields of classical applications and describes its superiority to other POM archetypes
especially in biological applications.

Highlights

e  Summary of known inorganic and hybrid Anderson-Evans polyoxometalates.

e  Current trends in the synthesis of Anderson-Evans polyoxometalates.

e Challenge: incorporation of multifunctional hybrids into versatile applications.

e Unique advantages of Anderson-Evans clusters compared to other polyoxometalates.
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1. Introduction

Polyoxometalates (POMs) consist of a large class of polynuclear oxo-bridged early transition metal
compounds with a rich topology and versatile chemical and physical properties [1]. They are based on
the assemblage of MO, (M = addenda atoms e.g. W', Mo, V) polyhedra, most commonly octahedra,
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connected to each other via corner and edge sharing. A broad classification splits the POMs into
isopolyanions ([HxM,0,]™) and heteropolyanions ([X\Mm0O,]%, X = heteroatom, e.g. a first-row transition
metal). The isopolyanions lack heteroatoms resulting in an increased instability compared to
heteropolyanions. The metal-oxide framework in heteropolyanions contains a templating
heteroatom/heteropolyanion and has been in focus due to the great structural diversity that they bring,
including the Keggin [XM1,040]™ [2], Dawson [XM130s2]™ [3] and Anderson-Evans archetypes [XMgO24]™
[4, 5]. The possibility to attach organic ligands [6] further contributes to the diversity of POM structures
allowing the combination of inorganic POMs with specific organic functionalities and thus giving rise to
new hybrid compounds [7]. Depending on the i) size, ii) structure, iii) charge, iv) redox chemistry, v)
thermal and oxidative stability and vi) photochemistry POMs have become attractive candidates in
catalysis [8-11], for sensors [12], in bio— and nanotechnology [13-16], medicine [17-20], material
sciences [21], magnetism [22] and macromolecular crystallography [23-31].

Many reviews about POMs have been published addressing e.g. different synthetic approaches [32],
properties [33-35] and applications [36] in catalysis [37] and biology [17, 31]. Lorenzo-Louis et al. [38]
have published a review based on the Anderson-Evans cluster. Since then a lot of work has been
reported on this POM archetype. The aim within this review is to give an overview of the Anderson-
Evans POM in terms of synthesis and existing structures as well as to demonstrate their suitability for
current and new fields of applications. Various different classical uses such as magnetism and catalysis
are looked into as well as new research areas in biology since it is becoming one of the go to POMs for
biological applications based on recent results in nanomaterials, macromolecular crystallography, tumor
inhibiting and antiviral studies. The crystal structures reported herein are based on entries in the
Inorganic Crystal Structure Database (www.fiz-karlsruhe.de/icsd.html) and the Cambridge
Crystallographic Data Centre (www.ccdc.cam.ac.uk).

2. The Anderson-Evans POM

2.1 The inorganic structure

The Anderson-Evans polyoxoanion is composed of six edge-sharing MoOs or WOs octahedra surrounding
a central, edge-sharing heteroatom of octahedral geometry (XOs) leading to a planar arrangement and
an approximate Dsqg symmetry [5]. Three different coordination modes of oxygen atoms are found in the
structure; six triple-bridged oxygen atoms (us-O) connect the heteroatom and two addenda atoms, six
double-bridged oxygen atoms (l>-O) connect two addenda atoms and two terminal oxygen atoms (O)
are connected to each of the six addenda atoms (topview, Figure 1A). The general formula can be
written as [Hy(XOs)M¢O15]™, where y = 0-6, n = 2-8, M = addenda atoms (Mo"' or W"') and X = central
heteroatom [1, 38, 39]. A first classification [1] divides the Anderson-Evans structure into two types: the
non-protonated A-type with central heteroatoms in high oxidation states with the general formula
[X"*Mg024]*2™ (X = e.g. Te"'[40], IV"[41]) and the protonated B-type with heteroatoms in low oxidation
states and the general formula [X™(OH)sMs015]® ™ (X = e.g. Cr'" [42], Fe" [43]). The six protons in the B-
type are found on the six ps-O atoms surrounding the heteroatom [1]. The average dimensions of the
Anderson-Evans anion measures approximately 8.6 x 8.6 X 2.7 A (Figure 1B). An isomer of this structure
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is heptamolybdate ([Mo0,024]%) [44] representing the “bent” structure (Figure 1C). Heptamolybdate can
be seen as three edge-shared octahedra in line with two octahedrons located on each side of the space
formed in between the three octahedrons. The two octahedrons on each side are shifted by a half
octahedron resulting in a “bent” structure (Figure 1C bottom). Anderson-Evans-like structures have also
been reported with the octahedral heteroatom being replaced by trigonal pyramidal/tetrahedral atoms
(e.g. VY [45, 46], As¥ [47] and Te'V [48, 49]) on each side of the planar structure keeping the hexameric
addenda ring intact. For color coding of the Figures throughout this review, green/cyan octahedra are
used to illustrate addenda atoms that represent either Mo"' or WY whereas red octahedra represent
Mo"" addenda octahedra. Central heteroatoms are given a new color whenever a new XMg system is
discussed.

A B C
top view

N IEA

Figure 1. Ball-and-stick (A) and polyhedral representation (B) of the Anderson-Evans POM [XMgO24]™ seen from a top view and
a side view consisting of the heteroatom (grey sphere, grey octahedron, X = e.g. a first-row transition metal), the addenda
atoms (green spheres, green octahedrons, M = WY or Mo"') and the three different types of oxygen atoms (red spheres) that

make up the structure; triple-bridged (ps), double-bridged (p,) and terminal oxygen atoms (O¢). The “bent” isomer [M;0,4]™ (C)
[44].

Figure 2 illustrates the elements found in inorganic Anderson-Evans crystal structures varying in
oxidation states from Il to VII. The XMos (element symbol red in Figure 2) system incorporates a greater
variety of heteroatoms than the XWs system (element symbol green in Figure 2). All first-row transition
metals except for Sc and Ti have been reported in the literature (Table 1) to act as a heteroatom in the
XMos system. The XWs system exist with Mn'"""V [50] and Ni" [51-54] forming the B-type Anderson-Evans
POM, incorporating six hydrogen atoms which is rather unusual when W act as addenda atoms.
Interestingly, given the large number of hybrid structures in the Mn""Mos system (section 5.2), no
inorganic crystal structure exist although synthesis and spectroscopic characterization has been
reported [55]. Out of the heavier transitions metals only noble metals have entered so far in both the
XMogs and XW5 systems (see Figure 2). Post-transition metals and metalloids are also represented with
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Al", Ga", SbY, TeV" and IV in the XMos system and SbY and Te"! in the XW, system, however, both systems
are still missing several heteroatoms that in theory are accessible based on the ionic radius of the
heteroatom. Noble metals such as Ru'"/" and Rh'" are not represented in either system and several of the
first-row transition metals are missing in the XWs system like Cr, Fe, Co and Cu. Inorganic counter
cations (element symbol orange in Figure 2) have instead been widely explored. This includes the
majority of the alkali metals and alkaline earth metals as well as the entire lanthanide series.

2
He
4 5 6 7 8 9 10
Be wsssw heteroatoms (XMos) B|C|N|O|F/(Ne
i3 wzsw= heteroatoms (X'Ws) 14 15 16 17 18
Mg inorganic cations S8 Si| P| S |Cl|Ar
21 22 23 : 5 8 2 8 2 0 32 33 34 35 36
Sc|Ti|V e C Ci ¢l Ge| As | Se | Br | Kr
39 40 M 43 44 5 46 48 49 50 51 52 53 54
Y | Zr | Nb ii'[s} Tc | Ru i P Cd| In | Sn Bl JEIEE Xe
il 72 73 75 76 8 79 80 82 83 84 85 86
Lu| Hf | Ta Re | Os =8 Au | Hg Pb| Bi | Po| At | Rn
87 88 89-102 [ 103 104 105 106 107 108 109 110 11 112 114 *Lanthamde series
Fr |Ra|%%| Lr | Rf | Db | Sg | Bh| Hs | Mt |Uun|Uuu(Uub Uud| s actinide series

Figure 2. Periodic table illustrating heteroatoms in XMog and XW5 systems and the different cation linkers successfully applied.

The Anderson-Evans structure exhibits physical and chemical properties that are highly versatile but
depend strongly on the heteroatom, counter cation and any organic functionalization (see chapter 2.2).
One property that arise from the specific geometry of the POM and/or the addenda atoms making it
applicable for the majority of the compounds are pn(O:) —+dr+(Mo) ligand-to-metal charge-transfer
transitions that are characteristic for the Anderson-Evans-type framework. They appear at
approximately 210 nm with a shoulder at 240 nm [56-61] and can be characterized by more absorption
bands [62] depending on the presence of any further absorbing elements/units. The Anderson-Evans
POM is hydrolytically stable enabling its application in biology. There are only a few papers discussing
the hydrolytic stability of the Anderson-Evans POM in the GaMog [57], CrMog [63] and the Anderson-
Evans like VMog system [64]. The thermal stability has also been thoroughly investigated in several
different systems [57, 60, 61, 65-70] and the above mentioned factors can have significant impact on the
thermal stability. The redox properties strongly depend on the heteroatom and pH and have been
investigated in the CoMos [71], IrWs[72], CrMog [73], AlMog [74], TeMoe [70] and TeWs [75] systems.
The magnetic behavior in Anderson-Evans POMs depends on the heteroatom present, symmetry and
the presence of any well-defined ligands with polynuclear transition metal clusters and is discussed in
section 6.4. Several Anderson-Evans POMs exhibit luminescent emission bands which have been
reported in the AlMos [76-78], CrMos [58, 67, 76, 79] and SbWs [80] systems. The luminescent
properties strongly depend on the incorporation of any luminescent atoms and symmetry (section 3).
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2.2 Topology of “extended” organic-inorganic and tris-functionalized
hybrid structures

Compounds containing organic molecules that are non-covalently attached to the POM have resulted in
a variety of “extended” structures with subsequent solid-state applications (see sections 6.4-6.5).
Covalent attachment has, except in [81, 82] (see section 5.2), been grafted with a variety of organic
tris(hydroxymethyl)methane ligands (RC(CH,OH);), abbreviated with “tris” in this review. The organic
ligands are usually connected to the POM via terminal oxygen atoms (O:) (Figure 1A) in “extended”
structures, whereas the covalent attachment to the POM has, except in [81, 82], been functionalized
with tris-ligands at Y-O and p3-O atoms (Figure 3).

The general build-up of the “extended” structures consist of metals like Cu, that act as linkage between
organic ligands like pyridine-4-carboxylic acid that offers nitrogen and oxygen donor atoms and the
Anderson-Evans POM providing oxygen donor atoms. This sort of template building, where the POM
clusters act as building units to form a high-dimensional solid-state material is reported in B-type
systems but has also been widely reported in A-type systems with heteroatoms such as Te"' and IV since
they lack six proton ligands (us-OH, see Figure 1A) that can be replaced with tris-ligands.

tris-functionalized

structures

£

“extended”
structures 0oo

ﬂﬂl:> “extended”
structures

V

tris-functionalized
structures

Figure 3. Schematic illustration of where the majority of the reported “extended” and covalently attached hybrid structures
connect to the Anderson-Evans POM framework. The “extended” structures usually connect with the cluster on terminal
oxygen atoms Oy (blue spheres) whereas covalently attached tris-ligands are grafted on the planar POM surface at -0 and ps-
O atoms (red spheres). Green octahedra: addenda atoms (Mo"! for tris-functionalized structures and MoVv'/WV! for “extended”
structures); dark red octahedron: central heteroatom.
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The six protons attached to us-O atoms (Figure 1A) of the Anderson-Evans POM in the B-type can be
replaced with a wide variety of tris-ligands (RC(CH,OH)s, R = e.g. -NH,, -OH, -CH,0OH, and further
derivatization with imine and amide bonds either before or after attachment to the POM) [83, 84]. The
tris-ligands can be synthesized first and then be grafted onto the POM (pre-functionalization) or tris-
ligands can further be modified by organic reactions after attachment onto the POM (post-
functionalization) [85]. They may cap either a tetrahedral cavity by connecting to two ps-O atoms and
one W>-0 atom (x-isomer, Figure 4A) or by capping the templating heteroatom and connecting to three
u3-0 atoms (6-isomer, Figure 4B) [86]. Due to the rather high symmetry of the inorganic Anderson-Evans
POM and the presence of protonated ps-O atoms on both sides of the planar structure, functionalization
with tris-ligands naturally results in double-sided products (Figure 4C) but both isomers can be
synthesized single-sided (Figure 4A-B) too (see section 4.2.2).

C

A B

Figure 4. Combined ball-and-stick and polyhedral representation of single-sided x-isomer (A), single-sided 6-isomer (B) and
double-sided &-isomer (C). Red octahedra: Mo; green octahedra: heteroatom in a low oxidation state; black spheres: C; blue
spheres: N; red spheres: O; grey sphere: H.

Figure 5 shows the periodic table and highlights heteroatoms that have been functionalized with tris-
ligands [86]. All known tris-functionalized systems are in the XMos system with the majority of the

or Cr'" heteroatoms. Compared to the pure inorganic structures

reported structures containing Mn
(Figure 2), this field is rather unexplored in terms of heteroatoms but the variety in ligands attached
onto e.g. Cr'"Mos and Mn""Mos has seen far more variety and is still increasing in a fast paste (Table 2,
Section 5.2). Besides the apparent lack of tris-functionalized XWs systems, several other heteroatoms
are still missing in the XMog system with a tris-functionalization which should be accessible [1], like Co,

Cu, Pt, and Te.
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1 2
H He
3 4 6 7 8 9 10
Li | Be C|{N|O| F |Ne
- i wsses tris-functionalized heteroatoms (6-isomers) - i i i7 -
Na | Mg wzsme tris-functionalized heteroatoms (y-isomers) Si|P| S |CIl|Ar

32 33 34 35 36

19 20 21 22 23 8+ s 7; 27 29
K | Ca Sc| Ti| V [« Mn‘Fé. Co Cu 40 Ge|As | Se | Br | Kr

Rb| Sr Y [Zr |INb|[Mo|Tc |Ru{Rh|Pd|Ag|Cd| In ([Sn|Sb|Te| | | Xe
55 56 57-70 7 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs|Ba| % ([Lu|Hf |[Ta| W |Re|(Os| Ir | Pt |Au{Hg| Tl |Pb| Bi | Po| At | Rn
87 88 | 89102 [ 103 104 105 106 107 108 109 110 11 112 114 Y%Lanthanide series
Fr |Ra|%%| Lr | Rf | Db | Sg | Bh | Hs | Mt |Uun|Uuu(Uub Uudq| s%actinide series

Figure 5. Periodic table illustrating heteroatoms in the XMog system containing tris-functionalized structures either as the 6 or
as the x-isomer.

3. Inorganic Anderson-Evans POMs: The great variety of
heteroatoms

In 1937 Anderson proposed the A-type structure [Te"'"Mo0s024]% [4, 87], and was later confirmed with X-
ray diffraction experiments in 1948 by Evans [5]. The six protons in the B-type Anderson-Evans POM
were first reported in Nas[Cr(OH)sMos01s] X 8H,0 from the known valence states of the atoms in the
anion and the net charge [42]. Since these milestone findings many new inorganic crystal structures of
Anderson-Evans POMs have been reported which are summarized in Table 1.

Table 1. The inorganic crystal structures containing the Anderson-Evans structure in the XMos (left column) and XWs (right
column) systems. For each XMg system (X = heteroatom, M = addenda atom), the ionic radius of the heteroatom and the
average heteroatom — oxygen atom (u3-O) distance is given. The average distance is based on all six X-(u3-O) distances from all
crystal structures within the same XMsg system. The structures are arranged in an increasing atomic number of the templating
heteroatom and under each XMg system the structures are given low oxidation state to high. Within the same oxidation state
the compounds are given in a chronological order with the oldest crystal structures reported first.

XMog XWs
Compound lonic radius of X Avg. X-(u3-0) dist. Compound lonic radius of X Avg. X-(u3-0) dist.
(pm) (pm)
Al'"'Mos 67.5 1.89 no equivalent

KsHe[AIMos(OH)s01s] x 7H20 [88]
[Ln(H20)7][Al(OH)sM06018]n x 4nH20 [89]
Nazn(H20)6n[Al(OH)sM06018]n x 2nH20 [90]
(NH4)3[AIM06024Hs] [91]
Naz(H20)s[Al(OH)sMo0601g] x 2H20 [92]
Hs[AIMoe(OH)601s] x 10H20 [93]
Naz(H20)4(H30)[Al(OH)sMo0601s] [94]
[Eu(H20)7][Al(OH)sMo06018] x 4H20 [78]
[AlI(H20)6][AI(OH)6Mo0601s] x 10H20 [95]
Cr'"Mos 75.5 1.97 no equivalent
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Nas[Cr(OH)sMo0s01s] x 8H20 [42]
Ga[CrMos018(0OH)e] x 16H20 [96]
[(H20)4Ag3][Cr(OH)sMo06018] x 3H20 [97]
[Na3(H20)11][CrM06024Hs] x 2H20 [98]
[NdCrMoeO18(OH)s(H20)7] x 4H20 [99]

[X"(H20)7Cr(OH)sMos01s]n x 4nH20 (X = Ce, Sm, Eu) [58]

[Tm2(H20)14CrMo6024Hs][CrMo06024He] x 16H20 [100]
[Pr(H20)7][CrMosH6024] x 4H20 [59]
[AlI(H20)6][Cr(OH)sMo0601s] x 10H20 [101]
[NHa4]3[CrMos01s(OH)s] [102]
K2[H7CrMoe024] x 8H20 [103] [104]
Fe"Mos 78.5 2.01

[Naa(H20)7][Fe(OH)sMos01s] [43]

no equivalent

no equivalent

Co"Mos 75 1.91
[Ga(H20)e][Co(OH)sMo6018] X 8H20 [107]
Bas[Co(OH)sMo0s01s]2x 20H20 [108]
Nas[HsCoMo0s024] X 8H20 [71]

K3[HsCoMo06024] X KNO3 X 4H,0 [109]
K3[HeCoMo0e024] X 7H.0 [110]
Ga[CoMosO1s(OH)s] X 16H20 [111]
(NH4)3[CoMo06024Hs] [91]
[Cu(NH3)a]H[CoMo06018(0OH)s] X 10H20 [112]
(NH4)a[HsCoMo06024] X 4H20 [113]

Ni'"Mos 83 2.04
[{Ni(H20)4}2{Ni(OH)sMo0601s}] X 4H,0 [114]
(NHaz)a[HsNiMo06024] X 4H,0 [115]
(NH4)2[Naz2Ni(OH)sMo6018(H20)2 [116]
[Ni(H20)6][Ag2{Ni(OH)sMo0601s}] X 8H20 [114]

Cu"Mos 87 2.06
(NH4)4[HsCuMo06024] X 4H20 [117]

Zn"Mos 88 2.08
(NHa4)a(HsZnMo06024) X 6H20 [118]

Ga""Mos 76 1.97
X3[GaMos(OH)s018] X 7H20 (X = NH4 [119], K [120])

Mo"'7* 73 1.97

(NH4)6[M07024] X 4H,0 [44, 121, 122]
X6[M07024] X nH20 (X=K; n=4[121]X=Cs;n=7
[123])
NaCss[Mo07024] X 5H20 [124]
Na7[Mo7024]OH X 21H,0 [125]
Ks[M07022(02)2] X 9H20 [126]
Nas(Mo07024) X 14H,0 [127]
Rh"Mos 80.5 2.02
(NH4)3[HeRhMo06024] X 6H20 [128]

no equivalent

Mn'YWe 67 1.92
Nag[MnWs024] X 18H,0 [105]
KsNa2[MnWe024] X 12H-0 [106]
Mn'"Ws 81 1.91
[Naz(H20)10][Na(H20)3]2[MnWs018(0OH)s] X 6H20 [50]
no equivalent

Ni'"Ws 83 2.04
Xa[NiWO24Hs] X nH20 (X = K, Rb, Cs, Tl, Ni) [53]
X2[NiWs024He] X nH20 (X = Ca, Sr, Ba) [54]
Naa[NiWs024He] X 13H20 [52]
Naa[Ni(OH)sWs01s] X 16H20 [51]

no equivalent

no equivalent

no equivalent

no equivalent

no equivalent
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Ga[RhMo06018(0OH)e] X 16H20 [129]

Pd"VMos 75.5 1.99
Ko.7sNa3.7s[PdMo0s024Hs.5] X 17H20 [130]

SbYMos 74 1.98
Ks[H2SbMo06024] X 7H20 [131]

Te""Mos 70 1.93

(NHa)s[TeM0s024] X 7H20 (X = (NHa) [5, 871, K [5]; n = 7)
Xe[TeMo6024] X yTe(OH)s X nH20 (X =(NHa4);y=1;n=7
[87] X=Rb;y=1n=6[133] X=Li;y =1n = 18 [134] X =
Cs; y=2; n=4[135])
X[TeMogO24] X nH20 (X = Rbe; n = 10 [133] X = Lie; n =
18 [134] X = Nas; n = 22 [137] X = Naa(NH4)2; n = 16
[138])
[X(H20)6]3[TeMo06024] (X = Co, Ni) [139]
{[La(H20)6]2[TeM06024]}» X 6nH20 [140]
{[Ce(H20)7]2[TeMo06024]}n X 7nH20 [140]
{[X(H20)7]2[TeMo6024]}» X 8nH20 (X = Pr, Nd) [140]
Ken(TeM06024)n[(X(H20)7)2(TeMo6024)]» X 16nH,0 (X
Eu, Gd) [141]
K3n[X(H20)s(TeMoe024)]n X 6nH20 (X = Th, Dy, Ho, Er)
[141]
[(X(H20)6)2(TeMoe024)] X 10H20 (X = Ho, Yb) [142]
Nd2[TeMoe024] X 18H,0 (n =18 [143] n = 19 [144])
(NHa)2{[X(H20)3]2[TeM0s024]} X H20 (X = Mn, Co, Ni, Cu,
Zn) [145]
[X(H20)4]2[TeMo06024] X 3H20 (X = La, Ce, Nd) [145]
[X(H 20)7]2[TeMo0 6024] X 6H20 (X = La, Ce, Pr, Sm) [146]
{[Sm(H20)s5]2(TeM06024)} X 6H20 [147]
{[Eu(H20)7]2(TeMo06024)} X 5H20 [147]

M"Mos 67
Ks[IMo6024]2 X 5H20 [41]
[Cr(H20)6][Na2(H20)10][IM06024] X 8H,0 [148]
Naa[Pr(H20)s]2[IM06024]2 X 7H20 [149]

no equivalent

X

1.88

no equivalent

Pt"VMos 76.5
Ka[HaB-PtMo06024] X 2H,0 [152]
(NH4)a.sH3.5[aPtM06024] X 1.5H,0 [154]
Ka.s[a-Ha5PtM06024] X 3H20 [152, 156]
K2[HsaPtMo06024] X 5H20 (n =5 [158] 6 [159])
X2[H20-PtMo06024] X nH20 (X =Nd; n =14 [161] X=La; n
- 16 [162])

K35[Ha50PtM06024] X 5.5H20 [164]
KNa[Hsa-PtMo6024] X 6H20 (n =6 [166] 11 [167])
K7[Hoa-Pt2Mo01204¢] X 11H20 [169]

PtVMos* 76.5 2.00
(NH4)a[B-H4PtMo06024] X 1.5H20 ( X = NHs4, K; n = 1.5, 2)
[152]

2.00

no equivalent

ShYWs 74 1.99
KsNa2[SbWes024] X 12H,0 [132]

Ks.sH1.5[SbWe024] X 6H20 [80]

TeV'We 70 1.93
Nas[TeWs024] X 22H20 [40]
(NH4)2{[Ni(H20)3]2[TeWs024]} X H20 [136]

no equivalent

WYl * 74 2.01
Nas[W7024] X 14H,0 [150] [151]

Ir'VWe 76.5 2.00
NaeH[HIrWs024] X 26H20 [72]

PtVYWs 76.5 2.01

Nas[H3PtWe024] X 20H20 [153]
KsNaz2[PtWe024] X 12H,0 [155]
K2.5[Hs.5PtWs024] X 2H20 [157]
Ks[H3PtWes024] X 6H20 [160]
Nasg[PtWe024] X 26H.0 [163]

Nas[H2PtWe024] X 22H20 [165]
Nas.5[H25PtWes024] X 17H20 [168]

no equivalent
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* Contains the “bent” isomer

X-ray diffraction experiments from the crystal structures in Table 1 reveal a slightly flattened central
octahedron and six surrounding addenda octahedra that form a planar array of distorted octahedra for
the Anderson-Evans archetype. The distortion of the Mo/WOe units derives from the outwards
expansion of the addenda atoms, which is characteristic for the Anderson-Evans structure. The M-O
bond distances and angels are all influenced by the heteroatom. Larger heteroatoms give longer X-(u3-0)
bonds and subsequently longer M-O bond distances and increased M-O-M angles whereas the reverse is
observed for smaller heteroatoms. The M-(u-O) bond distance increases when the central heteroatom
binds stronger, as seen for example in Mn"YWs structures. The ionic radius of heteroatoms varies
between 67 and 88 pm in XMog systems and 67 to 83 pm in XWs systems. It is directly related to the
average bond-distances observed around the six ps-O atoms surrounding the heteroatom. The variance
in the average X-(us-0) bond distance among the different heteroatoms spans 0.2 A (from 1.88 to 2.08
R) for the heteroatoms in both the XMog and XWs systems. The shortest average distance of 1.88 A is in
the I"Mos (67 pm) system containing the smallest heteroatom, whereas the longest average distance is
in the Zn"Mos (88 pm) structures containing the largest heteroatom. Thus, the hexameric addenda ring
shows great flexibility towards outwards/inwards expansion to accommodate for a wide range of
heteroatoms.

The structures in Table 1 show great variety of counter cations. Monovalent, divalent and trivalent
cations have been observed and sometimes the same species [95, 114] acts as both the heteroatom and
counter cation. Depending on the valence of the anions and cations the Anderson-Evans anion can act as
a monodentate, bidentate or multidentate ligand [59, 97]. The size of the cation can also determine the
coordination mode to the POM. When trivalent rare earth cations were used with [TeMos02]® the
anion acted as either a hexadentate ligand for smaller cations (La"') or as a tetradentate ligand for larger
cations (Ce", Pr'", Nd") [140]. Different modes of linkage have also been observed, as in the case with
[Na3(H20)11][CrMo06024Hs] X 2H,0, containing the cation [Nas(H20)11]%, where the cation forms a chain
increasing the distance between the anions (Figure 6) [98]. The specific coordination of the cations can
have remarkable effects on physical properties of the entire complex. In the complex
[Tm2(H20)14CrMos024Hs][CrMo6024Hg] X 16H,0 the cations may be responsible for specific single-crystal-
to-single-crystal phase transition [100].
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Figure 6. Ball-and-stick representation of {[Na3(H,0):11][CrM0eO24H¢]}> showing an increased distance between the
[CrMog0,4He)3 anions. Red octahedra: Mo; purple octahedra: Cr; green spheres: Na; red spheres: O.

The compound [Eu(H20)7][Al{(OH)sMo0s01s] X 4H,0 incorporates Eu and exhibits photoluminescence with
an emission maximum at 591 nm corresponding to the °Do -> “F; transition. However, when glycine is
introduced, as in {(C2HsNO2)2[Eu(H20)s]}AI(OH)sMog01s] X 10H,0 (C,HsNO; = glycine), a different crystal
packing is induced that increases the symmetry and thus significantly increases the intensity of the *Dg ->
1 transition compared to the compound that lacks the glycine molecules. Thus, the photoluminescence
is enhanced but the opposite can also occur and certain emission bands can disappear as well from e.g.
rare-earth ions with well-known emission capabilities, especially the sharp characteristic 4f absorption
or emission peak [79].

It is also common for the supramolecular inorganic Anderson-Evans structures in the solid-state to
incorporate water molecules which usually act as guests since the majority of the compounds are
isolated from aqueous solutions (see section 4.1) [92, 170]. In the compound, [Al(H,0)¢][Al(OH)sM06O1s]
X 10H,0, where Al" is observed to act as both a heteroatom and counter cation, it balanced the charge
but also allowed formation of unique water sheets composed of water hexamers in both chair- and
boat-form [95].

4. Synthesis of Anderson-Evans POM

4.1 Synthesis of inorganic structures

The general procedure to synthesize inorganic Anderson-Evans POMs is rather straightforward and
involves acidifying an aqueous solution containing metal-oxide anions (Mo0,*, W04*) and a salt of a
templating heteroatom. Synthetic variables include (i) the concentration and type of metal-oxide anions;
(ii) the pH and type of acid used; (iii) the type and concentration of heteroatom; (iv) the introduction of
any additional ligands; (v) the use of reducing agent; (vi) the temperature of the reaction mixture and
(vii) the solvent used. There are two common synthesis techniques used to obtain inorganic clusters, the
hydrothermal and the aqueous refluxing synthesis. Hydrothermal synthesis allows crystallizing
substances from high-temperature aqueous solutions at high vapor pressures, which is becoming more
popular [73, 136, 145, 147, 171-177] and controllable but is still rather sensitive towards physical
parameters. Thus, the aqueous synthesis under reflux remains the conventional synthesis route for
inorganic clusters. The introduction of different counter cations is usually done during the synthesis but
sometimes cation exchange of already synthesized Anderson-Evans clusters are necessary to obtain the
Anderson-Evans structure with the counter cation of interest [59].
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4.2. Synthesis of “extended” organic-inorganic and hybrid tris-
functionalized structures

4.2.1 Synthesis of “extended” organic-inorganic structures

For organic-inorganic structures the introduction of the organic ligands in solution is usually enough
since covalent bond formation does not take place. However, despite the rather simple synthesis
approach, the presented examples in sections 5 and 6 underline the important effect of the choice of
chemicals on the final structure and its properties since it gives access to various topologies.

4.2.2 Synthesis of tris-functionalized hybrid structures

Figure 7 summarizes the different synthesis routes so far explored for tris-functionalized Anderson-
Evans POMs as well as the different products possible with each procedure. Several approaches have
been applied, (i) re-arrangement of octamolybdate (Figure 7 A1-A4), (ii) applying pre-synthesized
Anderson-Evans POMs in polar solvents (Figure 7, B1-B5) and (iii) activation of u,-O atoms to form the x-
isomer (Figure 7, C1-C5).
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Figure 7. A schematic summary of the different synthesis strategies used in the preparation of tris-functionalized Anderson-
Evans POMs. They are synthesized either through re-arrangement of octamolybdate (A1-A4, pink) or by using pre-synthesized
Anderson-Evans POMs (B1-B5, green) which gives the 6-isomer. The x-isomer can also be obtained (C1-C5, orange) both single-
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have been reported. Dashed arrows are theoretically accessible functionalization steps that have not been reported yet. Red
octahedra: Mo; green octahedra: heteroatom in a low oxidation state; black spheres: C; blue spheres: N; red spheres: O; white

spheres: H.
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4.2.2.1 Synthesis of tris-functionalized &-isomers by re-arrangement of octamolybdate

In 2002 Hasenknopf et al. [86] reported on the [MnMosO1s{(OCH,)sCNO,},]* anion, which was the first
ever report of a tris-functionalized Anderson-Evans POMs. The compound was obtained by refluxing
acetylacetonate or acetate salts of the templating heteroatom (Mn'"') together with [TBA]s[a-MogOas]
and tris-NO; in acetonitrile (Figure 7, Al). The six protons on the ps-O atoms surrounding the Mn'"
heteroatom on both sides are replaced by the tris-ligands giving the &-isomer (Figure 4B) [86]. Rosnes et
al. [178] showed that both isomers [a-MogO26]* and [B-MosO26]* [179, 180] can be used to synthesize
hybrid organic-inorganic Mn""Mos compounds. The B-isomer is shown in the upper left corner in Figure 7
and the a-isomer differs by incorporating two tetrahedrons instead of the two central octahedrons on
each side. The reaction media can also be exchanged with DMF making it possible to use ligands that are
not soluble in acetonitrile and the desired cations may be directly introduced, even small inorganic
cations [178]. Since then symmetric post-functionalization (Figure 7, A3) has been achieved with a
variety of organic ligands including ligands containing aromatic units [181] and alkyl-chains [182] of
different lengths (see section 5.2).

Asymmetric double-sided hybrid organic-inorganic Anderson-Evans POMs have also been obtained [183]
via the re-arrangement of octamolybdate (Figure 7, A4), which was initially achieved with tris-NO;
decorated on one side and tris-CHs on the other [184]. The synthesis involves a reaction mixture
containing both tris-ligands, which naturally results in a mixture of three different anions; two
symmetrical products (Figure 7, A1) of each organic ligand and one asymmetric (Figure 7, A4) product.
By separating crystals from the mother liquor every six hours and applying ESI-MS the three different
products were isolated. More recent methods take advantage of the difference in polarity between the
three products and were therefore separated by means of RP-HPLC [85]. If the difference in polarity is
too small, protective groups may be used to allow proper separation with the possibility of subsequent
post-functionalization once isolated [85]. The only report of an asymmetric post-functionalization
(Figure 7, A2) involves the attachment of SP to [MnMosO1s{(OCH)sCNH}]*. Interestingly, the
diffraction experiment revealed attachment of spiropyran on one side only leaving the amino group
unreacted on the tris-ligand on the opposite side. The symmetrical product was also obtained but no
crystals could be obtained [185]. This finding gives an insight on the reaction mechanism, which suggests
that the post-functionalization proceeds with attachment of one organic ligand on one side first before
the second ligand is attached.

4.2.2.2 Synthesis of tris-functionalized 6-isomers with pre-synthesized Anderson-Evans POMs

By applying pre-synthesized Anderson-Evans POMs the rather complicated reconstruction process from
octamolybdate (Figure 7, Al) is avoided giving room for more controllable reaction sites of the organic
ligand onto the Anderson-Evans POM [186]. Wu et al. [187] recently reported on the first single-side tris-
functionalized Anderson-Evans POM (Figure 7, B2) by grafting tris-CH,-OH onto [Cr(OH)sMogO1s]*.
Single-side decoration has since then been reported in the Fe'"Mos, Al""Mos, Ga""Mos and Mn""Mos
systems (see Table 2). The reason for the single-side decoration was argued to be the aqueous reaction
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media since the single-side decorated product is always obtained, regardless of the POM to organic
ligand ratio. However, recent findings on the single-side tris-decoration of Ga"'Mos and Fe""Mos systems
with tris-NH, and tris-CH»-OH vyielded both single-sided (Figure 7, B2) and double-sided (Figure 7, B1)
products [57]. Thus, tris-ligands and heteroatoms also play important roles in the mechanism of the
single-side grafting, besides the already reported [187] aqueous environment. Further post-
functionalization of single-sided products (Figure 7, B3) is a guarantee for keeping the single-side
decoration.

The ability to decorate Anderson-Evans POMs in a step-by-step fashion with two different tris-ligands on
each side (Figure 7, B2 and B4) can be prepared through a hydrothermal procedure by using water as
solvent [171] or by refluxing in hot ethanol [188] giving asymmetrical double-sided products. The
hydrothermal method was demonstrated with Cr'"Mos whereas refluxing in hot ethanol was achieved
with Cr'"Mos, Al""Mos and Mn""Mos systems (Figure 7, B2 and B4) in a step-by-step fashion by refluxing.
Interestingly, the use of ethanol also resulted in the formation of the single-sided product, just like
water [187] as shown previously. The stepwise synthetic protocol rules out the possibility of formation
of any symmetric byproduct. Furthermore, the order in which the tris-ligands are attached does not
have any effect on the outcome of the formed product. Instead asymmetric products were formed in
both cases. Compared to previously reported methods for the isolation of asymmetric products
explored for the Mn""Mos system [85, 184], this and similar procedures [171] are more controllable since
it does not rely on re-arrangement of octamolybdate, save time, give high purity and good yield [188].
Further post-functionalization on asymmetrically functionalized POMs (Figure 7, B5) can be selective
depending on e.g. the available functional groups that have been attached and the coupling reagent
used. It is also possible to attach tris-ligands where one of the three hydroxyl groups has been
exchanged with a carboxylic group [189]. The single-side decoration with tris-ligands breaks down the
rather high symmetry in the parent Anderson-Evans cluster and the mixed enantiomers formed can be
separated [102] in mixed organic solvents such as 60/40 DMF/MeCN (v/v) upon small additions of TBA-
Br.

4.2.2.3 Synthesis of single and double-sided x-isomers

Wei et al. recently activated the p,-O (Figure 1A) atoms (Figure 7, C1) in the Anderson-Evans cluster to
form W,-OH by refluxing Anderson-Evans clusters in acidified aqueous solvent either separately or in the
presence of the tris-ligand to be grafted (Figure 7, C1-C2). The activated proton allowed grafting of tris-
NH,, tris-CHs and tris-CH,CHs ligands that cap a tetrahedral cavity instead of the heteroatom by
covalently binding to two ps-O atoms and one ;-0 atom on the planar Anderson-Evans surface giving
the single-sided yx-isomer [190]. The formed product allows in theory further post-functionalization
(Figure 7, C3) as observed with -isomers (section 5.2). Interestingly, when zZn'" and Ni" were used as
heteroatoms and tris-CH3 and tris-CH,OH as organic ligands, double-sided x-isomers were also obtained
despite using the route involving re-arrangement of octamolybdate (Figure 7, C4) which resulted in loss
of the threefold symmetry [86].
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5. Organic-inorganic Anderson-Evans POMs: The expandable
world of hybrid structures

5.1 An overview of “extended” organic-inorganic structures

There exist 177 crystal structures of “extended” (see section 2.2) structures in the Al'""Mog [61, 69, 74,
76-78, 81, 82, 173, 191-205], Cr'""Mos [56, 60, 63, 65-69, 73, 76, 79, 81, 173, 177, 191, 194, 195, 199, 201,
204, 206-217], Ni'"Mos [93, 175, 218-220], Co""Mog [221-223] Fe'""Mos [224], Cu"Mos [174, 225-229],
Zn"Mos [230], As""Mog [229-232], Mo7 [112, 176, 193, 233-245], Te"'Mos [70, 246-250], Te"'Ws [70, 75,
251-253], ""Mog [82, 97, 193, 214, 254-257], W+ [172, 258], Pt"YMos [259, 260] and Pt'YWg [261] systems
as of March 2015. The following paragraphs looks into some interesting organic-inorganic compounds in
terms of structure and crystal packing.

A total of 25 crystal structures containing organic-inorganic aluminohexamolybdates exist as of March
2015 exhibiting various unusual topologies. Shivaiah et al. [203] have managed to crystallize
Cuy(phen),(CH3COO)(CH3COOH)(H,0):[Al(OH)sM0601s] X 28H,0, which incorporates a water pipe from
solely lattice water molecules. There are 13 lattice water molecules involved in the water tube, forming
an inner diameter of 8.527 x 8.061 A2 The Anderson-Evans cluster and the copper dimeric complex play
an important role in the stabilization of the water pipe. Other reports from the same research group
includes the novel chainlike coordination polymer [Cu"(2,2'-bipy)(H.0),Al(OH)sMo0sO1s],™ [202] and
[AI(OH)sMo0g01s{Cu(phen)(H20).}:][AI(OH)sMosO1s{Cu(phen)(H.0)Cl}.] X 5H,O0 [201], where two
polyoxometalate-supported copper phenanthroline complexes with different charge are crystallized to a
neutral compound.

The properties of “extended” structures are strongly dependent on the choice of ligands since they give
access to various topologies, especially porosities and cavities of different size forming highly
dimensional structures. Wang and co-workers have combined ligands that do not exhibit SMM behavior
with Anderson-Evans POMs in order to form new SMM materials (section 6.5) [82]. The compound
[{CuTb(sal-3-met)(H,0),},{AIM0s015(0OH)e}2] exhibits SMM properties and is composed of two cationic
[CuTbL(H20)3]3* units and two [AIMosO1s(OH)s]* anions. Two {CuTb} moieties are covalently connected
with two B-type Anderson-Evans POM units, forming a ring-type POM-supported heterometallic
complex as shown in Figure 8A. This is one of the few examples, where the covalent attachment occurs
with metals onto the terminal oxygen atoms and not by a functionalized tris-molecule capping 1, and/or
13-O atoms (see Figure 1A). Structure analogues were also successfully obtained with [IM0s0,4]> [82].
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Figure 8. Combined ball-and-stick and polyhedral representation of [{CuTb(sal-3-met)(H,0),}>{AIM0sO15(OH)e}.] (A) and
{Mn(salen)(H20)2[AIM0og(OH)s01s]} (B). Both structures feature covalent attachment on the unusual p-O site in the Anderson-
Evans POM. Red octahedra: Mo, Green octahedra: Al, cyan spheres: Cu; purple spheres: Tb; black spheres: C; orange spheres:
Mn; blue spheres: N; red spheres: O. Hydrogen atoms and solvent molecules are omitted for clarity.

The introduction of specific {Mn"';}-Schiff base complexes also induces SMM behavior in the similar

complexes Mn(salen),(H,0);[AIMog(OH)s018] X arg X  20H,0 (Figure 8B) and
Mn(salen),(H,0)2[CrMog(OH)s015] X arg X 11H,0, prepared by Wu et al. [81]. In the two compounds the
Mn-Schiff bases are also covalently bonded to the terminal oxygen atoms of the [AIMos(OH)s015]* anion.
The crystal structure revealed m-m interactions in between adjacent {Mn,} complexes in a staggered
fashion with distances of 3.75 to 3.65 A which is not observed in the similar [Mn(salen-
am)(H20)]2Na[XMog(OH)e01s] X 20H,0 (X = Al, Cr) [204] compound.

Only a few Cu'"/Zn"Mos (7 and 5 crystal structures as of March 2015, respectively) compounds
incorporating organic ligands have been reported based on both hydrothermal synthesis and
conventional refluxing [225, 226, 230]. Interestingly, independently on the presence of organic
counterpart, they all incorporate cyclic As;O¢ trimers that are capping the Cu/ZnO¢ octahedron on both
sides of the Anderson-Evans cluster. The incorporation of the As;O¢ trimers has also been noted in the
Co'"Mog system [221]. The As3Os unit can further be split up into three AsOs; trigonal pyramids linked in a
triangular arrangement by sharing corners with each other and corners in the Cu/ZnOsoctahedron as
shown in Figure 9. One reason for the attachment of the As3Osin the formation of organic-inorganic
Anderson-Evans compounds in the Co"Mos, Cu"Mos and Zn"Mos systems may be related to the larger
ionic radius of the heteroatoms resulting in an increase of the average X-(us-O) (X = heteroatom)
distance (Table 1). This causes an outwards expansion of the central XOs unit which the As;Os trimers
can stabilize.
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Figure 9. Combined ball-and-stick and polyhedral representation of [AssXMogO30]* (X = Cu/Zn), the typical anion formed in
reported organic-inorganic compounds of the Cu''Mog and Zn'"MOg systems [225, 226, 230]. Red octahedra: Mo, brown
octahedron: Cu/Zn; yellow spheres: As; red spheres: O. Countercations and solvent molecules are removed for clarity.

5.2 An overview of tris-functionalized hybrid structures

Table 2 shows hybrid tris-functionalized crystal structures that contain the Anderson-Evans structure.
The covalent attachment has explicitly been decorated with a wide variety of tris-ligands through either
pre or post-functionalization using different procedures yielding symmetric and asymmetric products
(see Figure 7). The variation in tris-ligands includes alkyl chains of differing lengths, aromatic ligands,
ligands with remote binding sites and ligands with terminated functional groups such as amines and
carboxylic acids. The following paragraphs looks into some interesting hybrid tris-functionalized
compounds in terms of structure and crystal packing with a special emphasis on the Mn""Mog system.

Table 2. Tris-functionalized hybrid organic-inorganic compounds containing the Anderson-Evans anion in the crystal structure
and structural/geometrical information on the grafting of the tris-ligand. The structures are arranged in an increasing atomic
number for the templating heteroatom and under each XMog system the structures are given in a chronological order with the
oldest crystal structures first.

Compound tris-R* / single (S), double- application** Ref

sided (D), asymmetric
double-sided (AS)

Al"Mos

[N(C4Hos)4l3[AIM06O45(OH)3{(OCH,)3CNHCH,COOH}] X 10H,0 -CH,COOH (S) nr [262]
[N(CaHs)a]s[AIMOgO15(OH)5{(OCH,)sCCH,CHs}] X 11H,0 ~CH,CHs (S) nr [262]
[N(C4Ho)a]3[AIM06015(OH)3{(OCH,)3CNH,}] X 7H,0 -NH, (S) nr [262]
[N(CaHo)als[AIMOgO15(OH){(OCH,)sCCH,0H}] X 13H,0 CH,0H () nr [262]
[(CaHg)4N]3[AIM0gO15(OH)3{(OCH,)sCNHCOCH,CsHsNNCeHs}] - NHCOCH,CgH4NNCgHs (S) photochromic, chiral transfer [186]
[TBA]&{[C;H5C(CH,0)3]AIM0g015[(OCH,)3CNH,]}, X 3DMF -CH,CHjs, -NH, (AD) nr [188]
[TBAJ{[CoHsC(CH;0)3]AIMOogO15(OH)s} X [TBA]BF ~CH,CHs (S) nr [188]
Cr'"Mos

[(C4Hg)aN]s{H;[HOCH,C(CH,)3(CrOg)Mog01s]2} -CH,OH (S) nr [187]
[(C4Hs)aN]3[(CoHs)sNH](CH3CO2H)CHH;[(CrO6)Mog015(CH,)3CCH,0H]} -CH,0H (S) nr [187]
(TBA)3{Cr(OH)3M0015[(OCH,)3CCH,0H]} X 12H,0 -CH,OH (S) nr [171]
(TBA){Cr(OH)sMogO15[(OCH,)sCCHs]} X 11H,0 CH5 () nr [171]
(TBA)3{CrMo¢0;5[(OCH,)3CCH,0H][(OCH,)3CCHs]} -CH,0OH, -NH, (AD) nr [171]
[TBA]5{[CH3C(CH,0)3],CrMog015} X 2DMF -CH3 (D) nr [189]
[TBAJ5{[CH5C(CH,0)(CO0)1,CrMog01s} X DMF trisCOCH; (D) nr [189]
[TBA]3 [H,NC(CH;0)3]2{[H3NC(CH,0)3]CrMo¢0;5(0OH)3} X 6H,0 -NH; (S) nr [102]
[TBAJs{[H;NC(CH,0)sCrMog015(OH)s} X [TBAIBr X 2H,0 -CH; (S) nr [102]
[TBA]5{[H3CC(CH,0)3CrMog0;5(0OH)3} X 4H,0 -CH3 (S) nr [102]
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[TBA3{[HsCC(CH,0)5CrMogO15(OH)s} X 11H,0
[TBAJs{[HsCNC(CH,0)5CrMog015(OH)s} X [TBA]Br
[TBALs{[HsC>C(CH;0)3]CrMog015(OH)s} X [TBAIBr X NH,Br
[TBAL{[H,NC(CH,0)5]CrMogO15(OH)3} X [TBAJBr X NH,
[TBAJ5{[H>NC(CH,0)5]CrMog015(OH)s} X [TBAJBr X 2H,0
[TBA]5{[HsC,C(CH,0)3]CrMog015(OH)s} X [TBA]Br X NH,4Br
[TBA]6{[C2HsC(CH,0)3]CrMog01g[(OCH;)sCNH,]}, X 3DMF
[TBA2[HH{[H2NC(CH,0)3]CrMos015(OH)3}
[TBALL[HH{[H3CC(CH,0)3] CrMoc015(OH)3}
[TBA],[H{[HsC,C(CH,0)s] CrMog015(OH)s}
[TBA]2[H{[HOH,CC(CH,0)s] CrMog0:5(0H)s}

Mn"Mog

[TBAJS[MnMO0gO15{(OCH,)sCNO,},] X 2DMF
[N(C4Hg)als[MnMog015{(OCH;)sCNHo}]
[N(CaHg)a]s[MnMog015{(OCH,)sCN=C(2-CsHaN)},]
[N(C4Hg)als[MnMogO15{(OCH;)sCN=C(4-CsH4N)},]
[(C4Hg)aN]3[MNMogO15{(OCH,)3CNHCO(4-CsHaN)},] X (CH3CN),
(ET)s{MnM0gO15[{OCH,)sCCH,0H],} X 5H,0
(ET)s{MNMogO15[(OCH;)sCCH,CH1,} X 2MeCN
(ET)s{MnM0gO15[{OCH,)sCNHa]a} X 2CH,Cly
[N(CaHo)als[MNMogO15{(OCH;)sCNH-CHy-CysHa] X 2 DMF X 3 H,0
{Ag3[MNnM0g015{(OCH,)3CNH,},(DMSO)s] X 3(DMSO)},
{Ag3[MNnMog015{(OCH,)3CNH,},(DMSO)¢(CH3CN),] X DMSO},
[(NCaHo)aNIsIMNM0gO15{(OCH;)sCNH-CO-(CH,)4CHsla] X 2DMF
[(nCaHs)aN]s[MNMoO15{(OCH,)sCNH-CO-(CH,)14CHs},] X 7H,0 X 2DMF
[n-(C4Ho)aN]s[MnMogO15{(OCH,)3C-NO,K(OCH,)3C-NH,}] X 2DMF
[n-(C4Ho)aN]s[MnMogO15{(OCH,)3C-NO,H(OCH,)3C-N=CH(CsH;N)}]
[TBA]3s[MNMo0g0,4C34H41N]

[TBA]3[MNMo0g0,4C26Ha6] X 2(CH3CN)
(TBA)3[MnMo0gO15{(OCH,)3CN = CH-CgHs},]
(TBA)3[MnMogO1{(OCH,)3CN = CH-CsHs0},]
(TBA)3[MnMogO1{(OCH,)3CN = CH-C;;HgN},]
(TBA)3[MnMo0gO;5{(OCH,)3CN = CH-Cy3Hg}]
(TBA);[M0gO1sNC(OCH,)sMnMogO15(0CH,)sCNMogOsg]
[C16H36N]3[CaoH3aNg026MnMog] X CsH;NO3C4HsNO
(TBA)3[MnMo06O;15{(OCH2)3CNCy5H34N,0,}]
(TBA)3[MnMo06015{(OCH2)3sCNHCgH10},]
(TMA)3[MNnMog015((OCH;)3CNH;),]
(TEA)3[MnMog015((OCH,)3CNH,),]
(TPA);Na;1[MnMog015((OCH,)3sCNHy),]
Na3[MnMogO15((OCH,)3CNH,),]
TBA)7[H10CsNM0gO1sNC(OCH,)3sMnMog0;5(OCH;)3CNM0ogO1gNCsH 0]
TBA)7[H13CoNM0gO1sNC(OCH,)sMnMogO15(OCH;)3CNMogO1sNCoH 3]
TBA)3[MnMogO;4{(OCH,)3C-NHCOCH,CsNsH,},]
TBA)3{MnMogO15[(OCH,)3CNHCOCgH,4FeCioHol,}
(TBA)3s[MnM0gO1{(OCH,)3CNH,K(OCH;)3CNHC21H19N; 04}
[TBA]3[(MNMo0g01)((OCH2)3-C-(CH,);CHCH,),]
[PPha]3[(MnM06O15)((OCH,)3C-NHCH,Ci6Ho),]
[TBA]5[(MNnMogO4s)((OCH,)sC-NHC(O)CH,CHCH,),]
[TBA]3[(MNnMo0g015)((OCH;)3C-NHC(O)(CH,)10CH3),])
[TBA]3[(MNnMo0g015)((OCH;)3C-NHC(O)(CH,)15CHs),])
[n-(C4Hg)aN]s[MNM06024(C19H16NO)(C4HgN)] X 3DMF
[n-(C4Hg)aNI3s[MNM060,4(C19H1sNO2)(CaHgN)] X 3DMF
[n-(C4Hg)aN]s[MNM0g024(C7H1,NO)(C4HgN)] X 3DMF
[n-(C4Hg)aN]s[MNM0g024(C19H16NO),] X 3MeCN
(TBA)3[MnMogO15((OCH,)3CNHCOCH,CHjs),]
TBA)5[MNnMogO1s((OCH,);CNHCOCeHs),]
TBA)3[MnMogO15((OCH,)sCNHCO(C4Hg)s),]
TBA)s[MnMogO1s((OCH,);CNHCOCH,CH,COOH),]
TBA)3[MnMogO15((0OCH,)3CNHCOCH,CH,CH,COOH),]
TBA)3[MnMogO;5((OCH,)3CNHCOC,HgCOOH),]
TBA)5[MnMogO1s((OCH,);CNHCOCeH,COOH), ]
TBA)3[MnMogO15((OCH;)3CNHCOC30H,0CO0H),]
TBA)5[MNMO0g054(CoH1sN>0s),] X 4DMF
(TBA)3[MNnMo06024(C17H21N,04),] X 4DMF
[TBA]5{[H,NC(CH,0)3]MnMogO15(OH);} X [TBA]Br
[TBAJ{[CoHsC(CH;0)3IMnMogO15[(OCH,)sCNH,]}, X 4DMF
[TBAJ,[H{[H,NC(CH,0)3]MnMog015(OH)s}

Fe'"Mos

(TBA)3[FeMo0g015{(OCH,)3CNH,},]
(TBA)3[FeM0gO15{(OCH,)3CNHCO(4-CsH,N) ]
(TBA)7[M0g018NC(OCH;)3FeMogO15(OCH;)3sCNMo0gO1s]
Naz[FeMogO45{(OCH,)3CCH,0H},] X 11 H,0
Na[TMA],[FeMogO15(OH)3{(OCH,)3CNH3}](OH) X 6 H,0
Ni"Mog

(
(
(
(

(
(
(
(
(
(
(
(

-CH3 (S)

-CH3 (S)

-CH,CH; (S)

-NH; (S)

-NH; (S)

-CH,CH; (S)

-CH,CHs, -NH, (AD)
-NH; (S, x-isomer)
-CH3 (S, x-isomer)
-CH,CHjs (S, x-isomer)
- CH,0H (S, x-isomer)

-NO; (D)

-NH; (D)
N=C(2-CsHqN) (D)
N=C(4-CsH4N) (D)
N=C(4-CsH,N) (D)
-CH,0H (D)

-CH,CH; (D)

-NH, (D)
NH-CHy-C16Ho(D)
-NH; (D)

-NH; (D)
-NHCO(CH)4CHs (D)
“NHCO(CH_)14CHs (D)
-NO,, -NH, (AD)
-NO, -N=C(4-CsH,N) (D)
~(CH,)sCH; (D)

-(CH,)sCHs, -NH-CH,-Cy6Hq (AD)

NCH-CeHs (D)
-NCH-CgHq-OH (D)
-NCH-CeHa-CsNHs (D)
“NCH-CeHa-C13Hs (D)
-N-Mog0;5 (D)
-NH-CqgoH33N7 (D)

- NH-C;5H33N,0; (D)
-NH- CgHyo (D)

-NH; (D)

-NH; (D)

-NH; (D)

-NH; (D)
-NMogO;gNCgH10 (D)
-NM0g018NCoH13 (D)
-NHCO-CH,-CsNsH, (D)
-NHCO-CgH4-FeCyHs (D)
-NH-C;H15N,0, (D)
~(CH,);CHCH, (D)
“NHCH,C16Hs (D)
-NHCOCH,CHCH, (D)
“NHCO-(CH,)1CH; (D)

- NHCO-(CH)1sCH; (D)
-NH,, -NHCO-Cy9H;5 (D)
-C19H18NO; (D)
-C;H1,NO (D)
-C19H16NO (D)
-NHCOC;9H;5 (D)
-NHCOCHs (D)
-NHCO(C4Hs)4 (D)
-NHCOCH,CH,COOH (D)
-NHCOCH,CH,CH,COOH (D)
-NHCOC4HgCOOH (D)
-NHCOCsH,COOH (D)
-NHCOC3H»0COOH (D)
-CIZHIENZOE (D)
>C17H21N204 (D)

-NH; (S)

-CH,CHs, -NH, (AD)
-NH, (S, x-isomer)

-NH, (D)
-NH-(4-CsHaN) (D)
- NM0g0;5 (D)
-CH,-OH (D)
-NHs* (S)
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[TBA]5[H,NiM0gO15{(OCH,)3sCNO,},] -NO; (D, x-isomers) nr [86]
Zn"Mos
[TBA]3[H2ZnM0g015{(OCH,)3CCH3},] -CHj3 (D, x-isomers) nr [86]
Ga"Mos
[TBA]3[GaMo0gO;5(0OH)3{(OCH;)3sCCH,0H}] X 12 H,0 -CH,0H (S) protein charge inversion [57]
[TMA]5[GaMo0g015(0H)s{(OCH,)3sCNHs}] X 7 H,0 -NH3* (S) protein charge inversion [57)

*6-isomer unless else stated, **nr = not reported

As of March 2015, 21 crystal structures of hybrid tris-functionalized Cr'""Mos compounds exist. The
Cr'""Mos has functioned as a model system that has been decorated with small tris-ligands (tris-CHs, tris-
CH,CHs, tris-CH,OH and tris-NH>) in order to explore new synthesis protocols (see Figure 7). Wu et al.
[187] recently reported the first single-side tris-functionalized Anderson-Evans POM that contains
covalently attached tris-CH,-OH to a Cr'""Mos unit (Figure 7, B2). The single-side functionality allows the
formation of the dimeric complex [(C4Hs)aN]s{H;[HOCH,C(CH,)3(CrOe)MogO1s]>} that is held together by
seven hydrogen bonds between the undecorated sides. The dimeric complexes align their plane in an off
center parallel orientation (Figure 10). The dimer can be split to obtain monomers resulting in the
{Hs[(CrOs)Mos01s(CH)3CCH,OH]}* anion. A similar interaction between the undecorated sides in the
Ga'""Mos system has also been noted [57].

X
‘? ?‘ °

1 1
D -}

Figure 10. The extensive network of hydrogen bonds that holds together the  cross-linked
[(C4Hs)aN]s{H7[HOCH,C(CH3)3(CrOs)Mo0g01s]2} dimer units. Seven hydrogen bonds are present in between the undecorated sides
and three additional hydrogen bonds are present in between tris-CH,OH and terminal oxygen atoms in the next anion. Red
octahedra: Mo; black spheres: C; red spheres: O; white spheres: H.

The Mn""Mog system is one of the best explored hybrid tris-functionalized organic-inorganic Anderson-
Evans polyoxometalates and as of March 2015 60 crystal structures have been reported. The research
group of Hasenknopf has since their first report on tris-functionalization successfully grafted 2-
pyridinecarbaldehyde to Mn"Mog and Fe'"Mos systems [263]. Other successfully attached ligands by the
research group includes terpyridine ligands [270] and pendant pyridyl groups [277] resulting in the
anions illustrated in Figure 11A and B offering remote binding sites (see section 6.3).
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Figure 11. Combined ball-and-stick and polyhedral representation of [MnMogO1s{(OCH2)sCNHCO(C1aN3H10)}213 (A),
[MnMo0gO15{(OCH2)sCNHCO(4-CsHaN) 113 (B), [MNnMogO1s{(OCH,)sCNHCO(CH,)15CH3}]3 (€) and [MnMogO1s{(OCH,)3CNH-CH,-
Ci6Ho}2]3- (D). Despite the similarity of the attached ligands in each anion the properties differ markedly resulting in specific
applications. Red octahedra: Mo, orange octahedra: Mn; black spheres: C; blue spheres: N; red spheres: O. Hydrogen atoms are
omitted for clarity.

The group of Cronin has reported on numerous different hybrid Anderson-Evans POMs mainly in the
Mn'"Mos system with different properties. As shown in section 3, the choice of cation linker can be of
great importance for the physical properties of the entire compound which is applicable to hybrid
systems as well. The presence of Ag*and DMSO is crucial for the thermal stability of tris-functionalized
[MnMog01s{(OCH.)3CNH:},(DMS0).]* anions despite different types of polymers and bridging modes
present [266]. However, it is not only the cation linker that determines the geometrical and physical
properties of the compounds but also the geometry of organic ligands that are post-functionalized.
When anhydride precursors are used to post-functionalize the hybrid anion [MnMogO1s((OCH2)3CNH>),]*
the reaction can be selective by the bulkiness of the anhydride used leading to the isolation of specific
isomers [275]. If aromatic ligands are attached instead as in [MnMogO1g{(OCH,)3CNH-CH>-C16Ho},]* that
contains pyrene ligands (Figure 11C), nanoscale butterfly shaped channels in the crystal structure can be
formed approximately 1 nm wide and 2 nm long. This interesting packing induced by the aromatic
ligands is held together only by van der Waals and C-H --- O-Mo hydrogen bonds and is stable up to 240
°C [181].

Rosnes et al. [182] have symmetrically attached alkyl chains of different lengths onto the Mn'""Mog core
ranging from C, to Cyo via tris-like moieties (Ci7 shown in Figure 11D). The chain length affects the
surface architecture giving rise to different fibrous assemblies with different heights. By introducing the
correct mixture of POM-organic ligand and cation the self-assembly on surfaces can be controlled. The
long alkyl chain can also self-assemble to form vesicles and is discussed in section 6.1. Several examples
involving attachment of even larger units have been reported. Macdonell et al. [278] attached tris-
ligands containing terminal alkyne and azide groups coupled to Mn'""Mos. A Cu-catalyzed alkyne-azide
cycloaddition reaction was then applied to link the clusters together forming linear oligomers in the
nanometer range. Yvon et al. [276] have reported on the Mn""Mos POM with 15 amino acids attached on
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each side of the POM. The modified properties of the inorganic diamine may be useful in both medical
and nano-science research, in specific as recognition motifs and catalytically active sites where key
amino acids may be replaced by POM amino acids. Schamming et al. [279] has reported on the synthesis
of a hybrid POM-porphyrin copolymeric film with zinc octaethylporphyrin (Figure 12) and zinc 5,15-
dipyridinium octaethylporphyrin in the presence of [MnMosO1s{(OCH2)sCNHCO(4-CsHsN)},]* which can
be used for metal recovery (section 6.3). Yuanchun et al. [190] have covalently attached
[MnMog015{(OCH,)3CNH,},]* to carboxylic acid-functionalized single-walled carbon nanotubes by amide
bond formation which can act as electrode material in lithium ion batteries.

Figure 12. Representation of the hybrid coordination two-dimensional polymer obtained by electropolymerization of
[MnMogO15{(OCH2)3CNHCO(4-CsHaN)},]3~ with zinc octaethylporphyrin. Red octahedra: Mo, orange octahedron: Mn; black
spheres: C; blue spheres: N; red spheres: O; dark blue spheres: Zn. Hydrogen atoms are omitted for clarity.

Nanoscale POM-organic hybrid chiral molecular rods are one of the few examples where different POM
archetypes are covalently linked via organic molecules. The
[M0s01sNC(OCH,)sMnMog013(OCH2)sCNMosO1g]” anion shown in Figure 13A consists of two types of
POMs, Anderson-Evans and Lindqvist. Two monosubstituted hexamolybdates are covalently bound to
one imido ligand on each side of the organically modified Anderson-Evans POM. The compound
crystallized as a chiral triad [269].
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Figure 13. Combined ball-and-stick and polyhedral representation of [M0gO1sNC(OCH2)3XM0g015(OCH;)sCNMo0g015]7 (X =
Mn/Fe) (A) and [CoH11NM0gO17NC(OCH2)3MNnMog015(OCH,)3CNMo017NCoH11]7- (B) which can be viewed as a nanorod that
measures roughly 2.77 nm. Red octahedra: Mo, pink octahedron: Mn/Fe; orange octahedron: Mn; black spheres: C; blue
spheres: N; red spheres: O. Hydrogen atoms are omitted for clarity.

The nanorod was further functionalized by attaching a variety of aryl-alkylimido ligands to terminal
oxygen atoms of the hexamolybdates (Figure 13B). No m-mt stacking exist between the phenyl rings that
are attached to the hexamolybdate and the nanorod still measures roughly 2.77 nm but contains added
“wings” on the sides [272].

Besides the versatile tris-functionalization in the Cr'""Mog and Mn'""Mos systems tris-decoration has been
reported in Zn"Mos [86] (1 crystal structure as of March 2015) which was functionalized with tris-CHs
yielding the x-isomer (see Figure 4A). However, when tris-NH, was used instead in combination with Zn"
or Ni'" the anion [M02X206{(OCH2)C(NH;)CH,0H},(CH3CO,)2]% (X = Zn, Ni) was obtained. Due to the
stronger affinity for nitrogen donors tetra- and pentacoordinate Zn/Ni atoms with N and O donor atoms
and tetra- and hexacoordinate Mo atoms with O donor atoms was found instead [263]. The 1""Mos
system contains 13 crystal structures as of March 2015 of which the majority involves non-covalent
attachment of organic molecules. No tris-functionalization exists but when the [IM0s0.4]> anion is
refluxed in acidic conditions it becomes protonated. Interestingly, the protonation occurs on ;-0 atoms
rather than at p3-O sites (see Figure 1A) which are the most basic oxygen atoms in the [IM0s024]*> anion.
The protonated molybdoperiodate can be methylated as shown in Figure 14 by dissolving the
protonated ion in a methanol solution [257]. This study is an important step towards covalent
functionalization of A-type Anderson-Evans anions.
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Figure 14.Combined ball-and-stick and polyhedral representation of [IM0gO2,(OCH3)2]3 with one methylated p,-O atom on
each side of the planar structure. Red octahedra: Mo; purple octahedron: I; black spheres: C; grey small spheres: H; red
spheres: O. Counter cations and solvent molecules are removed for clarity.

6. Different uses of Anderson-Evans POMs

6.1 Nanomaterials: Self-assembly of amphiphillic organic-inorganic
hybrid POMs

POMs across larger length scales form nanostructures that have significantly less ordered
supramolecular interactions due to the increased number of free variables from the long organic chains.
This gives room for interesting nanostructures compared to e.g. POM assembly at the molecular level.
Alkyl Cs, Ci6 and Cis chains have been grafted onto the Mn""Mos system leading to the formation of
hydrophilic-hydrophobic surface-grafted clusters and surfactant-encapsulated clusters in the nanometer
range that are enclosed by surfactant DODA [267]. It also allows the formation of hydrophobic-
hydrophilic-hydrophobic layers due to the planar form of the Anderson-Evans POM allowing grafting of
organic ligands on both sides. Other POM archetypes that are bigger and bulkier can only form
hydrophobic-hydrophilic layers. The planar surface of the Anderson-Evans POM still allows the alkyl
chains to arrange themselves to the same side, at the right conditions, so that the alkyl chains point into
the same direction (Figure 15). In fact, compounds of Mn"Mos with Cs and Cis chains exhibit
amphiphillic surfactant behavior in mixed solvents of acetonitrile and water and form membrane-like
vesicles. The POM itself is used as polar head groups on the outside, whereas the long alkyl chains stay
inside the spherical vesicle forming a bilayer structure (Figure 15) [280].
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Figure 15. The packing arrangement of the hybrid Mn'"Mos POM in order to form vesicles. Red octahedra: Mo, orange
octahedron: Mn; black spheres: C; blue spheres: N; red spheres: O. Hydrogen atoms are omitted for clarity.

He et al. [273] found a thermal-induced dynamic self-assembly that also formed spherical structures
depending on the chain length of cationic surfactants and the ambient temperature by grafting adeninyl
groups onto the Mn'""Moe Anderson-Evans cluster and encapsulating them by TBA and DODA. TBA
cations induced fibrous, rod-like, and tubular architectures upon temperature increase, whereas the
longer chains in DODA transformed from fibers to spheres upon heating. Both processes are reversible.
The covalent attachment of ferrocene [274] instead of adeninyl groups results in a soft building block
upon replacement of TBA with DODA that self-assemble into spherical aggregates from linear
architectures. Thus, the formed complexes may be used to tune nanostructures containing POMs to
obtain the desired properties in terms of size and morphology.

6.2 Anderson-Evans POMs with attached photochromic molecules

The ability to attach organic photochromic compounds [281] like spiropyran and azo compounds via
either covalent or non-covalent attachment to the Anderson-Evans POM has resulted in the synthesis of
new organic-inorganic compounds with enhanced photochromic properties. The photochromic
compound spiropyran has been covalently attached single (Figure 16A) and double-sided to the
Mn'"Moe Anderson-Evans POM that resulted in efficient photochromic compounds with high coloration
contrasts [185]. Non-covalent attachment of SP has been reported in the complexes
(SP)2(H30)[X(OH)sMo0g01s] X H,O X 2CH3CH,OH (X = A" and Fe') together with several other POM
archetypes. The Anderson-Evans complexes was one of the complexes that improved the
photocoloration contrast the best compared to some conventional POM clusters like Keggin and
Lindgvist structures, which originates in the high-energy ligand-to-metal charge transfer (LMCT) giving a
considerable shift close to the UV domain limiting the initial color of the samples [282]. Coué et al. [243]
also reported photochromic properties with (H,DABCO),(NH4)2[Mo0704] together with trimolybdate and
octamolybdate derivatives. The compounds exhibit photochromic behavior upon UV excitation and their
colors shift differently depending on which POM is present. The kinetics of the color change is
determined by the organic component and its interface with the inorganic counterpart.
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Figure 16. Combined ball-and-stick and polyhedral representation of [MnMogO1s{(OCH,)3CNHH(OCH)3CNHC,1H19N,04}13 (A).
Schematic illustration of the three component system used for the chiral recognition and transfer by the
[AIM0gO15(OH)3(OCH2)3CHNCOCH,;0H4CsNNCgHs)3- anion from cyclodextrin to MB (B). Red octahedra: Mo, orange octahedron:
Mn; black spheres: C; blue spheres: N; red spheres: O; yellow spheres: S. Hydrogen atoms are omitted for clarity.

Another class of famous photochromic compounds are the azo compounds bearing the functional azo
group R-N=N-R', which can either be in trans or cis conformation. The azo bond was studied in aliphatic
chains with differing lengths, consisting of two phenyl units bridged by the azo bond and attached to the
Mn""Mos core. Upon UV irradiation of the sample a conformational change from trans to cis occurred
whereas  exposure to  visible light reversed the  process [271]. The anion
[AIM0s015(OH)3(OCH,)3sCHNCOCH,0H4CsNNCsHs]*  containing the single-side covalently attached
aromatic azobenzene ligand has been studied in a three supramolecular hybrid system (POM - a-
cyclodextrin - MB). It allows the chiral transfer based on host-guest recognition from the inner cavity of
the a-cyclodextrin to phenyl groups in the trans-state of the azobenzene ligand. Electrostatic interaction
between the free side of the POM and MB induces chirality in MB (Figure 16B) [186].

6.3 Photocatalytic properties

POMs can catalyze a variety of reactions such as organic reactions including alkene and alcohol
oxidation, water splitting and site-specific cleavage of biomolecules. Several smaller inorganic clusters
have proved to be efficient catalysts. Ammonium molybdate, (NH4)sM07024 X 4H,0, is an efficient and
selective catalyst for the oxidation of thiols to corresponding disulfides using potassium bromate in a
mixture of water and acetonitrile [283]. Tanaka et al. [284] found that the simple anion [CoMo0sO24Hs)*"
effectively catalyze (initial turnover frequency = 0.11 s?) the photoinduced water oxidation reaction
forming Oz in a system consisting of tris(2,2'-bipyridine)ruthenium(il) and sodium persulfate in
comparison to other Co containing POMs. Control experiments revealed that presence of Co is essential
for catalytic activity but also that Co metal centers with higher nuclearity in other POM archetypes are
not necessary to attain high catalytic activity as the mononuclear Co center in the Anderson-Evans POM
can also serve as O-evolving catalyst. The (H.DABCO)(HDABCO)[Fe(OH)sMo¢O15] compound has also
proved to be a good oxidation catalyst and forms together with
(H2DABCO)2(HDMA)osNag 75(H30)0.75s[M0g027] one of the most efficient photochromic Mo-POM materials
in regard to coloration contrast and coloration speed [224].

| "

Several “extended” structures of Al"Mos, Cr'"Mos and [V"Mos systems have been subject for the
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photodegradation of RhB with UV irradiation and are summarized in Table 3. The degradation has been
measured as the decrease in the UV-Vis signal at 554 nm, which is the absorption maximum of RhB and
corresponds to n = it transition of C=N, C=0 groups. Thus, the results in Table 3 give a measure of the
decolorization of the dye with time [285]. In comparison to other POM archetypes, several of the
Anderson-Evans POMs in Table 3 have a higher decrease in the UV signal than the Keggin [SiW1,040]*
anion [286] which was also tested for photodegradation of RhB. There seems to also be dependence
between the catalytic conversion and the heteroatom present in the Anderson-Evans POMs presented
in Table 3. Compounds that contain the [IM0s024]> anion are approximately twice as effective compared
to some compounds containing [Al(OH)sMosO1s]*>. However, control studies performed with
Nas[AIMog(OH)s01g] X 8H,0 [200] and Nas[IM0s024] X 3H,0 [255] have comparable conversion values.
Thus, the inorganic Anderson-Evans POM is equal in terms of performance for the photodegradation of
RhB without any real need for any further small organic groups to increase the catalytic conversion.

Table 3. The compounds that have been studied for the photodegradation of RhB with UV irradiation. The catalytic conversion
is measured as the decrease of the UV signal with time.

Compound Catalytic conversion Integrity of catalyst Ref.

{Na[(CHs)3N(CH;),0H]4}[Al(OH)¢M0gO1g], X 8NH,CONH, X 4H,0 1 -> 0.38in 360 minutes No significant loss of reactivity up to four runs. [193]

{[(CH3)3N(CH,),0H],(H30)}[Naz(H20)6][IM0g0,4] X H,0 1->0.18 in 210 minutes No significant loss of reactivity up to four runs. [193]

[Mn(salen)(H;0),];Naz[IM0g04] 1.6 > 0.1 in 360 minutes nr* [255]

. . . Conversion of RhB is 97.3%. No changes on the
X . .

H[(bitdc)Ni(H;0)3]2[IM0g024] X 6H,0 1.04 - 0.07 in 11 hours compound after reaction. (255]

Mn(salen),(H,0),[AIMog(OH)¢01g] X arg X20H,0 1.2 - 0in 300 minutes No significant loss of reactivity up to four runs. [81]

Mn(salen);(H,0),[CrMog(OH)e015] X arg X 11H,0 1.2 - 0.06 in 300 minutes  No significant loss of reactivity up to four runs. [81]

{[Na(arg),]NaH}[AIMog(OH)s015] X 6H,0 1.4 - 0.4 in 240 minutes 80.67 % conversion of the RhB. [200]
Degradation ratio of 98.35 %. No changes on the

1 1

H{CuLos" [CrMog(OH)s015](H,0)} X 0.5L nr compound after reaction. [216]

Degradation ratio of 99.93 %. No changes on the
2’
{Cux(L?);[CrMo6(OH)s015](H20)2} X 2H,0 nr compound after reaction. [216]

*nr = not reported a) salen = N,N'-ethylene-bis(salicylideneiminate, b) bitdc = N,N’-bis(isonicotinoyl)-trans-1,2-diaminocyclohexane, c) arg = L-arginine

More sophisticated systems of photocatalysts involving the Anderson-Evans POM have been reported
together with porphyrin complexes. Firstly, the porphyrin complexes needs to be connected with hybrid
Anderson-Evans POMs hence Ru"(CO)TPP and Zn"TPP were coordinated to the POM since they easily
accept one further ligand, such as the nitrogen atom in a pyridine ring (Figure 17). However,
decomplexation from the Ru center was reported which restricts functional devices [277]. Once the
complexation possibilities were investigated, electrochemically generated polymers (Zn"OEP) were
prepared and used as films (Figure 12). The porphyrin in the porphyrin-POM copolymer can act as a
photosensitizer able to transfer electrons to the POM upon exposure to visible light. The porphyrin unit
would thus be oxidized whereas the POM would be reduced. The reduced POM can transfer one
electron to a metal cation to reduce it, whereas a simple reductant such as 2-propanol can reduce the
porphyrin, as illustrated in Figure 17. This setup proved to be useful in the metal recovery of silver (Ag)
where a complete reduction of the Ag* occurred and AFM studies on the film after the reaction showed
no changes on the morphology. TEM studies revealed formation of silver particles that were
inhomogeneous in size and shape [279]. However, when Zn'"TPP is used instead of Zn"OEP no electron
transfer could be observed onto the Anderson-Evans Mn""Mog POM. If the archetype is replaced with a
Dawson cluster then electron transfer from the excited porphyrin to the Dawson polyoxometalate is
observed again [287], which indicates a rather sensitive system of the Anderson-Evans POM.
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Figure 17. A schematic illustration of complexated ZnOEP-POM (POM = [MnMogO1s{(OCH,)sCNHCO(4-CsH4N)},13) which allows
transfer of electrons from ZnOEP to the POM (1). The POM can then reduce the substrate (2) and a reductant can reduce back
the porphyrin complex (3). Red octahedra: Mo, orange octahedron: Mn; black spheres: C; blue spheres: N; red spheres: O; grey
sphere: Zn. Hydrogen atoms are omitted for clarity.

6.4 Magnetic behavior of Anderson-Evans POMs

Design and synthesis of new SMM materials have become a hot topic recently due to their potential
applications in high-density information storage and quantum computation [288, 289]. The magnetic
behavior in Anderson-Evans POMs comes from heteroatoms in the POM and/or well-defined ligands
with polynuclear transition metal clusters. The reports of compounds that exhibit magnetic behavior are
reported in Table 4 and include dinuclear metal centers as the highest nuclearity.

Table 4. Anderson-Evans based compounds exhibiting magnetic properties.

Compound Magnetic behaviour* Ref
(BEDT-TTF)4[Cr(OH)sMo0gO15] X 2H,02 Paramagnetic S = 3/2 spin originating from Cr'" [211]
[{CuTb(sal-3-met)(H,0)3},{IM0g02}]Cl X 2MeOH X 8H,0b SMM behavior from {Cu''Tb""} [82]
[{CuTb(sal-3-met)(H,0),},{AIM0s015(OH)s}2] X MeOH X SMM behavior from {Cu'Tb"'} [82]
10H,0b

[Cuz(bpy)2(u-0x)][AI(OH)7M06047]¢ Antiferromagnetic interactions from {Cu',} [199]
[Cuz(bpy)2(p-0x)][Cr(OH)7;Mo06017]¢ Antiferromagnetic interactions from {Cu',} [199]
[Ce(H20)7Cr(0OH)sM0g015]n Antiferromagnetic coupled interactions between [58]

magnetic centers
[Fe(CsMes)]3[Cr(OH)sMog01s] Weak antiferromagentic interactions from [207]
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Fe(CsMes),*]s
Na[Fe(CsHs),]2[Cr(OH)sMog01s] Weak antiferromagentic interactions from [207]
Fe(CsMes),*]s
[{Ni(pyz)(H20)4}2{CrMos(OH)e015}](CH3CO0),4 Weak antiferromagnetic interactions [210]
(Hpyz)[{Co(pyz)2(H20),{CrMos(OH)s01}1¢ Weak antiferromagnetic interactions [210]
(Hpyz)[{Zn(pyz)2(H20),X{CrMos(OH)s01s}d Weak antiferromagnetic interactions [210]
(Hpyz)[{Ni(pyz)2(H20)2KCrMog(OH)s015}1¢ Weak antiferromagnetic interactions [210]
[Mn(salen)(H,0)].Na[AlMog(OH)eO15] X 20H,0¢ Antiferromagnetic interactions from {Mn'',} [204]
[Mn(salen)(H,0)]2Na[CrMog(OH)s015] X 20H,0¢ Antiferromagnetic interactions from {Mn'',} [199]
[Cu(phen)]2[CrMogHs0,4]f Antiferromagnetic interactions between Cu'" [173]
complexes. Paramagnetic S = 3/2 spin from Cr'!
(4-pycH)[Gd(H20)4{CrMos(OH)s018}(4-pycH)]8 Weak antiferromagnetic interactions [79]
(4-pycH)[Tb(H0)s{CrMog(OH)s01s}]¢ Weak antiferromagnetic interactions [79]
(4-pycH)2[Sm(H20)s{CrMos(OH)s01s}18 Weak antiferromagnetic interactions [79]
[(3-Hpya)2Na][(3-Hpya)Mn(H20)2][CrMogHO24" Weak antiferromagnetic interactions [56]
o-(4-Hpya)2{[(4-Hpya)2(H20)3Mn]5[(H20)4sMn(CrMogHg024)>] ¥ Weak antiferromagnetic interactions between spin  [56]
carriers
B-(4-Hpya)2[(4-Hpya)2(H20)4sMn][CrMogHs024]{[(4- Weak antiferromagnetic interactions between spin  [56]
Hpya)(H20)sMnl(CrMogHe024) carriers
[RUNO(en),Cl]3[Cr(OH)s M0gO15], X 17H,0! Paramagnetic S = 3/2 spin originating from Cr'". No  [65]

observance of paramagnetic Ru'
*SMM = single-molecule magnet, a) = BEDT-TFF = bis(ethylenedithio)tetrathiafulvalene, b) = sal-3-met = N,N'-bis(3-methoxysalicylidene)-ethylenediamine, c) = bpy =
2,2'-Bipyridine, d) = pyz = pyrazol, e) = salen = N,N'-ethylene-bis(salicylideneiminate, f) = phen = 1,10-phenanthroline, g) = 4-pycH = 4-pyridinium carboxylate, h) = 3-
Hpya = 3-(3-pyridyl)acrylic acid, i) = 4-Hpya = 3-(4-pyridyl)acrylic acid, j) = en = ethylenediamine

The inorganic Anderson-Evans core can incorporate paramagnetic heteroatoms such as Cr" and Fe
which would allow for a long-range order magnetic coupling between localized spins from the
transitions metals through the m-electrons in suitable organic ligands which is seen e.g. in the compound
(BEDT-TTF)4[Cr(OH)sMo0015] X 2H,0 [211]. The compound [RuNO(en):Cl]3[Cr(OH)sMo0eO1s], X 17H,0

also exhibits paramagnetic behavior that indicate non-interacting spins S = 3/2 attributed to Cr" but no

indication of a paramagnetic Ru"

was observed [65].

Other hybrid structures such as [{CuTb(sal-3-met)(H20)s}2{IM0s024}]CIX2MeOHX8H,0 and [{CuTb(sal-3-
met)(H20)2}{AIM0s015(OH)s}.] X MeOH X 10H,0 incorporate additional magnetic species forming a
dinuclear center. Slow relaxation of the magnetization was observed, which demonstrates SMM
behavior, whereas the precursor (sal-3-met), did not exhibited any relaxation. The change of anion from
ClI' to POM modulates the coordination sphere of Tb" enhancing the anisotropy of it and/or shielding of
the magnetic interaction by the POMs [82]. A similar behavior has been observed when the Mn-Schiff
base compound [Mn(salen)(H20)],2* was present with [XMogs(OH)eO15])> (X = Al, Cr), which significantly
removed the inter-complex antiferromagnetic interactions due to the shielding effect of the
[XMos(OH)s01g])% anion [204].

6.5 Biochemical applications
6.5.1 Macromolecular crystallography

The versatile use of POMs in macromolecular crystallography includes POMs as phasing tools, promoting
protein crystallization by stabilizing enzyme conformations, rigidify flexible protein regions and
enhancing crystal stability and packing. The highly water soluble Anderson—Evans POM has a very
special structure with the average dimensions 8.6 x 8.6 x 2.7 A which allows positioning of this POM into
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narrow protein clefts or to migrate through narrow channels inaccessible for larger POM archetypes.
The Anderson-Evans POM'’s high negative charge (e.g. 8™ for MnWg) is distributed over a large area and
can provide crosslinks between monomers with monomer-monomer distances ranging from
approximately 5-8 to 11-14 A. The Anderson-Evans POM [TeW;024]% is stable in the range of pH 4 to 9,
which largely covers the pH range at which protein crystallization is normally performed (pH 2 to 10, but
predominantly pH 4 to 9). Thus, the Anderson-Evans POM is widely applicable for protein crystallization.
Further properties encouraging the use of it in protein crystallization trials are its lack of denaturating or
proteolytic effects on proteins and its suitability for hybridization with various organic functionalities to
synthesize tailor-made POMs targeting special protein sites [31].

The possibility to decorate inorganic POMs, especially the Anderson-Evans type, with organic moieties
opens the door for the synthesis of specifically tailor-made POMs. These POMs could address additional
or completely different binding sites on proteins. It is possible to design hybrid-POMs of which focus lies
on hydrophobic interactions than on polar ones (which are observed with pure inorganic POMs). This is
interesting when it comes to the crystallization of membrane proteins, which is still the real bottleneck
in macromolecular crystallography due to their limited solubility. Membrane proteins are obviously
underrepresented in the PDB and the usually applied technique to crystallize them is the utilization of
detergents in order to decorate their hydrophobic domains. These regions are not approachable by
inorganic POMs due to their strong polar character. Therefore, hydrophobically decorated hybrid POMs
(Figure 11D) could solve this problem and act as a kind of "molecular super detergent". The hybrid
POMs could bind hydrophobic membrane protein regions with their hydrophobic site and give them a
charged surface by their inorganic POM site leading to a higher solubility, lower flexibility and therefore
to a higher amenability for crystal formation.

Recently, the first heterogeneous crystal formation enabled by POM revealed the presence of both the
latent and active form of mushroom tyrosinase from Agaricus bisporus in one single crystal. The crystals
only grew in the presence of the [TeW024]% anion and the disc-shaped POM was located between two
positively charged protein regions of two different monomers coming from adjacent asymmetric units.
Thus, the position and interaction of the negatively charged POM led to new crystal contacts, promoting
lattice formation and finally the crystal growth (Figure 18) [24, 25]. Bijelic et al. reported on the
crystallization of [TeWs0,4]® with the model protein HEWL. The presence of the same anion induced a
special crystal packing arrangement leading to a new crystal form. The monomers are cross-linked via
both the flat side and the long-side of the anion. Thus, the POM allows different binding modes inducing
formation of various crystal contacts [23]. These findings might be useful for other proteins that have
difficulties with their long-range order arrangement in a crystal lattice.
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— asymmetric
unit

Figure 18. Crystal packing of mushroom tyrosinase PPO4 in a 1 x 2 x 1 supercell. The [TeWg04] (color code: orange spheres:
Te; blue spheres: W; red sticks: O) mediated crosslink between two heterodimers is shown with small insets to the left and right
with illustration of the [TeWg0,4]%-protein interactions. PPO4 is demonstrated as cartoon with differently colored protein
forms and heterodimers (color code: active form heterodimer 1 = dark red, latent form heterodimer 1 = light red, active form
heterodimer 2 = light blue, latent form heterodimer 2 = blue, active form heterodimer 3 = yellow, latent form heterodimer 3 =
gold/orange active form heterodimer 4 = light green, latent form heterodimer 4 = dark green). Every heterodimer is connected
to two other dimers. The linkage on one side is mediated by two [TeW024]%~ anions and on the other site via protein—protein
interactions. This motif is repeated throughout the crystal (indicated by arrows), thus demonstrating the role of [TeW¢024]% as
a form of “glue” between the protein layers.

6.5.2 Bionanomaterials

Song et al. [290] have demonstrated POM-based micro-patterned surfaces for biomolecule or cell
interactions. By utilizing micro contact printing the acid 16-mercaptohexadecanoic was stamped on gold
surface, with the terminal carboxylic groups directed away from the surface relative to the substrate.
Asymmetric (tris-pyrene and tris-NH;) double-side functionalized Mn""MOs clusters were coupled to the
carboxylic groups via their tris-NH, functionalities leaving the tris-pyrene side free. Human fibroblasts
specifically adhere to the patterned areas containing the aromatic pyrene platforms and control studies
on pyrene surfaces in the absence of the POM did not detect any cell adhesion. Thus, the POM is
important for the cell response suggesting that the local negative charge and/or the size of the POM
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cluster might be responsible for the improved cell adhesion. Moreover, it is adhesive onto the POM
without the use of any precoated fibronectin [291] or adhesion peptides [292] as previously observed. In
conclusion, the anion used for the study demonstrates nicely the advantages with asymmetric
functionalization, which is only accessible with the Anderson-Evans POM. This dual functionality makes
it an excellent candidate as a biomaterial being able to attach to a surface on one side and offer a
different functionality on the opposite side.

6.5.3 Biological activity

6.5.3.1 Antitumor activity

The [TeWs024]% anion was encapsulated in chitosan to enhance the drug carrier properties which was
studied against tissue specific calf intestine alkaline phosphatase and tissue non-specific alkaline
phosphatase. Increased level of these enzymes may indicate cancer metastasis. The highest activity
against tissue non-specific alkaline phosphatase was exhibited by [TeWs024]% (45.4 + 11.3nM), whereas
the nanoassembly of chitosan-[TeWs02]® inhibited tissue specific calf intestine alkaline phosphatase
best with K; value of 22 + 7nM when compared to [NaPsW300110]** (31.1 & 7.8nM) and [V1002s]® (509 +
17nM) [293]. However, in a larger study with other classical inorganic POMs such as [H;W12040]% and the
bigger [H7PsW150134]3*, the [TeWs0,4]® anion exhibited the lowest activity against alkaline phosphatase,
which may be due to the presence of the Te atom and the small size of the Anderson-Evans anion
compared to the other POM clusters [294]. Similar trends were observed when the cytotoxic potential
against Hela cells was tested. The nanoassembly of chitosan-[NaPsW300110]**" containing the
significantly bigger anion has the highest percentage of cytotoxicity (88 £ 10%) in the study [293]. The
[TeWs0,4]% anion was also inactive against human corneal epithelial cells together with all other POM
archetypes that were tested but did have satisfactory activity against cancerous H157 [294]. Another
compound with the “bent” isomer, [NH3Pr']s[Mo,0,4] X 3H,0 was tested in vivo against several different
tumor cell lines exhibiting potential antitumor activity. The complexation of [Mo0702]% with the
biomolecule flavin mononucleotide gives higher redox potential and the robust structure of the POM
makes it possible to repeat redox cycles in tumor cells which contributes to the antitumor activity [295].
Thus, the robust structure of the Anderson-Evans POM can contribute to a potential antitumor
compound.

6.5.3.2 Antiviral studies

The compound (NH4)12H2(Eus(M00O4)(H20)16(M07024)4) X 13H,0 exhibit potent anti-HIV-1 activity by
interfering at an early adsorption and/or penetration step into the cells. It also blocks the replication of
simplex virus type 1 and type 2. The potent antiviral properties were attributed to a combination of the
presence of Eu and the geometry of the three-dimensional anion structure making the Anderson-Evans
POM and interesting candidate [296].

7. Outlook and perspectives

The library of crystals structures containing the Anderson-Evans POM has increased rapidly during the
last years. However, many new atoms and molecules remain to be explored within Anderson-Evans
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POM based compounds. Several heteroatoms are missing such as Ru and Ag for XMog and XW; systems
and Cr, Fe, Co, Cu, Pd, Rh for XWs systems, which are all in theory accessible [297] and can give rise to a
better understanding on the effect of the heteroatom as well as new interesting applications. There are
also no reports on tris-functionalized XWs systems. A first step towards tris-functionalized XWs systems
would be to explore new heteroatoms in the XWs system that results in B-type Anderson-Evans POMs,
which then would allow replacement of the six protons with tris-ligands.

The different synthesis strategies presented herein for tris-functionalized structures have been
mastered at a fast paste and it is now possible to e.g. simply attach the tris-ligand of choice to an
Anderson-Evans cluster instead of going through complicated re-arrangement from other POM
archetypes. However, the initial re-arrangement procedure with octamolybdate is still more
advantageous in the preparation of larger non-polar tris-ligands. By making small but precise
modifications of the cluster at different levels it is possible to synthesize hybrid organic-inorganic anions
of high specificity as illustrated in Figure 7. The approach may be as simple as changing to more polar
solvents in order to obtain single-sided products or refluxing at distinct pH-values to obtain a specific
isomer. By being able to control the single-side/double-side attachment as well as where the grafting
occurs on the planar surface (6-isomer or x-isomer) it is possible to fine tune the accessibility of the
heteroatom. Moreover, the unique advantage of the Anderson-Evans cluster also allows straightforward
grafting of two tris-ligands due to the planar surface of the Anderson-Evans POM, especially with
different properties. The dual functionality of asymmetric grafting gives access to a wide spectrum of
applications as demonstrated with numerous examples in chapter 6.

The reports of Anderson-Evans POM compounds with improved magnetic properties may be a direct
result of the great challenges associated with increasing nuclearity in the Anderson-Evans archetype.
However, this may not be the only approach towards improved magnetic materials as organic molecules
that affect crystal packing can significantly modulate magnetic properties. Nevertheless, there are
several examples where the Anderson-Evans POM is equal or better than other POM-archetypes. Some
Anderson-Evans compounds exhibit photochromic properties with remarkable coloration speeds
compared to larger Keggin and Lindqvist structures which originate from its specific geometry. They also
make interesting compounds as chromophores toward charge-separated systems in light harvesting
devices. The use of the Anderson-Evans POM as an oxidation catalyst gives rise to one of the most
efficient POM-photochromic compounds known. Catalysis experiments of water splitting also conclude
that the mononuclear heteroatom center in the Anderson-Evans POM is highly active compared to
larger POM archetypes exhibiting di- and tetranuclear metal centers. In photocatalytic degradation
experiments of RhB Anderson-Evans POMs also exhibit higher conversion values than the Keggin cluster.

Besides photochromic experiments and catalysis, the Anderson-Evans structure is a valuable tool in
macromolecular crystallography studies and is far more successful than any other POM archetype,
beyond the phasing possibilities. This comes from their specific geometry, usually high water solubility
and solution stability. Amphiphillic single-side functionalized POMs makes also interesting candidates as
crystallization additives for membrane proteins but the possibility of self-assembly into vesicles makes
them suitable as drug-delivery carriers, too. However, out of the Anderson-Evans POMs, only
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[TeWe024]% has been investigated so far as crystallization additives. Besides the organic modification and
the advantages that they bring, it would still be interesting to investigate e.g. heteroatoms in different
oxidation states to explore the full potential of the electrostatic interaction. The biological activity of the
POMs has also been demonstrated and includes antitumor and antiviral studies which both demonstrate
adequate results for further investigations. The studies include only [TeWs024]% and [Mo704]% and
would need to be performed with a greater variety of Anderson-Evans POMs with more biologically
relevant heteroatoms as well as hybrid systems containing organically modified tris-ligands with known
e.g. viral properties whose activity could be enhanced once attached to the POM unit.

In conclusion, the synthesis of the Anderson-Evans POM has been widely explored and the current
knowledge could be the key to access new protein structures, materials with interesting properties and
efficient catalysts. In some of these cases the realization would be by far suitable only with the
Anderson-Evans POM specifically making the Anderson-Evans archetype highly important for future
investigations.
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Abbreviations

3-Hpya = 3-(3-pyridyl)acrylic acid

4-Hpya = 3-(4-pyridyl)acrylic acid

4-pycH = 4-pyridinium carboxylate

AFM = atomic force microscopy

OAc = acetate

acac = acetylacetonate

Acn = acetonitrile

arg = L-arginine

BEDT-TFF = bis(ethylenedithio)tetrathiafulvalene
bitdc = N,N'-bis(isonicotinoyl)-trans-1,2-diaminocyclohexane
bpy = 2,2'-Bipyridine

DABCO = 1,4-Diazabicyclo[2.2.2]octane

DMF = dimethylformamide

DMSO = dimethylsulfoxide

DODA = dimethyldioctadecyl ammonium

en = ethylenediamine

gly = glycine

HEWL = hen egg white lysozyme

L = N,N'-bis(3-pyridinecarboxamide)-1,2-ethane
L% = N,N'-bis(3-pyridinecarboxamide)-1.3-propane)
MB = methylene blue

OEP = octaethylporphyrin

PPO4 = polyphenol oxidase 4

pyz = pyrazol
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RhB = Rhodamine B

RP-HPLC = reversed-phase high-performance liquid chromatography
sal-3-met = N,N'-bis(3-methoxysalicylidene)-ethylenediamine

salen = N,N’-ethylene-bis(salicylideneiminate

salen-am = N,N’-bis(salicylideneaminato)ethylene

SMM = single-molecule-magnet

SP = spiropyran, (1-(B-carboxyethyl)-3’,3’-dimethyl-6-nitrospiro(indoline-2’,2[2H-1]benzopyran))
TBA = tetrabutylammonium

TEA = triethanolamine

TEM = transmission electron microscopy

TMA = tetramethylammonium

TPA = tetrapropylammonium

TPP = tetraphenylporphyrin
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