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1. INTRODUCTION

Polyoxometalates (POMs) are a well-known family of anionic metal-oxygen clusters
with unique electronic versatility and structural diversity. These features make POMs
remarkable compounds with a wide range of applications in fields like catalysis,
materials science or biomedicine, and they continue to attract increasing attention
worldwide.? J. J. Berzelius is thought to be the first scientist to synthesize a
polyoxometalate back in 1826, namely the ammonium salt of the [PM012040]% anion.?
However, the Elhuyar brothers had already prepared a POM almost 40 years before
(1783), describing it as a bitter, spicy, yellow salt containing tungsten.® The first
structural evidence of a POM cluster was the determination of the crystal structure
of the H3[PMo1,040] acid by J. F. Keggin using powder X-ray diffraction.* Since then,
POM chemistry has expanded very quickly in the last decades on the basis of Pope’s
seminal work dating back to the 80’s,>® and it can be considered as one of the most

dynamic fields of the inorganic chemistry at present.’

A\:
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0-XMgO,4 a-XM 1,049 a-X;M 1506, [HM0150035(H20)240(SO4) 48] **
Anderson Keggin Wells-Dawson Hedgehog

Figure 1.- Structural diversity in POMs. Examples of the most representative hetero-POMs.

Colour code: {MO,}, grey polyhedra; {XO,}, green polyhedra.

The great range of approaches for the preparation of this kind of anions has resulted
in a huge variety of structures, comprising from small and simple anions to complex
clusters showing sizes comparable to those of proteins (Figure 1). POMs are
composed of early transition metals (known as addenda atoms) from groups 5 and 6,

usually in their highest oxidation states. Traditionally, V, Mo or W, but also Nb or Ta



can act as addenda metal centres.® These metals show a suitable combination of
charge and ionic radius, as well as empty and accessible d orbitals available for

electronic back-donation in the formation of z M—O bonds.

The protonation of an oxometallate ion under particular conditions gives rise to
polycondensation of {MOy} units and formation of more complex structures called
polyanions. Structurally, POMs are formed by the condensation of polyhedral {MOx}
units, where the coordination numbers of the metallic centres are between 4 and 7,
and the octahedral (6) is the most common geometry. The {MOe} units can condense
sharing vertices or edges (exceptionally faces) (Figure 2), in such a way that a
maximum of two oxygen atoms per octahedron can be left unshared (Lipscomb’s
principle)®, which minimizes the strong trans-effect of the terminal M—O bonds and
avoids the dissociation of the cluster. This oligomerization is not infinite; due to the
polarization of the peripheral addenda metal centres toward the outer oxygen shell,
vacant and accessible d orbitals of the metal allow for the formation of terminal M=0
double bonds, preventing the subsequent formation of bridges with additional

octahedra.

Acidic
condensation

Edge-sharing

Figure 2.- Schematic representation of the two common linkage modes between octahedral

{MOs} units: corner-sharing (top right) and edge-sharing (bottom right).



Despite the wide variety of structures, most POMs exhibit some common features:*°

(a) POMs usually show high charge, size and symmetry, as well as thermal and

solution stability.

(b) The formation equilibria of POMs is highly dependent on the concentration of the
reactants, pH, ionic strength, presence of extra ligands, counterions employed,
temperature or pressure. It is usual that different POM species coexist in solution at

a given pH value.

(c) Species containing alkaline counterions are usually water soluble, whereas organic

counterions confer high solubility in organic solvents on the polyanions.

(d) POMs can be used as inorganic ligands due to their ability to coordinate cations,

anions or neutral molecules with the oxygen atoms located at the surface.

1.1. CLASSIFICATION
Depending on their composition, POMs can be classified into two main groups:

Isopolyoxometalates (iso-POMs), of general formula [MmO,]%, are exclusively
constituted by early transition metals and oxygen. The structures of most iso-POMs
are derived from the [M10025]% decametalate anion via elimination of octahedral
units. Examples of the most common species include the -MgO2s octametalate,
M>QO24 heptametalate (parametalate-A) and the MgO19 hexametalate (Lindqvist-type)
anions (Figure 3). Furthermore, some other iso-POM whose structures are not
directly derived from the decametalate cluster include the {W1,040(OH)2}'% anion

(paratungstate-B).



B-MgOy6 M1002 M;0,4
Octametalate Decametalate Heptametalate

i 4

MgO19
Lindgvist

Figure 3.- Structures of the most common iso-POMs derived from the [M10025]% decametalate

by removal of {MOg} octahedra.

Heteropolyoxometalates (hetero-POMs), of general formula [XxMmOy]* contain
additional elements known as heteroatoms (X) besides metal and oxygen. The nature
of X does not show any specific restriction, as many of the elements of the periodic
table, with the exception of noble gases, are known to be able to act as heteroatoms.
Heteropolyoxotungstates are the most studied POMs and illustrative examples
include the [XW;s024]™ Anderson-Evans anion, which contains an octahedral
heteroatom (X = first-row transition metals, Al", Ga', ..); the Keggin anion
[XW12040]™, which contains a tetrahedral heterogroup (usually X = B", Si%V, Ge', PY,
AsV); and the Wells-Dawson anion [X2W13062]™ derived from the Keggin structure and
showing two tetrahedral heteroatoms (X = typically from group 15). The molecular

structures of these hetero-POMs have already been shown in Figure 1.



1.2. THE KEGGIN ANION

Acidic condensation of {MOs} units in the presence of tetrahedral [XO4]"™ oxoanions
usually results in a-XM12040 Keggin-type structures. The Keggin anion is constituted
by four {M3013} trimers formed by three edge-sharing {MOs} octahedra. These
trimers are linked to each other and to the central tetrahedron through corner-

sharing in an ideal tetrahedral (T4) symmetry.

Keggin-type heteropolyanions have five structural isomers, known as Baker-Figgis
isomers (Figure 4).1! These isomers result from the 60° rotation of one (f), two (y),
three (0) or four (&) {M3013} trimers from the parent a-Keggin anion. The a and
isomers are the most stable, because they do not show any edge-sharing linkages
between different {M3013} trimers. However, not only the a and S, but also the y
isomer of Keggin-type tungstosilicates and germinates can be readily isolated and

have been successfully characterised both in solution and in the solid state.

Figure 4.- Baker-Figgis isomers of the Keggin-type {XM1,040} structure. Rotated trimers are

shown in dark grey.

The less stable J-Keggin-type structure has only been observed for the
[AlO4Al12(OH)24(H20)12]7* cationic cluster,’> whereas the lanthanide stabilized
phosphomolybdates [e-PM012036(0OH)4{Ln(H20)4}]** (Ln = La to Sm)®3 represent the
only structurally characterised examples of the e-isomer isolated as independent

cluster.



Plenary Monolacunary  Dilacunary  Trilacunary
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- pH +

Figure 5.- Different lacunary species derived from the plenary Keggin anion and its isomers.

Some POM structures are derived from larger parent clusters by removing one or
more addenda metal atoms from the shell, resulting in defective structures known as

lacunary species. Nine lacunary species can be obtained by removing one or more



octahedra from the parent plenary XM1,040 Keggin anion (Figure 5). From the a-
isomer, mono- (XM11039) and trivacant species (XM90O34) can be generated upon
elimination of one or three octahedra, respectively. The a-XMgQO34 anions show two
different isomers named as A or B depending on whether the eliminated {MOs}
octahedra belong to a {M301s} corner-sharing triad or to a {M3013} edge-sharing
trimer. Similar species can be isolated from the f-isomer. The lower symmetry of the
[-{XM 12040} cluster allows for three different monolacunary species to be formed
depending on the position of the vacant site. The vacant position in the f1-
monolacunary species is located in the triad opposite to the 60°-rotated trimer,
whereas it lays at the central belt and the rotated trimer for the £, and the 5 forms,
respectively. Up to now, only the dilacunary XM1003¢ species has been isolated from
the y isomer. This dilacunary species can be generated upon elimination of the two

edge-sharing octahedra belonging to different trimers.

For some specific heteroatoms like As'", Sb", Te'V or Se", the presence of a lone
electron pair prevents the closure of a complete Keggin shell, so that only B-XMoO33
trivacant species can be formed.' In this type of trivacant species, the central
heteroatom (X) is in a trigonal pyramidal environment with the lone electron pair

pointing towards the centre of the removed trimer.

1.3. SANDWICH-TYPE POMs

Lacunary polyanions can act as multidentate ligands toward different electrophiles
(e.g. p-block organoderivatives, organometallic groups, 3d- and 4f-metals) through
the oxygen atoms delimiting the vacant sites. Incorporation of electrophiles in these
sites to regenerate the parent cluster results in substituted species. The use of
lacunary polyoxotungstates in combination with 3d-metals has resulted in a huge
variety of substituted species with various shapes and nuclearities that exhibit
interesting electrochemical, catalytic and magnetic properties.'> In some particular
cases, two Keggin-type trilacunary species can enclose additional metal centres,

leading to sandwich-type POMs.®



Sandwich-type POMs can be classified according to the presence or absence of a lone

electron pair in the heteroatom:

A) If the central heteroatom exhibits no lone pair ([XWs034]™ where X = Si", Ge", PY,
AsY, etc.) two different kinds of sandwich-type POMs can be obtained, depending on
the nature of the trilacunary unit. For the B species, anions of the formula
[Ma(H20)2(B-a-XWs034)2]™ (Weakley-type) are formed (Figure 6a). These anions can
be regarded as consisting of two plenary {XWsMs} substituted units with two M
atoms in common.'’” The four 3d-metal centres are connected to each other through
oxo-bridges resulting in a central romblike core with a total number of two terminal

water molecules.

If the trilacunary Keggin units are A-type instead of B, anions of the formula
[(M(H20)2)3(A-XW5034)2]™ (Knoth-type) are formed (Figure 6b). In these sandwich-
type POMs, the three octahedral belt metal ions are not linked to each other via oxo
bridges, in such a way that they show two coordination water molecules each, leading

to a central pocket that can host small species like CO3? or NO3.*8

(a) {M,4(H,0),(B-0-XW403,),} (b) {(M(H,0),)3(A-0-XW403,),}
Weakley Knoth

Figure 6.- Examples of sandwich-type POMs that contain heteroatoms without lone electron

pair; colour code: grey octahedra, {WOs}; green tetrahedra, {XO.}; blue, M; red, O.



B) If the central heteroatom X exhibits a lone-pair ([XWs0s33]™ where X = As', Sb"",
Bi'!, Te"V, etc.), only B-type trilacunary species can be formed, as has been previously
mentioned. Within this group, two different sandwich-type POMs can be

distinguished, depending on the Baker-Figgis isomer of the Keggin unit: a or .

On the one hand, polyoxoanions with general formula [(M(H20))3(B-a-XW3033)2]™
(Hervé-type) are formed from the B-a-XWq0s3 (B-a-XWo) trilacunary unit (Figure 7a).
The first example of this type of POMs, the [(Cu(H20))3(B-a-AsWs033)>]*% anion, was
reported by Hervé.'? In this cluster, the two B-a-AsWs moieties are linked by three
square pyramidal copper(ll) cations located at belt positions. Up to six belt positions
are available in this type of assembly for the coordination of metal centres, which are
usually completed by the coordination of alkaline cations. Therefore, partial (di-, tri-
and tetra-)?%?! and full (hexa-)?? substitution of these positions has been reported,
especially for X = As", Sb'""and M = Cu". Compositional variations for the trisubstituted
species include different divalent first row transition metals for X = As'", Sb"'and Cu"
derivatives for X = Se', Te'V.?* Additionally, mixed valence VV/VV species, and
palladium-substituted clusters displaying Pd" centres in square-planar geometry have
also been reported.?*?> In contrast, there is only one example of a trivalent metal-
substituted Hervé-type POM reported so far, namely [(Mn"(H20))s((SbWg033)2]°.2
Hervé-type POMs have been studied as homogeneous catalysts for the epoxidation
of dienes,?® some members of this family have shown interesting magnetic
properties,?” and examples exhibiting interesting biomedical applications that

include anti-tumor, -viral and -bacterial activities, have also been reported.?®

On the other hand, the trilacunary {B-#-XWs} Keggin subunits could easily assemble
into sandwich-type compounds with the formula [{WO2(OH).}(W0O2)2(B-£-XW903z3)2]™
(Krebs-type). In these clusters, the two trilacunary subunits are linked by two inner
cis-{WO0;} and two outer fac-{WO>(OH)} octahedral groups in belt positions, in such a
way that there is no direct connection between these belt metal centres. As indicated
by Krebs and co-workers,'* the latter groups are labile allowing defective
intermediates to be formed in solution and stabilized by the incorporation of

different electrophiles at the vacant external positions. Exchange of the outer



{WO(0OH)} groups for {M(H,0)3} moieties has been thoroughly studied, resulting in a
large family of 3d-metal-disubstituted [{M(H20)3}2(W0O2)2(XW9033)2]™ Krebs-type
species for M = Mn", Fe'", Co", Ni", or Zn" and X = Sb" or Bi" (Figure 7b).2%3° Moreover,
the inner positions have also been fully or partially exchanged for {M(H.0).} groups
in several tri- and tetrasubstituted analogues, especially for certain heteroatoms (X =

Te", SeV) or trivalent metals (M = Fe', Cr'"', AI", In'"),29,30

(a) {(M(Hzo))s(B'a'xwgoaa)z} (b) {(M(H20)3)2(W02)2(B-,B-XW9033)2}

Hervé Krebs

Figure 7.- Examples of sandwich-type POMs in which the heteroatom X has a lone electron

pair. Colour code: same as Figure 6, but for X, green.

Due to their interesting catalytic properties, Krebs-like clusters have been
incorporated into functional materials like polypyrrole films via POM
immobilization.3! Highly efficient catalytic activity has been observed for Krebs-type
POMs in the oxygenation of cyclohexane among others.3? Furthermore, the
[Al2(H20)10(X"W9033)2]® species (X = As, Sb) has been employed as Lewis acid catalyst

in H,0,-based oxidations.2%33
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1.4. OBJECTIVE

This project has been carried out within the ‘POM laboratory’ research group at
Departamento de Quimica Inorgdnica, Facultad de Ciencia y Tecnologia, University of
the Basque Country, UPV/EHU. One of the most representative research lines in the
group is based on the synthesis and characterisation of 3d- and/or 4f-metal
substituted POMs.3*37 Metal-containing species constitute one of the largest and
currently most active groups within the POM chemistry because combination of POM
building blocks with 3d- and/or 4f-metals has been shown to be a powerful tool for
designing new architectures and introducing additional functionalities to the system,

like photoluminescent, magnetic and catalytic properties.

The main objective of this work consists on the evaluation of the reactivity of
different trivalent metals (M"' = Fe, Sc, Cr, Mn, Co, Al, Ga) towards the Keggin-type
[B-a-SbW033]* trilacunary polyoxoanion. The interest of this study resides in the
fact that the reactivity of these metals has been much less studied in comparison with
that of divalent metals. Although tens of examples of divalent metal-containing
sandwich-type POMs can be found in the literature, trivalent metal substituted
sandwich-type POMs are limited to Fe, Cr and Al derivatives of the Krebs-type POM

and a single Mn-containing Hervé-type cluster.

Different compounds have been isolated in the course of these studies. Therefore,
the aims of this work also include the identification of the obtained POMs via FT-IR
spectroscopy, as well as the full chemical (elemental and thermal analyses) and
structural characterisation (via single-crystal X-ray diffraction) of those clusters with
novel features. These include compounds Naiz[{Fe(C;H302)}3(SbWy033)2]-36H,0 (1-
Fe), Na1o[{Sc(H20)sHWO2(OH)}(WO2)2(SbWs033).]-43H,0 (2-Sc), and
Naio[{Mn(H20)3}2(WO03)2(SbW9033)2]-40H,0  (2-Mn).  Additionally, preliminary
experiments have been carried out via Electron Paramagnetic Resonance
spectroscopic experiments have also been carried out to get insight about more

sophisticated characterisation techniques.

11



As for the academic aims, they include (i) the use of scientific databases
(crystallographic, ICSD; references, SciFinder), (ii) comprehensive reading of
publications, (iii) the development of skills for the writing of scientific papers and (iv)

teamwork in a research laboratory.

2. EXPERIMENTAL SECTION

2.1. SYNTHESIS
2.1.1. Preparation of the starting material

The [B-a-SbWs033]> POM precursor was synthesized according to reported
procedures!* and identified by FT-IR spectroscopy. All other reagents were purchased

from commercial sources and used without further purification.

Nag[B-a-SbWs033]-:20H,0 (B-a-SbWos): Sb,03 (1.96 g, 6.72 mmol) suspended in
concentrated HCI (10 mL) was added dropwise to a solution of Na,WQ4:2H,0 (40 g,
121.27 mmol) in water (80 mL) at 90 °C. The resulting mixture was refluxed for 1h,
cooled to room temperature, filtered and left to evaporate. Crystals started forming
immediately and were kept in their mother liquors for 5 days. Yield: 27 g, 63% based
on W. IR (KBr): ¥ (cm™): 926 (s), 891 (s), 768 (s), 706 (s), 513 (w), 467 (w), 432 (w).

2.1.2. General synthetic procedure

To a warm (40 °C) solution of Nag[SbWs033]-:20H,0 (3 g, 1 mmol) in aqueous 1 mol-L°
L acetic acid/sodium acetate buffer (30 mL) the corresponding trivalent metal source
(1.53 mmol; FeCl3-6H,0, 414 mg; Sc203, 211 mg; Cr(NOs3)3-9H,0, 612 mg;
Mn(CsH703)s, 539 mg; Al(NO3)3-9H,0, 574 mg; Co(CsH702)3, 545 mg; or Ga(NO3)3-H,0,
419 mg) was added. The resulting mixture was stirred for 90 min at 40 °C, cooled to
room temperature, filtered and left to evaporate in an open container to afford single

crystals of compounds 1-Fe and 2-M (M = Sc, Mn) suitable for X-ray diffraction.

Naiz[{Fe(C2H302)}5(SbWs033)2]:36H,0 (1-Fe): big, brown plates were obtained after
ca. 20 days (yield 1.89 g, 64% based on W). Anal. Calcd (found): C, 1.39 (1.35); H, 1.38

12



(1.32). IR (KBr): ¥ (cm): 1377 (m), 1317 (m), 949 (s), 868 (s), 737 (s), 689 (s), 521 (w),
473 (w).

Na1o[{Sc(H20)s HWO2(OH)}(WO2)2(SbWs033)2]-47H20 (2-Sc): colourless needles were
obtained after ca. 5 days (yield 1.83 g, 67% based on W). IR (KBr): v (cm™): 957 (s),
841 (s), 804 (s), 758 (s), 665 (s), 650 (s), 610 (s), 474 (w).

Naio[{Mn(H20)3}2(WO02)2(SbW9033):]:35H,0 (2-Mn): orange plates were obtained
after ca. 2 days (yield 1.11 g, 40% based on W). IR (KBr): v (cm™): 949 (s), 833 (s), 770
(s), 671 (m), 523 (w), 461 (w).

2.2. MATERIALS AND METHODS

The experimental techniques employed for the characterisation of compounds 1-Fe

and 2-M (M = Sc, Mn) are described in this section.
2.2.1. Fourier transform-infrared spectroscopy (FT-IR)

The FT-IR spectra were recorded in a Shimadzu FT-IR 4800S spectrophotometer, and
the data were manipulated with the IRSolutions software. All the measurements
were carried out using a 4 cm* resolution in the 400-4000 cm™ spectral range. The
samples were prepared as pressed KBr pellets. The intensity of the signals has been

described as strong (s), medium (m), and weak (w).
2.2.2. Thermogravimetry (TG)

Thermal analyses were carried out on a Mettler Toledo TGA/SDTA851¢
thermobalance under a 50 cm3 min~! flow of synthetic air from room temperature to

800 °C at a heating rate of 5 °C min™.
2.2.3. Single-crystal X-ray diffraction (XRD)

The single-crystal X-ray diffraction experiments were carried out at the X-ray Service:
Molecules and Materials from SGlker, University of the Basque Country UPV/EHU.
Intensity data were collected at 100(2) K on an Agilent SuperNova diffractometer

with monochromatized Mo Ko radiation (4 = 0.71073 A) and Eos CCD detector for 1-

13



Fe and 2-Mn, and at 150(2) K with monochromatized Cu Ka radiation (1 = 1.54184 A)
and Atlas CCD detector for 2-Sc. Data collections, unit cell determinations, intensity
data integrations, and absorption corrections with face indexing were performed
using the CrysAlis Pro software package.®® The structures were solved using OLEX2-
v1.2 software3® and refined by full-matrix least-squares using SHELXL-97.%° Thermal
vibrations were treated anisotropically for heavy atoms (W, Sb, trivalent metals). For
1-Fe, hydrogen atoms on the acetate ligands were placed in calculated positions and
refined with a riding model using standard SHELXL parameters. Geometrical

calculations were carried out using Platon software.*!

For 2-Sc and 2-Mn, tungsten and the corresponding trivalent metal were initially
disordered over the four belt positions of the polyoxometalate clusters (two internal
and two external), and their population parameters were refined without
restrictions. In the case of 2-Sc, a Sc/W population of 50/50 was obtained for the
external sites. This crystallographic disorder has been previously observed in related
compounds.®® In 2-Mn, 100% Mn and 100% W populations were obtained for the

external and the internal sites, respectively.
2.2.4. Powder X-ray diffraction (PXRD)

Powder X-ray diffraction (PXRD) patterns were collected from 26 = 4 to 60° (0.02606°
step size, 30s per step) using a Philips X’PERT PRO diffractometer operating with

monochromated Cu K« radiation (1 = 1.5418 A).
2.2.5. Elemental analysis (CHN)

Carbon and hydrogen contents for 1-Fe were determined on a EuroVector EA 3000
CHNSO analyser from the Central Analysis Service of Bizkaia (SCAB) belonging to
SGlker, University of the Basque Country UPV/EHU.

2.2.6. Electron paramagnetic resonance spectroscopy (EPR)

The electron paramagnetic resonance (EPR) spectra for 1-Fe and 2-Mn were recorded
on powdered crystalline samples at X-band frequency by using a Bruker ELEXSYS 500
spectrometer equipped with a superhigh-Q resonator ER-4123-SHQ and a standard
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Oxford-low temperature device. The magnetic field in the equipment was calibrated
with an NMR probe. The frequency inside the cavity was measured with a Hewlett-

Packard 5352B microwave frequency counter.

3. RESULTS AND DISCUSSION

3.1. GENERAL SYNTHETIC CONSIDERATIONS

This section summarizes all the results obtained in the systematic studies on the
reactivity of the lacunary [SbWs033]®>* POM towards different trivalent metals. The
isolated novel compounds have been chemical and structurally characterised as

described in the following sections.

The reactivity of the Keggin-type B-a-SbWs trilacunary polyoxoanion towards
trivalent metals (M" = Cr, Mn, Fe, Co, Al, Ga) has been evaluated following the
reported synthetic procedure for the preparation of divalent-metal disubstituted
Krebs-type POMs.?® FT-IR spectroscopic analyses were carried out on any solid
sample (crystalline or not) obtained by slow evaporation of the final solutions at room
temperature, as it is a very straightforward and powerful tool for the identification of

the resulting polyoxoanions.

First, the studies were focused on the reaction with FeCl3:6H;0. The synthetic
method involving a POM:Fe ratio of 1:1.5 in a 1 mol L' acetic acid/sodium acetate
buffer (pH = 4.7) at 40 °C led to the novel compound 1-Fe. This compound contains
the iron-trisubstituted [{Fe(C2H30,)}3(SbWs033)2]** Hervé-type POM according to FT-
IR spectroscopy (see section 3.2). It constitutes the first evidence of Fe substitution
into a Hervé-type anion, and represents the second example of the incorporation of
a trivalent metal ion into the Hervé-type skeleton, after the previously reported Mn'"
derivative.?® Following a similar synthetic procedure but using divalent metals,
Piepenbrink et al.2? obtained the disubstituted [{Mn(H20)s3}2(W0:)2(SbW9033),]%
Krebs-type POM for Mn' and Zn". This fact suggests that the reactivity of trivalent
metals towards the B-a-SbWs trilacunary POM is very different from that of the

divalent ions.
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Additional experiments were conducted in aqueous media to check the influence of
the pH. The range was limited to pH = 2-6 and the tetrasubstituted Krebs-type POM
[Fes"(H20)10(SbW9033),]> was obtained in all cases as identified by FT-IR
spectroscopy (Figure 8). At low pH values (2 to 4) yellow plates were obtained,
whereas higher pH values in the 5-6 range yielded the compound as a powdered
solid with low crystallinity which could not be properly identified on the basis of FT-
IR spectroscopy. The FT-IR spectra of the yellow plate-like crystals are virtually
identical (Figure 9) and display bands that match those observed for the iron-
tetrasubstituted Krebs-type POM obtained by Kortz et al. [IR (KBr): ¥ (cm™): 949 (m),
881 (m), 805 (s), 771 (s), 669 (w)].*? These results are in good agreement with
previous studies by Kortz, who obtained this POM using a different stoichiometric
ratio at pH = 3.0,%> and by Krebs, who reported the a — S isomerization of the

(XWg0s33)™ trilacunary polyanions at low pH.'*

Figure 8.- Molecular structure of the tetra-iron(lll)-substituted Krebs-type POM.
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Figure 9.- FT-IR spectra of the tetra-iron(lll)-substituted Krebs-type POM obtained in the pH =

2-4 range.

The results obtained using the original synthetic conditions (1 mol L'* NaAc/HAc
buffered medium, pH = 4.7) encouraged us to perform additional experiments by
substituting Fe'" with some other 3d- (Sc", Cr'", Mn", Co") or p-block (AI", Ga')
metals. The reaction turned out to be really dependent on the specific nature of the
trivalent metal because: (i) for Co, Al or Ga there is no metal incorporation and the
corresponding non-substituted polyoxotungstate is obtained as a sodium salt; or (ii)
the reaction with trivalent metals takes place and the corresponding metal-
substituted sandwich-type POM is obtained. Most of these experiments yielded
single crystals suitable for X-ray diffraction. The cases in which crystallographic
evidences (full data acquisition or unit cell determination) were acquired are

summarized in Scheme 1.
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Scheme 1.- Summary of the results obtained for the reactions between the Keggin-type SbWs
trilacunary polyoxoanion and different trivalent metals (M" = Fe, Sc, Mn, Al, Ga) in which
crystallographic information was obtained. Colour code: same as in previous Figures, but for

C, black and H, white.

(1-Fe)

HAc/NaAc
1 mol-L1!
buffer
+ Q@
40 °C, 90 min

Paratungstate-B
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The use of Sc" and Mn'" salts led to the formation of a Krebs-type POM according to
FT-IR spectroscopy (see section 3.2). As shown by the XRD experiments (see section
3.4), 2-Sc and 2-Mn represent unprecedented compounds, that is, their structures do
not correspond to any of the cell parameters included in the ICSD crystallographic
database.*® Thus, their full characterisation will be described in the following
sections. Moreover, compound 2-Sc is the second example of a scandium-substituted
POM, the first one being a silicotungstate hybrid species reported by Zhang et al.**
The crystallographic studies also show that the amount of scandium incorporated
into the POM structure in 2-Sc is less than expected, which could be related with the
low solubility in the buffered medium of the Sc;0s; reagent used for availability
reasons. Therefore, the synthesis will be repeated in the near future using a more
soluble Sc'" salt (nitrate, chloride) in order to solve this problem. For 2-Mn, the 3d
metal underwent a reduction process during the synthesis according to single-crystal
X-ray diffraction experiments (see section 3.4). The presence of Mn'" was further

confirmed by EPR spectroscopy (see section 3.6).

Figure 10.- Molecular structure of 2-M (M = Sc, Mn)
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The use of p-block trivalent metal (A" and Ga'') nitrates led to the isolation of
paratungstate-B [W12040(OH)]1% iso-POM. The reaction for both A" and Ga'" initially
resulted in colourless crystals that were preliminarily characterised by FT-IR
spectroscopy. The obtained spectra were similar to that of the paratungstate-B
sodium salt reported by Chrissafidou et al.*>, which was prepared ex profeso for
comparative purposes (Figure 11). For both compounds, the W-O: and W-Oy
stretching vibrational bands appear at ca. 940 cm™, and in the 600-900 cm* range,
respectively. The latter include at least four signals of strong intensity at ca. 874, 845,
800 and 712 cm™. Although all the FT-IR spectra show the characteristic bands of the
paratungstate-B ion, the slight differences between them could originate from
different crystal packings, or from the presence of Al or Ga atoms acting as

counterions in the structure.

Reaction with Al
—— Reaction with Ga
Na Paratungstate

Transmitance (a.u.)

— 1 v 1 T r 1 r 1 ' T *r 1 T~ 1 * T 1
1300 1200 1100 1000 900 800 700 600 500 400

Wavenumber (cm™)

Figure 11.- FT-IR spectra of the paratungstate-B iso-POM compared with those of the crystals

obtained from the reactions with Al and Ga.

After the spectroscopic characterisation, XRD experiments were conducted on a
single-crystal obtained from the reaction carried out with the aluminium salt to

determine whether the aluminium cations were present in the structure. Preliminary
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experiments for the unit cell determination revealed virtually identical unit cell
parameters compared with those reported for Chrissafidou’s compound
Na10[W12040(OH);]-27H,0. A full data acquisition was performed and the resolution
of the crystal structure led to the following crystal data: HoeNa100s9W12, FW = 3540.10
g mol™, triclinic, P-1 space group, a = 11.7699(4) A, b = 12.4083(5) A, ¢ = 22.0351(9)
A, o= 86.306(3)°, f = 86.602(3)°, y = 66.482(4)°, V= 2942.7(2) A3, T=100(2) K, Z = 2,
Dcaicd = 3.995 g cm3, u = 23.557 mm%, 22006 reflections collected, 11823 unique (Rint
=0.043), 10561 observed [l > 24(l)], 425 parameters, R(F) = 0.058 [| > 24(l)], wR(F?)
= 0.148 (all data), GoF = 1.113. The single crystals obtained from the reaction with
Ga" were found to show the same unit cell parameters according to XRD

experiments.

The molecular structure of the paratungstate-B iso-POM is shown in Figure 12. This
cluster is centrosymmetric, and it is formed by twelve {WOs} units that are arranged
in four distinct trimeric subunits assembled by corner sharing. There are two types of
subunits: top and bottom {W3013} groups are formed by edge-sharing octahedra,
whereas the central {W3014} groups show a {WQs} octahedral unit linked to two
adjacent analogous units via edge-sharing. The structure is stabilized by the

protonation of the two central O atoms.®

Figure 12.- Molecular structure of paratungstate-B iso-POM.
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Regarding the reactions for which no crystalline samples were obtained, that using
Cr(NOs3)3-9H,0 led to a powdered green solid, which according to FT-IR, is based on
the [Cra(H20)10(SbW9033)2]® tetrasubstituted Krebs-type POM reported by Kortz.*?
This compound has the same molecular structure as the tetra-iron(lll)-substituted
Krebs-type cluster shown in Figure 8. The identification was carried out by the
comparison of the FT-IR spectrum of the green powder with that recorded for the
crystalline product of the previously mentioned reaction carried out with the iron salt

in aqueous acidic conditions (pH = 2) (Figure 13).

Cr4-Krebs
Fe4-Krebs

Transmitance (a.u.)
|

— T ' T _ * T ' T T T T T T T 7T 1
1200 1100 1000 900 800 700 600 500 400

Wavenumber (cm™)

Figure 13.- FT-IR spectrum of the tetra-chromium(lll)-substituted Krebs-type POM compared

to the tetra-iron(lll)-substituted analogue.

In regard to the reaction with the Co"' precursor, the use of Co(acac)s afforded a
mixture of green needles and colourless crystals that were identified by means of FT-
IR. The spectrum of the green crystals exhibits the presence of bands in the organic
region (> 1200 cm™) together with the absence of any POM structure in the inorganic
region (< 1200 cm™). Its comparison with the spectrum of the commercial Co(acac)s
revealed that these green crystals corresponded to the acetyl acetonate precursor
that did not react with the trilacunary Keggin-type POM (Figure 14a). Moreover, the

IR spectrum of the colourless crystals resembles the shape of the well-known Krebs-
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type structure. However, these colourless crystals contain impurities of the cobalt
complex, as they show several vibrational bands in the organic region (Figure 14b).
The colourless nature of the product, together with the similarity of its spectrum with
that of the tungsten-containing [{WO2(OH),}(WO,)2(B-B-SbWs033),]** species (Wa-
Krebs) prepared for comparative purposes following reported procedures,* suggests

that this product is based on the [{WO2(OH):}(WO;)2(B-5-SbWs033),]*?" Krebs-type

anion.
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Figure 14.- (a) FT-IR spectrum of the green needle-like crystals compared with that of the
Co(acac)s precursor; (b) FT-IR spectrum of the colourless crystals compared with the W4-Krebs

POM containing exclusively tungsten.



The spectroscopic (FT-IR), thermal (TG), and structural characterisation of the novel
compounds 1-Fe, 2-Sc and 2-Mn is detailed in the following sections. The last part
deals with a more sophisticated characterisation technique like the EPR
spectroscopy, which has been used to confirm different assumptions taken with
regard to the oxidation states of the Fe and Mn centres in compounds 1-Fe and 2-

Mn.

3.2. SPECTROSCOPIC CHARACTERISATION

Compounds 1-Fe, 2-Sc and 2-Mn were analysed by FT-IR spectroscopy prior to X-ray
diffraction studies. The FT-IR spectra for the sandwich-type compounds 1-Fe and 2-

M (M = Sc, Mn) are shown in Figures 15 and 16, respectively.

Two regions can be clearly differentiated in the FT-IR spectrum of 1-Fe. The organic
region above 1200 cm™ shows two bands at 1377 and 1317 cm™ that correspond to
COO stretching and CHs bending vibrations of acetate ligands coordinated in a
monodentate fashion.* The POM region below 1200 cm™ displays the vas (W-O¢) and
Vas (W-Op-W) bands characteristic of a 3d-metal trisubstituted Hervé-type POM at
949, 868, 737 and 689 cm™. The comparison of the spectrum with that of
[Cu(H20)3(SbW9033),]™, prepared exclusively for comparative purposes following a
reported procedure,’® shows a change in the relative intensity of the bands, as well
as small red shift for the W-Op-W stretching bands of about 5 cm™. There is a shoulder
at 780 cm™ in the spectra of Cus-Hervé that disappears for 1-Fe, and a new one

appears at 680 cm™.
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Figure 15.- FT-IR spectrum of 1-Fe and its comparison with that of
Nag[Cu(H;0)s(SbWs0s33);]-nH,0 (O, terminal oxygen,; O, bridging oxygen; v, stretching; o,
bending).

Similar spectra were obtained for 2-Sc and 2-Mn, which display characteristic bands
of the well-known Krebs-type skeleton with signals at 957, 841, 804 and 758 cm* that
correspond to vas (W-Ot) and vas (W-Op-W) antisymmetric stretching vibrations.
Because of their formal double bond character, W-O: bands are observed at higher
wavenumbers in the 1000-900 cm™ range, whereas W-Oy, stretching bands involving

bridging O atoms appear in the 850-650 cm™ range.?>4’

The spectrum of 2-Mn is virtually identical to that of the
[{Mn(H20)3}(WO2)2(SbWs033)2]*% (Mn2-Krebs) anion.?° However, a small difference is
observed in both the position and the relative intensity of the bands in comparison
to those observed for 2-Sc. This change might be due to the presence of a mixture of
exclusively tungsten containing and the Sc'"" disubstituted Krebs-type POM in the

crystal structure of 2-Sc, as observed in single-crystal X-ray diffraction experiments.
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Figure 16.- FT-IR spectra of 2-S¢ and 2-Mn compared to that of compound

NGlO[{Mn(Hzo)g}(WOZ)z(SbW9033)2]'nHZO (an-Krebs).

3.3. THERMAL ANALYSIS

Thermogravimetry (TG) is based on the measurement of the mass variation of a
sample kept in a controlled furnace whose temperature is gradually raised under a
controlled atmosphere. A plot of mass as a function of temperature represents the
essential thermogravimetric result.*® TG curves registered for 1-Fe, 2-Sc and 2-Mn

are shown in Figure 17.

Thermal decomposition of 1-Fe occurs in two different stages. The first step
corresponds to an endothermic dehydration process which proceeds via continuous
mass loss and it is completed at ca. 330 °C. This process involves the release of ca. 36
water molecules [% mass, calcd (found) for 36 H,O molecules: 11.0 (11.0)]. The final
step corresponds to the organic ligand combustion and decomposition of the POM
fragment, and is completed at ca. 400 °C. This step involves the release of three
acetate units [% mass, calcd (found) for 3 C;H30; groups: 3.0 (2.7)]. The resulting final
residue compares well with that calculated for a mixture of oxides [%mass, calcd

(found) for FesNa120esSb2W1s: 86.5 (86.3)].
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Thermogravimetric analyses show TG curves with similar profiles for both 2-Sc and 2-
Mn. The first weight loss corresponds to an endothermic dehydration process, which
proceeds via continuous mass loss and it is completed at around 200-210 °C for both
compounds, comprising the loss of ca. 14% and 12% of the total mass, which accounts
for 50 and 41 water molecules, respectively [%mass, calcd (found) for 50 and 41 H,0
molecules, respectively: 14.0 (14.0) for 2-Sc and 12.1 (12.0) for 2-Mn]. The final step
corresponds to the POM breakdown, which is completed at temperatures in the 600-
640 °C range, resulting in the final residue [%mass, calcd (found) for the final residue:

Na10073Sb2ScW>1: 86.0 (85.2) for 2-Sc; Na10070Sb2Mn2Wao: 87.9 (86.8) for 2-Mn].
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Figure 17.- TG curves for (a) 1-Fe, (b) 2-Sc and (c) 2-Mn. F.R. stands for final residue.
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3.4. CRYSTAL STRUCTURE

Crystallographic data for compounds 1-Fe and 2-M (M = Sc, Mn) are summarized in

Table 1.

Table 1.- Crystallographic data for compounds 1-Fe and 2-M (M = Sc, Mn).

1-Fe 2-Sc 2-Mn
Formula CeHsiFesNa120108  H101Na100123Sb2  Hs2MnzNa100111

SboWas ScWa1 SbaW2o
FW (g mol?) 5877.7 6448.7 6118.7
Crystal system triclinic monoclinic monoclinic
Space group P-1 C2/c P2:i/n
a (A) 17.7478(4) 34.1426(16) 18.9916(3)
b (A) 22.3796(5) 25.7316(6) 16.39535(19)
c (A) 26.1824(10) 13.02438(6) 19.1797(4)
a (°) 92.376(2) 90.00 90.00
p(°) 98.687(3) 92.316(5) 116.959(2)
7 (°) 97.261(2) 90.00 90.00
Vv (R3) 10178.2(5) 11433.5(8) 5323.08(15)
4 4 4 2
Dcalcd (g cm3) 3.836 3.746 3.818
u (mm?) 21.361 43.544 22.397
Reflections
Collected 68551 2275 36198
Unique (Rint) 35825 (0.110) 1299 (0.047) 10730 (0.037)
Observed [l > 26(1)] 21849 1159 8347
Parameters 1421 366 321
R(F)? [1 > 26(1)] 0.101 0.043 0.070
wR(F?)? (all data) 0.309 0.120 0.226
GoF 0.987 1.106 1.031

*R(F) =Z||Fo=Fel |/ ZFol; oR(F) = {Z[(Fo = FE)*)/ Zlo(F ) 1H?

29



Compound 1-Fe crystallizes in the triclinic space group P-1, and the asymmetric unit
contains two [{Fe(C2H302)}3(SbWs033)2]'* sandwich-type POM units together with
twelve sodium cations and 36 water molecules of hydration per cluster. The
molecular structure of each sandwich-type POM shows the well-known Hervé-type
structure and it is formed by two B-a-SbWs trilacunary units enclosing three iron(lll)
centres in a square-based pyramid geometry. The coordination environment of each
metal centre is completed by two oxygen atoms from each B-a-SbWs0s33 unit, and an
apical oxygen from an acetate ligand coordinated in a monodentate fashion. The
metallic centres in compound 1-Fe are trivalent, in good agreement with the number
of Na cations located in the structure. This was further confirmed by EPR
spectroscopy (see section 3.6). Each metallic centre in the structure is coordinated to
an acetate group, leading to an {Fe''-acetate} moiety, which has a formal charge of
2+. The fact that most examples of substituted Hervé-type POMs found in the
literature are for divalent metals may account for the high yield obtained in the

synthesis of compound 1-Fe.

OPOM3

Figure 18.- (a) Molecular structure of sandwich-type POMs in 1-Fe together with (b) the
coordination geometry for the metal centres (labels: O., acetate oxygen atom; Opon, 0Xygen
atoms belonging to the B-a-SbWo units). (c) The coordination polyhedra of belt Na cations are

highlighted in yellow.
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Although the ideal metal substituted Hervé-type structure shows a three-fold
rotation axis (Csy), in the case of 1-Fe, the symmetry is broken by the different
crystallographic arrangements adopted by the acetate groups. The remaining three
belt positions are occupied by sodium cations containing two additional coordinated
water molecules of hydration. The coordination geometry of the Fe!' centres is shown
in Figure 18, along with the molecular structure of 1-Fe. The Fe—O bond lengths are

summarized in Table 2.

Table 2.- Bond lengths (A) of the coordination spheres of the Fe'" centres in 1-Fe.

POM
unit Fe Fe—Oc Fe—Opom1 Fe—-Opom2z Fe—Oromsz Fe—Opoma
Fel 1.87(3) 1.91(2) 1.93(2) 1.994(19) 1.92(2)
1 Fe2 1.91(2) 1.95(3) 1.97(2) 1.96(2) 1.98(2)
Fe3 1.92(3) 1.924(18) 1.91(2) 1.967(17) 1.98(2)
Fed 1.85(3) 2.03(3) 1.988(19) 2.01(3) 1.96(2)
2 Fe5 1.90(2) 1.95(2) 1.97(2) 1.93(2) 1.94(2)
Fe6 1.86(3) 1.98(2) 2.02(2) 1.91(2) 1.97(2)

One dimensional ribbon-like arrangements of Hervé-type POMs running along the x
axis can be found in the crystal packing of 1-Fe. These ribbons are formed by two zig-
zag rows of crystallographically independent clusters arranged in an antiparallel
fashion, which are connected to each other via weak C—H:-Opom type hydrogen
bonds involving methyl groups of the acetate ligand and Opom atoms (Figure 19).
Geometrical parameters of the intermolecular C—H::-O interactions are summarized

in Table 3.
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Table 3.- Geometrical parameters (A, ©) for the intermolecular C—H---O hydrogen bonds

involving the methylic C atoms of the acetate group and the Opom atoms in compound 1-Fe

(D, donor; H, hydrogen; A, acceptor).

D-H---A H---A D---A <D-H--A>
C-H---0 H--Opom C-+Opom  C-H--Opom
C6-H6B--0105'  2.85 3.17(4) 144
C10-H10C--089" 2.86 3.50(6) 123
C10-H10C--058" 2.61 3.45(5) 144
C4-HAA--035T  2.41 3.03(4) 121
C4-H4B--032T  2.37 3.12(4) 134
C4-H4B--0325  2.49 3.16(4) 125

Symmetry codes: (i) —x, 1 -y, 1—z (i) 1 +x,y, z.

Figure 19.- View of the crystal packing of 1-Fe along the [011] direction. {WOg} octahedra

from the two crystallographically independent clusters are depicted in grey and blue,

respectively. The C—H---Opon bonds are shown in green colour. The red lines illustrate the one-

dimensional assembly of the two zig-zag rows arranged in antiparallel fashion.
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Compounds 2-Sc and 2-Mn crystallize in the monoclinic C2/c and P21/n groups,
respectively. Both consist on hydrated sodium salts of the well-known
[{M(H20)3}2(WO2)2(SbWs033)2]" metal-disubstituted Krebs-type POM clusters. These
are composed of two trilacunary Keggin [B-#-SbWs033]°" subunits linked via corner
sharing by two internal {WQe} octahedra (each showing two cis-related terminal O
atoms) and two M atoms coordinated at external positions to two Opom atoms that
belong to a {W;011} corner-shared fragment of one subunit and to an additional Opom
atom from the 60°-rotated {Ws013} trimer of the second subunit. The coordination
spheres of the octahedral M metal centres are completed with three water molecules
in a relative fac-arrangement (Figure 20). The M-0 bond lengths for the coordination
spheres of the external Sc and Mn centres for 2-Sc and 2-Mn, respectively, are

included in Table 4.

Table 4.- Summary of bond lengths (A) found for the metal centres in compounds 2-Sc and 2-

Mn.

M-Ow1 M-Ow:2 M-Ows M-Opom1  M-Opom2 M-Opoms

Sc  1.88(4)  2.04(4)  1.82(5) 2.04(4)  2.22(4)  2.26(5)
Mn  2.208(15) 2.194(14) 2.170(19) 2.141(13) 2.103(12) 2.120(14)

o OPOM,l
w1

OPOM,Z

OWZ

OPOM,3

Figure 20.- Left: Molecular structure of disubstituted sandwich-type POMs in 2-M (M = Sc,
Mn). Right: The coordination geometry of the outer belt metal centres (labels: Ovw, water

molecules; Oponm, 0Xygen atoms belonging to the B-a-SbWs subunit).
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The polyanions in 2-Sc display a severe Sc/W crystallographic disorder in their
respective external belt positions corresponding to a 50% population per each centre.
The {Sc(H20)3**/{WO>(OH)}* partial substitution is in good agreement with the total
number of ten sodium cations located in the crystal structure. For comparison,
Piepenbrink et al.?® reported external W occupancies of 20% for the
[{Zn"(H20)3}2(W0O32)2(SbWs033),]1%- derivative demonstrating that such kind of
substitution is usual in this family of POMs. To date, there is no evidence of a
monosubstituted Krebs-type POM in the literature. These facts suggest that the
crystal structure of 2-Sc is composed by a 50% mixture of the scandium disubstituted
Krebs-type anions [{Sc"(H20)3}2(W02)2(SbWs033)2]8~ and the exclusively tungsten
containing analogue [{WO2(OH)}2(W03)2(SbWs033)2]*2~  resulting in the general
formula [{Sc"(H20)s{WO2(OH)}(WO2)2(SbWs033)2]*%~ reported in this work. The
structural disorder could originate from the low solubility of the Sc203 used in the
reaction. Therefore, the use of a more soluble Sc" precursor in the synthetic

procedure could solve this problem.

In regard to the polyanions in 2-Mn, they are virtually identical to those reported by
Piepenbrink et al. for the Mn" disubstituted [{Mn"(H20)3}2(W0O2)2(SbWs033),]*°"
derivative which showed no crystallographic W/Mn disorder in the outer belt
positions.?? The reduction of the Mn centres from the +3 oxidation state in the
Mn(CsH702)s3 precursor to +2 in 2-Mn is in good agreement with the 5 sodium cations
per one half of the sandwich-type POM found in XRD experiments. This observation
was further confirmed by EPR experiments (see Section 3.6). Consequently, 2-Mn
(Monoclinic, P21/n: a = 18.9916(3), b = 16.39535(19), ¢ = 19.1797(4), B= 116.959(2).
V = 5323.08(15) A3) can be regarded as a new polymorph of the Piepenbrink’s anion
with a different degree of hydration (34 H,0 molecules for compound 2-Mn; 40 H,0

molecules for the reported compound).

The crystal packing of both structures show the hybrid POMs packed following
different structural motifs: compound 2-Sc exhibits a diamond-like motif, whereas 2-

Mn displays a brick-wall pattern (Figure 21).
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Figure 21.- View of the crystal packing of the polyanions along the [010] direction for 2-Sc
(left) and the [1-11] direction for 2-Mn (right).

3.5. X-RAY DIFFRACTION ON POWDERED SAMPLES

The powder X-ray diffraction pattern for 1-Fe was recorded and compared to the
simulated diffractogram obtained from the single-crystal XRD measurement, which
was generated using Mercury® 3.5.1 software (Figure 22). Considering the great
similarity between diffraction patterns, it can be concluded that the major crystalline

phase (>95%) in the sample is that of 1-Fe.
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Figure 22.- Powder X-ray diffraction pattern for 1-Fe compared to that simulated from the

single-crystal X-ray diffraction data.

35



3.6. ELECTRON PARAMAGNETIC RESONANCE SPECTROSCOPY

Electron Paramagnetic Resonance (EPR) (or Electron Spin Resonance, ESR)
spectroscopy is a technique employed for the study of systems that contain unpaired
electrons including paramagnetic centres and radical species. Each paramagnetic
metal centre produces a characteristic EPR signature.*® However, the EPR signal is
highly dependent on the coordination environment of the metal ions and the

magnetic coupling with other centres.

EPR spectra were recorded at X-band frequency, at 5K for 1-Fe and at room
temperature for 2-Mn (Figure 23). In both cases the spectra were complicated to
analyse due to (i) the presence of more than one metallic centre, and (ii) the distorted
octahedral coordination geometry of the metal centres within the POM skeleton. The
results obtained were useful to confirm the presence of both Fe'' and Mn" in the
molecular structures of 1-Fe and 2-Mn, as the Fe' (3d®) and Mn"" (3d*) species would

not show any EPR signal.>°

Intensity (a.u.)
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Figure 23.- EPR spectra of compounds 1-Fe and 2-Mn.
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4. CONCLUSIONS

This work affords further insight into the reactivity of the Keggin-type [B-a-SbWs033]*
trilacunary anions with diverse trivalent metals because their behaviour has been
found to be very different to that shown by the more studied divalent metals. The
reactivity of the metal centres in a sodium acetate buffered media has proven to be
extremely dependent on their nature, in such a way that, (i) there is no reaction and
polyoxotungstates clusters showing no trivalent metal are obtained as sodium salts
(M = Co, Al, Ga); or (ii) the reaction takes place and the corresponding metal-

substituted sandwich-type POM is obtained (M"' = Fe, Sc, Cr, Mn).

The first identification for all the solid products has been carried out on the basis of
infrared spectroscopy. FT-IR spectroscopy has shown to be a simple, efficient and
powerful tool for the identification of the obtained compounds prior to single-crystal

X-ray diffraction experiments.

Two novel POMs have been isolated in the course of these studies namely the
iron(acetate) trisubstituted Hervé-type [{Fe(C2H302)}5(SbWs033);]*% anion in 1-Fe
and the scandium substituted [{Sc"(H20)3sHWO2(OH)HWO2)2(SbWs033)2]1% Krebs-
type POM in 2-Sc. In addition:

(a) Compound 1-Fe is the first example of an iron-substituted Hervé-type POM.
Furthermore, it also constitutes the second example in the literature of a trivalent
metal-substituted Hervé-type POM, suggesting that the formation of this kind of

sandwich-type POM is not an exclusive feature of Mn"' cations.

(b) Compound 2-Sc constitutes the second example of a scandium(lll)-containing
POM cluster. Scandium is expected to have the strongest Lewis acidity among rare
earth metals, is compatible with water and Lewis bases, and is regarded as one of the
standard and environmentally benign Lewis acids. All these advantages have led to
an ever-growing attention for the enantioselective scandium-catalysed reactions.>?
The scandium metal centres in 2-Sc have an appropriate disposition and three
available coordination positions for the coordination of different substrates. All these

facts make compound 2-Sc a highly suitable candidate for catalytic applications, and
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future studies will be carried out on both its optimized synthesis and potential

catalytic properties.

(c) Compound 2-Mn is a polymorph of an already published disubstituted Krebs-type
POM with a different degree of hydration.

As for the employed characterisation techniques, (i) thermal and elemental analyses
constitute the basic techniques for the chemical characterisation of newly
synthesized POM clusters; (ii) single-crystal X-ray diffraction experiments are on the
basis of the structural resolution of crystalline compounds; (iii) powder X-ray
diffraction can be used for the identification of different crystalline phases in a given
sample; and (iv) EPR spectroscopy can be used to determine the oxidation states and

coordination environments of paramagnetic metal centres.

5. FUTURE WORK

In the course of these studies a new research line has been identified. The reaction
of a great excess of an iron(lll) salt with the Keggin-type [B-a-SbWs033]* trilacunary
anion in a sodium acetate buffered media has led to the isolation of red single-crystals
that have been studied by FT-IR and single-crystal X-ray diffraction. The FT-IR
spectrum of this compound and its comparison with the spectrum of compound 1-Fe
reported in this work (Figure 24) reveals the presence of a Hervé-type POM with
acetate groups showing different coordination modes as can be observed by the

multiple bands found in the organic region (> 1200 cm™).

The preliminary structural analysis shows an iron-trisubstituted Hervé-type
[Fe3(SbWs033)2]°° POM with  trinuclear  acetate- and oxo-bridged
[FesO(C202Hs3)s(H20)3]* iron(lll) macrocations acting as counterions (Figure 25). The
crystal packing of this compound shows structural voids, which may be interesting

for different applications such as gas adsorption and storage, catalysis, etc.
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Figure 24.- FT-IR spectra of the new compound together with that of 1-Fe.

Figure 25.- Left: Distribution of the macrocations around the Hervé-type sandwich POM in the

crystal structure of the new compound. Right: Detail of the trinuclear macrocation.
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