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Polyoxometalate {W,30:,XOg} Clusters with Embedded Redox-A ctive
Main-Group Templates as Localized Inner-Cluster Radicals**

Laia Vila-Nadal, Katrin Peuntinger, Christoph Busche, Jun Yan, Daniela Liiders, De-
Liang Long, Josep M. Poblet,* Dirk M. Guldi,* and Leroy Cronin*

Polyoxometalates (POMs) are an exceptional family of
polynuclear molecular oxide anions usually formed by W, Mo,
or V21 POMs offer a wide range of structures with diverse
physical properties, electronic structures, and applications,
such as in catalysis,®! medicine,! materials science,” or
nanotechnology. Heteropolyoxometalates (HPOMs) are a sig-
nificant and widely explored subset of POMs. Within this
class, the choice of the heteroelement not only determines
certain physical properties of the cluster, but increasingly has
been found to control the range and connectivity of the
building blocks.® Amongst the structural diversity of HPOMs
architectures, Keggin”! [M,044(X0,)]"~ and Wells-Dawson
(WD)®! anions [M;505,(X0,),]" form a basic set of exten-
sively reviewed geometries, which encapsulate tetrahedral
heteroanions such as [SO,]*~ and [PO,]’". In general, POMs
exhibit significant stability for both the oxidized and one-
electron-reduced form,” and the electrochemistry of HPOMs
has been extensively studied.” In this respect, in an effort to
tune the redox properties of POMs, we have been able to
engineer clusters that incorporate redox-active anions and
expand the classic WD family. These new non-classical
Dawson clusters, with the general formula [H,M;sOsc-
(X0 X=WYL, TeV!, '), embed one octahedral or
trigonal prismatic template within the cluster shell.'! Elec-
trochemical studies demonstrated that classic WD anions are
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reduced through multiple steps of two electrons (at pH 7)
without degradation of the heteropoly structure.

The process generates reduced species, known as hetero-
poly blues owing to their characteristic blue color,!'” with the
WD structures having two types of metal sites: cap and the
belt (Figure 1). In the classic WD structures, these “blue”

Figure 1. Structural representation of the two polyoxometalate (POM)
geometries studied herein. Left: Wells—Dawson cluster with two
tetrahedral guests [M3054(XO,),]"~ (X=P", S", As", ...). Right: non-
conventional Wells—Dawson cluster with one octahedral guest
[HaM;505(XOg) ™™ (X=1"", Te"', W"). The frameworks {W,3Os,} and
{W,3O0s¢} are shown as ball (W), stick (O), and the heteroatoms in

a polyhedral representation. O red, W blue, X green. The WD cluster
has two different metal positions, six polar (or cap; dark blue) and
twelve equatorial (or belt; light blue) sites.

electrons are delocalized only over the belt metal atoms.!
NMR spectroscopy experiments on the reduced species show
that electron delocalization is restricted to the two hexagonal
belts and are completely spin-paired at room temperature.

Herein, we present the first Dawson-like {W;305,XOg}
clusters (X =1 or Te) with localized redox active inner-cluster
templates, and we show that these moieties can adopt
different oxidation states; for example, IV™¥! or Te"™,
respectively. To investigate this in detail, we used cyclic
voltammetry, UV and EPR spectroscopy combined with
experimental comparison to a control, non-heteroatom
embedded Dawson-like cluster. We also evaluated the
electronic structure of both the oxidized and reduced forms
of the clusters using DFT based upon X-ray data of the
oxidized forms."! As a built-in control we used a Dawson-like
tungstate cage {W;sOs), where the template is [WO4]*"
(TPA([H,W3055(WOy)], abbreviated as WW5; TPA = tetra-
propylammonium),' as a reference system to compare
directly with the [TeOg]" (y*-TPA;[H;W 3Oss(TeOg)]/v*-
TeW,)"" and  [I0]  (B*TPAG[H;WsOs(106) /-
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IW )" templated WD structures. In our study we present
the redox behavior of non-classical WD POMs. Not only do
we detect that y*-TeW,; and p*-IW, initially exhibit
a localized one-electron process whereby the central hetero-
atom is reduced TeV!~Y, IV'=VI but we also find that reduction
at more negative potentials also reduces the tungsten frame-
work, resulting in a mixture between a localized and
delocalized electron-containing species.

The whole redox process is completely controllable and
reversible, and the reduction of specific sites in POMs is well-
known, for example, in the case of vanadium-substituted
POMs such as [XVYM,;0,]*” (X=P, As; M =W, Mo), which
exhibit a VY to VIV reduction."! However, to the best of our
knowledge, this is the first time that a reduced POM with
a localized electron located on a main-group heteroatom has
been described, and as such these compounds show a new
type of localized inner-cluster radical.

Cyclic voltammetry studies on [H,M;3O0s,(XOy)]"~ (X =
W, Te, I) using a glassy carbon electrode in acetonitrile
showed a series of reversible one-electron redox processes
(potentials are summarized in Table 1, Figure 2, and the

Table 1: Summary of the reversible potentials for the reduction of
[H,M15056(XO¢)]"™ (X=W, Te, ) at a glassy carbon electrode in
acetonitrile.l?

E° [mV] vs. Fc/Fc*

m 6-/7- 7-/8- 8-/9-
[H,W15056(WOg)]" —596 —933 —1497
m 7-/8- 8-/9- 9-/10-
[H3W,5056(TeOg)]™ —918 —1255 — 14438
m 6-/7- 7-/8- 8-/9-

[H3W15056(10¢)]" —916 ~1179 —1496

[a] See the Supporting Information for further details.

Supporting Information, Figures S1-S3). Assignment of
a one-electron reduction process is supported by bulk
electrolysis (see the Supporting Information). The first
reduction of WW,; showed a visually noticeable optical
contrast (transparent to blue), which is due to the W to WV
reduction process, and it should be noted that this behavior
was not observed for the one-electron-reduced species of y*-
TeW3 and P*-IW To gain further understanding of the
reduction process, we have performed spectroelectrochemical
measurements. The UV/Vis absorption spectrum of reduced
and non-reduced clusters is shown in Figure 2. The three two-
electron reduced clusters show a broad absorption at about
700 nm, which is characteristic for reduced POMs.'”l These
data suggest that for the singly reduced {W,305,XO¢}, when
X =T or Te, the electron is localized on the template {XOg}.

For the initial one-electron-transfer step we performed
bulk reductive electrolysis, and the EPR spectra obtained
after bulk electrolysis at the first reduction potential are
indicative for Te¥ and I'". The one- and two-electron
processes for compounds WW g, v*-TeW,g, and B*-IW g are
described in Equations (1) to (6):

[H, W5055(WOg)"™ + e~ = [H,W;;W"Os,(WOg)]" ! 1)

[H,W;WYOs(WOQ)|" ' + e = [H,W;;W,"Os,(WOg)|"™ > 2)

[H, W,3056(TeOq)]"” + e~ = [H,W30s(Te" O] 3)
[H, W isOs6(TeV O )" + e~ = [H, W, WY Osq(Te" O] )
[H, W 305 (I06)]" + e~ = [H,W3Oss(I1V'Og)"! 5)
[H, W 505 (I""Oe)" ! + e~ = [H,W;; WY Os, (1V'O4)]"" 2 ©)

msmmm NO potential
s 1 e~ reduced
s 2 e- reduced

-2000 -1500 -1000 -500 0
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Figure 2. Left: Selected cyclic voltammograms at 300 mVs™' scan rate: 1) 3*-1W,g; 2) y*-TeW,s; 3) WW,3. The first reduction is highlighted in blue
(-----) and the second reduction in red (-----). Center: EPR spectra of acetonitrile solutions at 100 K: 1a) one-electron-reduced f*-1W,5, showing
the '?’I hyperfine structure. 2a) one-electron-reduced y*-TeW,; (blue); 2b) two-electron-reduced y*-TeW,; (red); 3 a) one-electron-reduced WW,,

(blue). Right: Spectroelectrochemistry: Delta absorption spectra (AOD): 1
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) B*-1Wig; 2) y*-TeWyq; and 3) WW,q in acetronitrile under argon.
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The EPR spectra after a-P2Wie a-WWe V=-WWia y*-TeWs B*IWie
one-electron reduction of (D31)
WWy, v Tewls,. an.d B " W (Cap) (D3d) (Dad) (Cav)
IW,; are shown in Figure 2 ¢\ (Cap) (D3k)
and the Supporting Informa- " m—— . €19 mmm mmm W (Cap) o1y mum mum W (Cap) &' == === W (Cap)
- ar" }W(Bet) e mmm mm W (Cap) €19 memm mm Y (o) &1 w1 WY (Belt
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a g value of 1.82, this value is -~ - ™ e
within the range found for é}& 2 o

. 1.31eV 165e¢v o) | 104ev
axial oxo complexes of tung- ’,g‘? iy .

sten(V)."® In contrast, for

clusters y*-TeW;3 and f%*-
IWy, we observed a sharp
signal with a gvalue 1.92,
while the solution stayed col-
orless, indicating a localized
electron on the template of the cluster, forming a non-mixed-
valent reduced species. In the case of one-electron-reduced
B*-IW,, we observed hyperfine splitting arising from the %'l
nuclei, which is another clear indicator for the heteroatom-
localized electron. After re-oxidizing the samples, the signals
disappeared, and the samples could once again be reduced,
giving the same behavior, and this serves as clear evidence of
a fully reversible process. When transferring two electrons by
bulk electrolysis, no changes were obtained for the reference
compound WW ,. For cluster y*-TeW 5 and $*-IW,5, however,
we received a set of two signals, one indicating a delocalized
electron over the shell (g value 1.82), characterized also by
the blue color of the solution, and the other exhibiting the
localized electron on the template (g value 1.92; see the
Supporting Information).

Guided by the experimental results we have also con-
ducted density functional theory (DFT) calculations on the
clusters, as the DFT formalism is a very useful method to
understand electronic and magnetic properties of POMs.[*!
The conventional Wells-Dawson cluster a-[W;305,(PO,),]*
a-P,W 5 is one of the most reviewed tungstophosphates since
the resolution of its structure more than 50 years ago,”” and it
is taken here as benchmark for the calculations. Previous
studies have helped to rationalize the isomerism and the
redox properties of the classic Wells—Dawson heteropolyan-
ions.”Y In one of our more recent studies, we determined that
the stability of isomers a*, 3*, and y* in the non-classical
structures can be easily rationalized from the analysis of the
frontier orbitals;?? herein we have applied the same theoret-
ical approach to understand their electrochemical behavior.

In general terms, the electronic structure of a fully
oxidized POM is quite simple: doubly occupied orbitals
(HOMO) are formally delocalized over the oxo ligands and
are perfectly separated from the unoccupied set of d-metal
orbitals (LUMO)®! (see the Experimental Section and
Supporting Information for more details). The relative
energies of the lowest unoccupied orbitals in the fully
oxidized classic WD, [W,305,(PO,),]*", and the four non-
classic Wells-Dawson structures, [H,M;50s5(XO¢)]"™ (X=W,
Te, and I) are compared in Figure 3. When the central
heteroatom is tungsten, the LUMO and LUMO+1 are
mainly delocalized over the belt metals, as occurs in the classic
a-P,Wy; structure. Consequently, the first reduction of WW
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Figure 3. Diagram of the molecular orbitals of 0-[W;505,(PO,),]°” (a-P,W15), a- and y*-[W,5O046(WOe)]'*~ (a-
AEWWog), Y- [Wi3O0s6(TeOg) '™ (v*-TeWss), and B*-[W150s6(10¢)]°~ (B*-1W,3). Cap and belt indicates the
localization of each MO in the POM geometry.

would take place at the equatorial region. Inclusion of Te and
I as central atoms modifies the energy and composition of the
lowest unoccupied orbitals. This modification of the tradi-
tional distribution of the LUMOs is due to the greater
electron affinities of Te and I. Thus in the case of y*-TeW g
and (3*-IWy5, the LUMO is mainly localized at the central
heteroatom, and therefore the first reduction takes place at
the tellurium and iodine centers.

According to the molecular orbital diagram in Figure 3,
the reduction on the belt tungsten atoms would require about
1 eV more than the reduction of the more electronegative
iodine center. In this kind of system, orbital energy differ-
ences permit a good estimation of the reduction energy
differences. This phenomenon is comparable to the mixed
metal heteropolyanions, for instance the trisubstituted
[P,W5sV;04]°~ Wells-Dawson anion, which is preferably
reduced in the vanadium polar sites.”!

A simple analysis of the frontier orbitals of the fully
oxidized molecules helped us to rationalize the first two
examples of non-blue, non-mixed-valent singly reduced
clusters. Calculations performed on the reduced structures
confirmed our hypothesis (Supporting Information,
Tables S1,S2). The ground state for the singly reduced
WW, has nearly 80% of the spin density delocalized over
the belt atoms, whereas y*-TeW,z and p*-IW 4 singly reduced
clusters have the spin density mainly localized at the six
oxygen atoms of the central {XO4} moiety. The spin density
shows some polarization, with 0.12 a electrons localized over
the Te and 0.72 3 electrons delocalized over the oxygen atoms.
A similar situation is observed when the central unit is {IO},
namely 0.12a and 0.73f electrons (Supporting Information,
Tables S3,S4 and Figure S11). Spin polarization is a mecha-
nism related to the minimization of Coulomb (J;) and
exchange (Kj) integrals (see Ref. [24] for a wide discussion
in MX; systems). For the WW 5 doubly reduced clusters, the
spin polarization is also mainly located at the belt. In the case
of the doubly reduced y*-TeW g and *-IW; clusters, the spin
density is delocalized over the belt and the central {XOg}
moiety. Our experimental data is in agreement with these
results and demonstrates that the first reduction of y*-TeW;
and B*-IW5 occurs on the central {XOg} unit. For further
information regarding calculations on the reduced structures,
see the Supporting Information, Tables S1-S4.
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In summary, we have been able to show, for the first time,
that it is possible to reduce a heteropoly anion to give
a localized electron on the inner heteroatom main-group
template; in this case involving the Dawson-like cluster when
X =TI or Te. This unusual behavior differs fundamentally from
the classic reduced POMs with the electron delocalized over
the metal shell. Thus, these investigations indicate that it may
be possible to configure this unique class of POMs as a new
type of inner-sphere electron transfer device/reagent and
even for new applications in electronic devices, which is
currently being explored in our laboratory. In future work, we
will try and engineer a classical Keggin structure with a redox
active main-group heteroanions, as we believe such clusters
will also show novel electronic properties. Finally, we will also
investigate how the embedded inner-cluster heteroatom
becomes reduced, including if the idea that the incoming
reducing electron is initially transiently “trapped” by the shell
before being conducted to the heteroatom center through
bonds or space.?’]

Experimental Section
All of the solvents were of spectroscopic grade and used without any
further purification.

Electrochemical data were obtained by cyclic voltammetry using
FRA 2 Autolab Typ III Potentiostat/Galvanostat (with impedance
unit) (METROM) with a glassy carbon working electrode, Pt wire
counter electrode, and Ag wire pseudo reference electrode (see the
Supporting Information) in the usual three-electrode setup. The
measurements were carried out in anhydrous and argon saturated
acetonitrile. Tetrabutylammonium hexafluorophosphate was used as
electrolyte (0.1m). The redox potential of ferrocenium/ferrocene was
found to be at 0.4 V (E gk = 0.40 V). Bulk electrolysis experiments
were carried out using a CHI600D computer-controlled electro-
analytical system in the potentiostate mode with a carbon-felt
working electrode, Pt wire counter electrode, and Ag/AgCl reference
electrode. All potentials are referenced to ferrocenium/ferrocene.

Spectroelectrochemical experiments were carried out using
a METROHM PGSTAT 101 and a SPECORD S600 Analytic Jena
spectrophotometer. The measurements were performed in a quartz
glass cuvette, optical path length 1.0 mm, containing a three-electrode
arrangement: a light-transparent platinum gauze as a working
electrode, a Ag/AgNO; reference electrode, and a platinum plate as
counter electrode. Tetrabutylammonium hexafluorophosphate (0.1m)
was used as supporting electrolyte in acetonitrile under an argon
atmosphere. All potentials are referenced to ferrocenium/ferrocene.

X-Band EPR spectra were recorded on a Bruker Elexsys E5S00
spectrometer with a cylindrical TE,;, cavity as approximately 1 x
10~*M frozen acetonitrile solution at 7= 100 K.

Calculations were carried out using DFT with the ADF 2008
program.®! The exchange-correlation functionals of Becke and
Perdew were used® Relativistic corrections were included by
means of the ZORA formalism. Triple-C polarization basis sets
were employed to describe the valence electrons of W, O, P, Te, and 1.
All of the structures were optimized in the presence of a continuous
model solvent by means of the conductor-like screening model
(COSMO). See the Supporting Information for more details on the
computational settings.
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