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The redox speciation of Eu(lll) in the 1:1 stoichiometric complex with the a-1 isomer of the Wells—Dawson anion,
[o-1-PoW47061]"0~, was studied by electrochemical techniques (cyclic voltammetry and bulk electrolysis), in situ
XAFS (X-ray absorption fine structure) spectroelectrochemistry, NMR spectroscopy (3'P), and optical luminescence.
Solutions of K7[(H20)sEu(a-1-P,W170g4)] in @ 0.2 M LixSO4 aqueous electrolyte (pH 3.0) show a pronounced
concentration dependence to the voltammetric response. The fully oxidized anion and its reduced forms were
probed by Eu Ls-edge XANES (X-ray absorption near edge structure) measurements in simultaneous combination
with controlled potential electrolysis, demonstrating that Eu(l!l) in the original complex is reduced to Eu(ll) in conjunction
with the reduction of polyoxometalate (POM) ligand. After exhaustive reduction, the heteropoly blue species with
Eu(ll) is unstable with respect to cluster isomerization, fragmentation, and recombination to form three other Eu-
POMs as well as the parent Wells—Dawson anion, o-[P,W1gOg,]° . EXAFS data obtained for the reduced, metastable
Eu(ll)-POM before the onset of Eu(ll) autoxidation provides an average Eu—0 bond length of 2.55(4) A, which is
017 A longer than that for the oxidized anion, and consistent with the 0.184 A difference between the Eu(ll) and
Eu(lll) ionic radii. The reduction of Eu(lll) is unusual among POM complexes with Lindquist and a-2 isomers of
Wells—Dawson anions, that is, [Eu(WsO1g)o]°~ and [Eu(o-2-AsoWi70g1)2]'"—, but not to the Preyssler complex anion,
[EuPsW300110]'2~, and fundamental studies of materials based on coupling Eu and POM redox properties are still needed

to address new avenues of research in europium hydrometallurgy, separations, and catalysis sciences.

Introduction

Lanthanide (Ln) interactions with polyoxometalate (POM)
anions are of contemporary interest, both fundamentally and
practically, as a consequence of the formation of high-
nuclearity clusters with complex architectures assembled
from oxo linkage connectivities of f and d elements,
—Ln(IIH—O—M(VI)— for M = Mo and W.""?° The resulting
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Ln-POM clusters offer unique functionalities and properties
as luminescent materials, particularly the Eu-POMs,'®'® and
as selective and recoverable Lewis acid catalysts.?*?!
Moreover, prospective and realized applications in areas of
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separations science, photophysics, and electroanalytical
chemistry are founded upon the renown reduction—
oxidation (redox) properties of POMs.**** As such, the
fusion of redox-active Ln ions, specifically the reducible
Eu(Ill) ion and the oxidizable Ce(Ill) ion, with POMs
provides molecular systems with hybrid electrochemical
properties, such as seen in other hybrid systems that combine,
for example, metallocenes, fullerenes,?*>> and multinuclear
exohedral metallofullerenes.?® For Ln-POMs, the combina-
tion of the key electrofunctional properties of both the metal
and the ligand in one molecule produces two-center, mul-
tielectron redox systems in which basic information about
the interactions between the atomic-like Ln f orbitals and
the band-like M d orbitals of POM ligands is largely
unknown.

Although there are numerous reports about Eu-
POMs, ! =3:-17:19.27-33 the reduction of Eu(II) in these cluster
anions is an unusual phenomenon and has only been observed
for the Preyssler anion, [EuPs W3O, 10]12‘.34 This may be due
to experimental difficulties of probing the Eu ion valence in
opaque, heteropoly blue solutions of Eu-POMs, or, alterna-
tively, that the energetics of the Eu 4f orbital interactions
with LUMO states of essentially d orbital character are
unfavorable. The first hurdle has been cleared by the
application of in situ X-ray absorption near edge structure
(XANES) spectroelectrochemistry to Ln- and actinide-POM
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science.’>*-5 The second vis-a-vis the interaction of the
localized Eu f states and the W—O d states may be due to
stereochemical effects that either favor or hinder metal—ligand
orbital mixing. For example, the connectivity of Eu(Ill) with
the ligand LUMO is pivotal to reductive electrochemistry
and, for the case of [EuPsW300,0]'%, experimental®® and
theoretical®’ results indicate that the spatial association of
Eu(III) with the W ions that comprise the LUMO states is a
principal factor in f—d electron coupling and non-Nernstian
electrochemical behavior.**

In similar regard, geometric factors concerning the com-
plexation of Eu(IIl) by isomers of the monovacant Wells—
Dawson anion, [P,W70¢;]'%, may influence Eu reduction.
In complexes with both the o-1 and o-2 isomers, Eu is
bonded to the P—W—0 ligands by four O atoms, which serve
as u-oxo bridges between Eu(IIl) and 4 W(VI) sites of which,
for the a-1 isomer, 3 occupy belt positions and 1 occupies
a cap position, and, for the a-2 isomer, 2 are in belt and 2
are in cap positions (Figure 1). Each of the 17 W(VI) ion
positions in the P=W—0O framework structure of the a-1
isomer are magnetically inequivalent.**¥**! Of particular
significance here is that upon reduction of the fully oxidized
anions, electrons are injected into the LUMO states that are
centered on the W ions in the belt regions of the anions.***?
As such, heterometal cations, that is, Ln and transition metals,
bound in the vacancies of the a-1 POM have one more direct
connection with the W-centered LUMO states than do the
heterometal complexes of the -2 POM. A physical mani-
festation of these oxo linkage connectivities relates to
reduction processes, wherein electroactive transition-metal
cations at the o-1 site are more readily reduced than when
substituted at the o2 position.**~*° The orientation of a basic
oxygen atom, pointing at the a-1 site, from the adjoining
[PO4]* tetrahedron around which the W—O framework is
assembled also favors stronger coupling of heterometal ions
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Figure 1. Local environments of Eu(Ill) (red spheres) in Eu-o-1 (top) and Eu-a-2 (bottom) showing the #-O atom (open teal blue circles) connectivities
with the W atoms in the belt, o1 sites (striped black circles) and in the cap, -2 sites (hatched black circles) of the tetradentate ligands.*® In these two
illustrations of the projected structures of 1:1 [(H2O)sEu(a-1-PaW17061)]”~ and 1:2 [Eu(a-2-PaW170¢1)2]'7~, which are based upon the structures of the
corresponding Lu(III) complexes,®* the 4 terminal O atoms from H,O molecules that complete the innermost Eu—Os coordination spheres are omitted for
clarity, as are the majority of the atoms that constitute the framework structures. For the solid salt and solution of Eu-a-1 (top), the next-nearest interaction
with the O atom (teal blue sphere) behind and to the left of the Eu ion as well as the more distant interactions with 4 W (3 striped and 1 hatched black
circles) and 4 O (hatched teal blue circles) were refined in the EXAFS data. Phosphorus atoms are shown as yellow spheres.

with the W atoms in the belt (LUMO) of the a-1 ligand
than in the o-2 ligand. The results from theoretical treat-
ments, showing that the LUMO in the frontier molecular
orbitals of [o-P,W50¢]¢ consists of 96% o.-1 character,’®~>2
are consistent with experimental observations, including those
showing that Eu(IIl) in an -2 site, such as in [Eu(a-2-
As;W17061)2]'77, is not reduced in an aqueous supporting
electrolyte of 0.1 M CH3CO;Na + 0.1 M NaClO4 at pH
5.0'33,53

The information about structural and electronic properties
suggests to us that the [a-1-P,W1706;]'” lacunary POM
would be an obvious system with which to deliberately
couple Eu f states and POM-ligand d states by electrochemi-
cal means. In so doing, the reduction of Eu(IIl) in a complex
molecular anion with dual centers of redox activity provides
an opportunity for observation of correlated electron behav-
iors and otherwise interesting electrochemistry that would
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advance knowledge about the energetics of Eu-POMs, in
general, and their applications in europium hydrometallurgy
and electrocatalysis, in particular. The objective of this study
is the investigation of the spectroscopy and electrochemistry
for solutions of K;[(H,O)4Eu(a-1-P,W704:)] dissolved in
aqueous electrolytes. Toward this end, we used the electro-
chemical techniques of cyclic voltammetry (CV) and bulk
electrolysis (BE) as well as XAFS (X-ray absorption fine
structure) spectroelectrochemistry. In particular, the Eu
valence and coordination environment were probed through
use of Eu Li-edge XANES and EXAFS (extended X-ray
absorption fine structure) obtained for the fully oxidized
(colorless) complex anion, [(H,O)4Eu(o-1-P,W17,06;)]"~, and
for several multielectron reduced (heteropoly blue) forms,
[(H20)4Eu(a-1-P,W706;)]"~, produced by exhaustive elec-
trolysis at controlled electrode potentials simultaneously with
the XAFS data acquisition. It is shown that Eu(Ill) in
[(H,0)4Eu(a-1-PoW17041)]7~ as dilute solutions (0.25 and
5.0 mM) in aqueous electrolytes of 0.2 M Li,SO4 at pH 3.0
is reduced to Eu(Il) at sufficiently negative electrode
potentials. The species containing Eu(II) and the reduced
ligand is unstable with respect to autoxidation of Eu(Il),
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fragmentation, and rearrangement of the POM ligand, leading
to the reconstitution of the plenary anion, [0-P,W 506217,
and the formation of Eu(IIT) complexes of [a-2-P,W 701"~
and [PW/,030]” at negative electrode potentials. The mixed-
solution speciation was confirmed by *'P NMR spectroscopy
and optical luminescence measurements.

Experimental Section

Solution and Sample Preparation. K;[(H,O),Eu(o-1-P,W -
Oe],  K7[(H20)4Y(0-1-P2W17061)],  Al(H30)[(H20),Eu(PW1;-
O39)], Cs11[Eu(PW1039):], K7[Eu(a-2-P,W7061)], and K7[Eu(o-
2-P,W,0¢))2] were synthesized as previously described.?”***° The
plenary Wells—Dawson POM, Kg[a-P,W30¢:], and its lacunary,
monovacant form, KoLi[o-1-P,W706,]+20H,0, were prepared
according to literature procedures.54 EuCls, Eu,03, YCls, and Li,SO4
were purchased from Aldrich Chemical Co. Aqueous supporting
electrolyte solutions of 0.2 M Li,SO; adjusted to pH 3.0 with H,SO4
(Fisher Optima) were used for all electrochemical and spectroscopic
experiments in accordance with previous studies, showing that this
medium imparts stability to metal complexes of [o-1-P,W ;-
041]'~.*° Indeed, we have found through the use of 3'P NMR that
the stabilities of all fully oxidized Ln-POMs, K;[(H,O),Ln(o-1-
P,W70¢1)], in this aqueous supporting electrolyte are good (48 h
before onset of decomposition). A solution of Eu,(SO4); was
prepared by dissolving Eu,0O3 (9 mg) in the 0.2 M Li,SOy4 solution
electrolyte (10 mL). All chemical reagents were used as received.
Deionized water (18 M2 cm) was used for the preparation of all
solutions.

3P Nuclear Magnetic Resonance (NMR). 3'P NMR (161.8
MHz) spectra were recorded in 10 mm tubes with a volume of 3
mL on a JEOL GX-400 spectrometer. Typical acquisition param-
eters are as follows: spectral width, 10 000 Hz; acquisition time,
0.8 s; pulse delay, 1 s; pulse width, 15 us (50° tip angle). Two-
thousand scans were accumulated. A 85% H3PQOj solution was used
as a chemical shift reference. The preparation of isomerically pure
K7[(H20)4Ln(a-1-P,W170¢;)] samples (5.0 mM) was established
by their two-line spectra with (P1) and 6(P2) values of 6.42 and
—11.41, —9.97 and —13.01 ppm for the complexes with Ln = Eu
and Y, respectively. All chemical shifts are reported on the J scale
with upfield resonances as negative.

Electrochemical Measurements. A BAS 100B/W potentiostat
(West Lafayette, IN) was used for the acquisition of all electroana-
lytical data, which were obtained from POM solutions (0.25 and
5.0 mM) at room temperature in 0.2 M Li,SO4 (pH 3.0). All
reported potentials are given with respect to the Ag/AgCl reference
electrode (BASi MF-2052). CV data for the lacunary ligand,
KoLi[o-1-P,W 70611, its Ln complexes Ky[(H,O)4Ln(o-1-
P,W7061)] (Ln = Eu?* and Y3%), and Eu(ClO,); were obtained in
one-compartment glass vials using a standard three-electrode system
consisting of either glassy carbon (GC) (BASi MF-2012, geo-
metrical area 0.071 cm?) or 6.15 mm diameter graphite rod (GR)
(Alfa 14739) working electrodes; 6.15 mm diameter GR auxiliary
electrodes; the aforementioned Ag/AgCl reference electrodes. Each
solution was deaerated with dinitrogen gas for 10—15 min prior to
the CV measurement and subsequently blanketed with dinitrogen
during all sweeps. Bulk electrolyses data for 5.0 mM solutions of
K;[(H,0)4Ln(a-1-P,W170¢;)] (Ln = Eu and Y) were obtained in
two-compartment electrochemical cell vials separated by a medium
porosity glass frit to isolate the auxiliary and working GR electrodes.

(54) Contant, R. Inorganic Syntheses; Ginsberg, A. P., Ed.; Wiley-
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The solutions were step polarized from rest potential (+0.054 V)
to an electrode potential of —1.30 V as they were vigorously sparged
with dinitrogen throughout the course of exhaustive electrolysis,
from which the net charge was used to calculate the number of
electrons transferred per molecule through Faraday’s law.

XAFS Data Acquisition and Analysis. Europium L;-edge
(6.977 keV) X-ray absorption spectroscopy (XAS) was performed
at beamline 12-BM-B>° at the Advanced Photon Source. The
incident X-ray energy was calibrated by the first inflection point
energy for the K-edge XANES of iron foil, 7.112 keV. All of the
measurements were made in the fluorescence mode at ambient
conditions with a multielement (Canberra) detector. The neat
powder of K;[(H,0)4Eu(o-1-P,W7041)] was pressed into a micro
X-ray cell (SPEX 3577) with Prolene X-ray film windows (4 um
gauge, Chemplex Industries), and its solutions of 0.25 mM and
5.0 mM POM concentrations (5 mL in 0.2 M Li,SOy electrolyte,
pH 3.0) were injected into purpose-built electrochemical cells for
measurement.’®>” The data from three one-hour scans of the white
powder sample and the 5.0 mM solution (in its colorless-oxidized
state as well as the blue-reduced form) were averaged for analysis
of EXAFS, which was performed in consistent fashion in the usual
manner™® with EXAFSPAK®® and WinXAS 3.1,°° and theoretical
phase and amplitude functions were calculated with FEFF 8.0.%'
Conventional metrical treatments of the Eu k*y(k) EXAFS with a
fixed-scale factor (Sp> = 0.9) entailed a series of stepwise fits of
increasing complexity, from single- to multishell coordination
models based upon the crystallographic data available for the
structure of the corresponding lutetium POM, [(H,O),Lu(o-1-
P,W;,0¢;)]7~.%% Ultimately, the EXAFS spectra were precisely
modeled with either three- or four-shell fits that included contribu-
tions from the nearest O atoms as well as the distant neighbors of
O, P, and W. The number of refined parameters (10) was less than
the number of relevant independent data points, Ny = 16, available
in the primary spectra, with kmex = 10.2 A~! and Ar = 3 A.%% The
in situ X-ray absorption spectroelectrochemical data were collected
on the deaerated and continuously N-sparged solution of the fully
oxidized [(H,O);Eu(Ill)(a-1-P,W1,0¢;)]7~ anion in the aqueous
electrolyte at the electrode open circuit potential, +0.054 V. This
was followed by bulk electrolysis at —1.30 V and at —0.90 V for
the concentrated (5.0 mM) and dilute (0.25 mM) solutions,
respectively, of [(HyO)Eu(IID)(o-1-P;W17061)]”~ to produce the
corresponding reduced anions containing Eu(II). XANES data were
recorded with respect to time, while electrode polarization was
maintained to probe the stability of the reduced species. The time-
dependent spectra obtained at each electrode potential were fit using
linear combination analyses with the end member spectra for the
oxidized, Eu(Ill), and reduced, Eu(Ill), POMs as well as with
pseudo-Voigt and arctangent functions.
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Figure 2. Cyclic voltammograms, v =49 mV s~!, of 0.25 mM (left panel)
and 5.0 mM (right panel) analytes (a, ¢) [a-1-PaW 70619~ (solid line)
and Eu(ClOy); (dashed line: left panel 1.0 mM, right panel 5.0 mM)); (b,
d) background scan (gray dashed line), Eu-a-1 (solid line), and Y-o-1 (black
dashed line) on GR electrodes in 0.2 M Li»SOy4 electrolyte at pH 3.0. The
data in parts a and c are offset for clarity.

Optical Luminescence. K;[(H,O)sEu(a-1-P,W706:)] (0.233 g,
46.6 umol) was dissolved in 10 mL Li,SO4 (0.2 M, pH 3.0) and
placed in an electrochemical cell. The solution was reduced at a
potential of —1.30 V for 4 h under an atmosphere of dinitrogen.
An aliquot of this reduced solution was taken for analysis (200 uL
in 2000 uL Li,SO4 buffer, 0.466 mM).

The remaining solution was oxidized at a potential of +1.00 V
for 5 h (until the solution was completely clear) and a sample was
taken for the final spectroscopic analysis. Standard solutions of
K7[Eu(a-2-PaW17061)], Ki7[Eu(a-2-P,W17061)2], Al(H30)[(H20)»-
Eu(PW,,039)], Cs11[Eu(PW,039)], and Eu,[SO4]; were prepared
at a working concentration of ~0.5 mM also in Li,SO4 (0.2 M, pH
3.0) and placed in quartz cuvettes for analyses. Eu(Ill) excitation
spectra and excited-state lifetimes were obtained using a Spectra-
Physics Quanta Ray PRO-270—10 Q-switched Nd:YAG pump laser
(10 Hz, 60—70 mJ/pulse) and a MOPO SL for all luminescence
measurements as reported.®* The nondegenerate "Fy — 5Dy, transition
of the Eu(III) ion was scanned between 578 and 582 nm, whereas
the Dy — "F, emission band was monitored at 614 nm. Excitation
spectra were deconvoluted by using the program PeakFit 4.12
(Jandel). Time-resolved luminescence measurements were collected
by using a digital Tektronix TDS 3034B oscilloscope. Data were
fit to single and double exponential decays by using Sigmaplot
version 10 (Systat).

Results and Discussion

Electrochemical Studies. Cyclic voltammograms obtained
for two concentrations — 0.25 and 5.0 mM — of three
analytes — [(I-I-P2W17061]107, [EU(Q—I—P2W17061)]77, and
[Y(a-1-P,W70¢1)]”~ (abbreviated hereafter as a-1, Eu-o-
1, and Y-a-1, respectively) — and two concentrations — 1.0
and 5.0 mM — of Eu(IIl) in the pH 3.0 aqueous electrolyte
of 0.2 M Li,SO, are shown in Figure 2. The data of part a
of Figure 2 (solid black line) for the 0.25 mM Ln-free
lacunary anion shows three well-resolved processes with Ej
= —0.22, —0.47, and —0.81 V (identified as I, II, and III),
which are attributed to W-based redox chemistry involving
three successive two-electron couples.®> The response is
essentially the same as reported beforehand for 0.25—0.5

(64) Nwe, K.; Richard, J. P.; Morrow, J. R. Dalton Trans. 2007, 5171-
5178.
(65) Contant, R.; Ciabrini, J. P. J. Chem. Res. 1977, 222.

Table 1. Peak Potentials (£0.005 V) for the Redox Couples Observed
in the Cyclic Voltammograms of Figure 2¢

anion wave  En[V]®  En[VI®  Ein[VI®  AE,[V]
0.25 mM
[0-1-PoW 170410~ 1 —0.241 —0.204 —0.223 0.037

1I —0.502 —0.436 —0.469 0.066

I —0.836 —0.783  —0.810 0.053

Y-o-1 I —0.354 —0.298 —0.326 0.056
I —0.485 —0.431 —0.458 0.054

I —0.825 —0.780 —0.803 0.045

Eu-a-1 I —0.356 —0.311 —0.334 0.045
1I —0.487 —0.436 —0.462 0.051

I —0.675 —0.617 —0.646 0.058

v —0.831 —0.782  —0.807 0.049

Eu(ClO4)3 1 —0.677 —0.572  —0.625 0.105
5.0 mM

[a-l-P2W]7051]10_ 1 —0.32 —-0.22 —-0.27 0.10

Y-a-1 I —0.49 —0.34 —0.42 0.15

Eu-o-1 1 —0.50 —0.30 —0.40 0.20

Eu(ClO4)3 1 —0.69 —0.57 —0.63 0.12

“ Left panel: For 0.25 mM [a-1-PaW 17061, Y-a-1, Eu-a-1, and 1.0
mM for Eu(ClO4); on GR working electrodes at 49 mV s~!. The right panel
gives the peak potentials (£0.01 V) for the first couple (I) in the CV data
for the 5.0 mM analytes. ” E, is the electrode potential of peaks with
cathodic current. © Ep, is the electrode potential of peaks with anodic current.
TEin = (Epe + Epa)/2. © AE, = Epy — Epe.

mM solutions of KoLi[at-1-P;W70¢;] in 0.2 M Na,SOq
aqueous electrolytes of pH 3.0.**7 Repetitive sweeps
between —0.90 and +0.20 V showed reproducible behavior
even though the original, colorless solution changed to light
blue during the course of experimentation with different scan
rates (Figure SO, Supporting Information). The blue color
arises from the reductive electrochemistry and delocalization
of the added electrons in the LUMOs that consist of W (a-
1, belt site of Figure 1, left) and O character.%®%’

The data in part a of Figure 2 (black dashed line) for a
1.0 mM Eu(III) solution shows a single process with Ej, =
—0.63 V, which is attributed to the one-electron Eu(IIl)/
Eu(Il) couple. The standard electrode potential for this
process is —0.55 V versus Ag/AgCl.”° The more-negative
experimental value is attributed to stabilizing effects of
sulfate complexation with Eu(IIl) in much the same manner
as the electrode potential of the Ce(IIl)/Ce(IV) couple is
lowered by complexation with [SO4]*~.”" Of essence here
is that the Eu redox activity occurs within the electrode
potential region for the ligand-centered reduction of the
W—0 POM framework alone. As such, the CV data for Eu-
o-1 shown in part b of Figure 2 (solid black line) may be an
amalgamation of Eu- and ligand-centered redox activities.
The values of E;;, for the 4 redox couples are provided in
Table 1. These show that Eu(Ill) complexation with [o-1-
P,W17061]'°" results in a negative shift of 0.11 V of the first
redox couple, I, equivalent to the effects observed upon
transition-metal-ion complexation with a-1.*" The second

(66) Pope, M. T. In Mixed-Valence Compounds. Theory and Applications
in Chemistry, Physics, Geology, and Biology; Brown, D. B., Ed.; D.
Reidel: Dordrecht, 1980; pp 365—386.

(67) Papaconstantinou, E.; Pope, M. T. Inorg. Chem. 1970, 9, 667-669.

(68) Varga, G. M., Jr.; Papaconstantinou, E.; Pope, M. T. Inorg. Chem.
1970, 9, 662-667.

(69) Pope, M. T.; Papaconstantinou, E. Inorg. Chem. 1967, 6, 1147-1152.

(70) Bratsch, S. G. J. Phys. Chem. Ref. Data 1989, 18, 1-21.

(71) Wadsworth, E.; Duke, F. R.; Goetz, C. A. Anal. Chem. 1957, 29, 1824—
1825.
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and the third couples of the anionic ligand alone (II and III,
respectively, in Table 1) are effectively preserved in the
response of Eu-a-1 as couples II and IV. The principal
variation between the ligand and Eu-a-1 is the presence of
anew feature at £y, = —0.65 V, which is nearly coincident
with the response of free Eu and with a peak separation,
AE,, of 0.058 V, indicating one-electron Eu(III)/Eu(II) redox
activity in Eu-a-1. The presumed mixing of Eu- and
W-centered electrochemical processes in the complex anion
parallels the heterobinuclear reductive response of Fe(III)
and o-1 in the Fe(II)-o-1 system.*®

To provide insight into this issue, the CV data for a 0.25
mM solution of Y-a-1 was recorded and is shown in part b
of Figure 2 as the black dashed line. Because Y(III) is not
reducible to Y(II) in aqueous electrolytes, the electrochemical
response will be that of the ligand alone as modified by Y (III)
complexation, so a difference between Y-o-1 and Eu-a-1
stands to be an indicator of Eu redox activity. Three couples
are evident for Y-a-1 with Ey, values (I—III, Table 1) that
are in agreement with three of the four processes observed
for Eu-o-1. This comparison indicates that waves I, II, and
IV of Eu-o.-1 are attributable to W electrochemistry. Couple
II at E,, = —0.65 V is unique to Eu-o-1 — there is no
wave between —0.60 and —0.70 V in the CV for Y-a-1 —
and is evidence to support the assignment of Eu redox
activity in the bulk voltammetric response for Eu-a-1.
Confirmation of the Eu valence switching is provided through
use of XANES spectroelectrochemisty, vide infra.

The CV data for the 5.0 mM solution analyte concentra-
tions are shown in parts ¢ and d of Figure 2 in identical
fashion to the presentation of the data for the 0.25 mM
analytes of parts a and b of Figure 2. In comparing the CVs
in the left and right panels of Figure 2, two differences are
obvious vis-a-vis the negative electrode potential switching
limits and the current response itself. The negative limits of
—0.90 and —1.30 V for the 0.25 and 5.0 mM analyte
concentrations, respectively, are determined by the onset of
the hydrogen evolution reaction, which appears to be
promoted by surface derivatization by the analytes at low
concentrations in the acidic medium.”” The rather dramatic
and detrimental changes of appearance, in terms of peak
broadening and poor peak separations, for the CVs obtained
at the high (5.0 mM) POM concentrations are indicators of,
in part, solvent and solute effects, especially interion-
associations, such as have become commonplace in or-
ganic”*””> and aqueous’®° POM electrochemistry. Never-
theless, in considering the first redox couple, which is the

(72) Keita, B.; Nadjo, L. Mater. Chem. Phys. 1989, 22, 77-103.

(73) Maeda, K.; Katano, H.; Osakai, T.; Himeno, S.; Saito, A. J.
Electroanal. Chem. 1995, 389, 167-173.

(74) Osakai, T.; Katano, H.; Maeda, K.; Himeno, S.; Saito, A. Bull. Chem.
Soc. Jpn. 1993, 66, 1111-1115.

(75) Osakai, T.; Maeda, K.; Ebina, K.; Hayamizu, H.; Hoshino, M.; Muto,
K.; Himeno, S. Bull. Chem. Soc. Jpn. 1997, 70, 2473-24381.

(76) Grigoriev, V. A.; Cheng, D.; Hill, C. L.; Weinstock, I. A. J. Am. Chem.
Soc. 2001, 123, 5292-5307.

(77) Grigoriev, V. A.; Hill, C. L.; Weinstock, I. A. J. Am. Chem. Soc.
2000, /22, 3544-3545.

(78) Lopez, X.; Nieto-Draghi, C.; Bo, C.; Avalos, J. B.; Poblet, J. M. J.
Phys. Chem. A 2005, 109, 1216-1222.

(79) Toth, J. E.; Anson, F. C. J. Electroanal. Chem. 1988, 256, 361-370.
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only one with clear resolution even in the corresponding
semidifferential data (Figure S1, Supporting Information),
the trends in the E,;, values for the 0.25 mM analytes are
consistent with the 5.0 mM solutions (Table 1). In particular,
the couples for Eu-a-1 and Y-a-1 are 0.13—0.15 V less than
that for the ligand itself. Whereas there are subtle differences
between the data for Y-o-1 and Eu-a-1, shown in part d of
Figure 2, it is not possible to disentangle the ligand,
W-centered processes from one for the Eu(IIT)/Eu(Il) couple,
as was possible with the CV data for 0.25 mM Eu-o.-1 (part
b of Figure 2). The same systematic comparison of the CV
data for the 5.0 mM a-1 and Ln-o-1 POMs reveals
complicated behaviors that may arise from combined effects
of interion associations, polydispersity, protonation, isomer-
ization, analyte instabilities, and so forth. For instance,
although the E), values for the 5.0 mM analytes are slightly
(0.005—0.09 V) more negative than the corresponding values
obtained at 0.25 mM, the AE;, values for the 5.0 mM analytes
at 49 mV s are large, 0.10—0.20 V, (Table 1) and
significantly (1.8—5.4 x) greater than those for the 0.25 mM
analytes at the same scan rate. This suggests that the electron
transfer kinetics are slower for the species in the concentrated
analytes than for those in the dilute ones.

Information about the redox kinetics of a-1 and Ln-a-1
at the GR electrode surface is provided by plots of the peak
currents for the cathodic and anodic processes of couple I
(ipc and iy, respectively) versus the square roots of the scan
rates, v'2. Figure 3 shows that a linear proportionality exists
between the currents and v'2 for both analyte concentrations
— 0.25 (a, b) and 5.0 (c, d) mM. The primary data (shown
as symbols) are adequately described by the linear fits (R?
= 0.86—0.99, shown as lines) with intercepts of zero
according to the Randles—Sevcik equation, indicating that
the electron transfer kinetics are mass-transport controlled.®!
The individual slopes and regressions coefficients, tabulated
in the Supporting Information (Table SO), show that the ratio
of average peak currents, iy/iyc, is less than unity (0.8—0.9)
for the dilute, 0.25 mM analyte concentrations and is greater
than unity (1.1—1.6) for the 5.0 mM analyte concentrations
for all 4 scan rates, 9, 25, 49, and 100 mV s~'. These
deviations indicate irreversible behaviors, which are cor-
roborated by the plots of AE, versus v, showing (Figure S2,
Supporting Information) that the peak potential separations
increase with increasing scan rates for both the 0.25 and 5.0
mM analyte concentrations and, consequently, that electron
transfer kinetics are slow relative to the aforementioned scan
rates. The combined deviations of peak currents and poten-
tials from ideal, Randles—Sevcik, and Nernst behaviors
suggest electrochemical irreversibilities, such as may result
from redox processes that are coupled to chemical reactions
involving the electrolyzed species, may also be at play.

We sought to obtain additional information about the
electrochemical processes by use of controlled potential

(80) Weinstock, I. A.; Grigoriev, V. A.; Cheng, D.; Hill, C. L. In
Polyoxometalate Chemistry for Nano-Composite Design; Yamase, T.,
Pope, M. T., Eds.; Kluwer: New York, 2002; pp 103—127.

(81) Bard, A. J.; Faulkner, L. R. Electrochemical Methods: Fundamentals
and Applications, 2nd ed.; J. Wiley: New York, 2001.
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Figure 3. Anodic and cathodic peak current, ipa and ipe, variations of
the first redox couple (I, Table 1) with the square roots of scan rates
from CVs of 0.25 mM (left panel) and 5.0 mM (right panel) analytes
(a, ¢) [0-1-PaW70611'%7; (b, d) Eu-a-1 (solid squares and solid lines)
and Y-a-1 (open squares and dashed lines) on GR electrodes in 0.2 M
LixSOy electrolyte at pH 3.0 and v = 9, 25, 49, and 100 mV s~!
(Supporting Information). The fitted lines are based upon the Randles—
Sevcik equation, i, = (5.02RT)~*(nF)*?ACD"?v'? with the conventional
symbol meanings.®' All slopes, which are negative for the iy response
and positive for ip,, and regression coefficients are provided as Supporting
Information, Table SO.

electrolysis of fully oxidized o-1 and Ln-a-1 POM solutions.
In agreement with the literature,*’”-°> a 5.0 mM solution of
the a-1 ligand was found to consume 6.1 electrons per
molecule upon exhaustive electrolysis at —1.30 V. The
comparable experiments with 5.0 mM and 0.25 mM solutions
of Eu-o-1 and Y-o-1 were less conclusive. The results show
the transfer of 5.8—10.2 electrons for Eu-a-1 and 6.0—7.9
electrons for Y-a-1. We attribute this unusually high
dispersion of results from repeated measurements performed
under identical conditions to interferences from chemical
reactions, particularly those resulting from the reactivity of
the reduced Ln-o-1 complexes toward isomerization and
rearrangement, forming electroactive species in addition to
Ln-o-1. As pointed out beforehand,*® such chemical interfer-
ences in the labile a-1 system can complicate the overall
count of charge (electrons) consumed throughout the time
scale of a bulk electrolysis experiment. Whereas the results
from BE are inconclusive regarding evidence about Eu redox
activity in Eu-a-1, as indicated by the CV measurements of
the 0.25 mM analyte and its structural chemistry, direct and
definitive insights about both issues were obtained by the
use of in situ Eu XAFS.

Eu L;-edge XAFS. Spectra were first acquired for the
solid salt of Eu-a-1 and for a freshly prepared 5.0 mM
solution of it in fully oxidized form at rest potential (+0.054
V) to confirm that the coordination environment about Eu(III)
in the solid state does not change upon dissolution in the
0.2 M Li,SOq electrolyte. The XANES and EXAFS data are

o

1

Normalized XANES, | /1

s_éa 6.98 7.00 7.02
Energy, keV

Figure 4. Normalized Eu L3-edge XANES spectra of Eu-o-1 solid salt
(solid black line) and its freshly prepared, fully oxidized 5.0 mM Eu-o-1
solution at rest potential, +0.054 V (dashed black line), in the in 0.2 M
Li>SOy4 electrolyte of pH = 3.0; reduced, heteropoly blue solution with the
GR electrode polarized at —1.30 V (dashed blue line); and after oxidation
at —1.00 V (solid blue line, offset for clarity). The Eu(IIl) edge peaks at
6.9829 keV have a fwhm of 6.4 eV, and the Eu(Il) edge peak at 6.9749
keV has a fwhm of 5.0 eV, consistent with the inverse relationship between
line width and IR.>”
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Figure 5. Eu Li-edge ky(k) EXAFS data (a) and corresponding Fourier
transform data (b) for Eu-o.-1 solid salt (top, offset for clarity) and its freshly
prepared, fully oxidized 5.0 mM Eu-a-1 solution at rest potential, +0.054
V, (bottom) as described in Figure 4. The solid lines illustrate the
experimental data, and the dashed lines show the fits.

shown as Figures 4 and 5, respectfully. The intense edge
peaks at 6.9829 keV observed in the XANES are charac-
teristic of Eu(III),>”%*%? and the coincident responses suggest
that the Eu coordination for the solution species is stable
and equivalent to that of the solid. The experimental k*y(k)
EXAFS and the corresponding Fourier transform (FT) data
of Figure 5 (without phase correction) confirm the structural
identity. In the absence of single-crystal X-ray diffraction
data for Eu-a-1, the fitting of the primary Eu EXAFS (solid
lines) was modeled upon the known structure of K;[(H,0)s-
Lu(a-1-P,;W170¢1)] (abbreviated hereafter as Lu-a-1), which
shows that Lu(IIl) is 8-coordinated with O atoms at an
average distance of 2.36(6) A.%%> The average bond length

Inorganic Chemistry, Vol. 47, No. 15, 2008 6895



between Lu and the four O atoms of the tetradentate a-1
ligand is 2.30(4) A. The square antiprism of O around Lu(IIT)
is completed by complexation of four water molecules with
an average distance of 2.42(5) A. Our Eu EXAFS is of
insufficient resolution (Ak = 8.2 A~!; Ar = 0.19 A) to show
two separate O peaks in the FT data, which instead reveal a
single intense peak at 1.86 A (before phase shift, part b of
Figure 5) containing the combined O backscattering
contributions.

The EXAFS for the solid salt and aqueous solution of Eu-
a-1 were fit to reveal 7.6 £ 1 nearest O at 2.37(1) A and
7.8 £ 1 O at 2.38(1) /OX, respectively. The O coordination
numbers (CNs) agree with those obtained for the solid salt
of Lu-a-1 (8) and for an aqueous solution of Eu-a-1 (7.8).
The latter value was obtained as the sum of 4 O, from the
o-1 ligand, and 3.8 bound H,O, as determined from
luminescence lifetimes of Eu-o-1 measured in H,O and
D,0.%° The EXAFS results for the solid and solution of Eu-
o-1 are in agreement with the 1:1 formulation of the
[(H,0)4Eu(a-1-P,W7041)]”~ complex, wherein Eu(III) binds
to four O atoms of the POM ligand and four other
coordination sites are occupied by water molecules, possibly
with the stereochemistry that obtains for the Lu-a-1 crystal
structure. The fact that the average Eu—O distances, 2.37—2.38
A, are only 0.01—0.02 A longer than the average Lu—O
distance is unexpected in view of the 0.089 A larger ionic
radius for Eu(Ill), 1.066 A, versus Lu(III), 0.977A, for CN
= VIIL¥

Additional evidence that the Eu-a-1 molecular complex
remains stable and intact upon dissolution of the solid and
throughout the course of the measurements is provided by
the analysis of the three distant peaks — 2.86, 3.26, and 3.72
A — in the FT data of part b of Figure 5. The fits (shown as
dashed lines in Figure 5) to the Eu EXAFS data of the solid
and solution samples obtained from the 4-shell model with
fixed CNs for the distant interactions based upon the Lu-
o-1 environment are convincing. The three small peaks
correspond to backscattering from one O at 3.36—3.37 A,
four W at 3.74 A, and four O at 4.37—4.39 A. The complete
metrical parameters are provided in Table 2. These distances
compare favorably with those — 3.41(1), 3.97(8), and 4.33(9)
A, respectively — from the X-ray crystallographic investiga-
tion of the Lu-a--1 system.®?

Following acquisition of the solution EXAFS for the
oxidized Eu-a-1 at the rest potential described above, the
electrode potential was step polarized to —1.30 V to produce
the reduced species. Upon achieving exhaustive electrolysis
after 125 min, the Eu Lj-edge XANES of Figure 4 (blue
dashed line) for the heteropoly blue, reduced analyte reveals
a new edge peak at 6.9749 keV, approximately 8 eV below
the Eu(IIl) peak for the oxidized analyte, that is diagnostic
of Eu(II).>”#*8 This in situ XANES spectroelectrochemistry
experiment provides direct confirmation of the independent
results from CV alone, vide supra, by demonstrating that

(82) Rohler, J. In Handbook on the Physics and Chemistry of Rare Earths;
Gschneidner, K. A., Jr., Eyring, L., Hufner, S., Ed.; North-Holland:
Amsterdam, 1987; Vol. 10 - High Energy Spectroscopy; pp 453—545.

(83) Shannon, R. D. Acta Crystallogr., Sect. A 1976, 32, 751-767.
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Table 2. Results of Curve-Fitting Analysis of the Eu L-edge k*x(k)
EXAFS of Figures 5 and 7¢

sample shell CN? re A 024 A2 AEy
solid salt Eu-o-1 Eu—O 7.6(10) 2.37(1) 0.009(2) —-0.2
Eu—0O 1 3.36(7) 0.004(9) f
Eu—W 4 3.74(2)  0.009(3) f
Eu—O 4 4.4(1) 0.008(9) f
original Eu-o-1 Eu—O 7.8(10) 2.38(1) 0.009(2) —0.03
solution Eu-0 1 3379)  0.008(12)

Eu—W 4 3.742) 0.01133)
Eu—-0 4 44 (1)  0.02(2) !

oxidized Eu-o-1 Eu—0O 9.0(10) 2.42(2) 0.012(3) 1.4
solution obtained Eu—P 3.909) 3.16(3) 0.013(9) !
after reduction Eu—P 1.8(8) 4.15(3) 0.001(9) !

“The number in the parentheses represents the estimated standard
deviations (30) obtained from the least-squares fits.  Coordination number.
¢ Interatomic distance. ¢ The Debye—Waller factor, the root-mean-square
deviation of the average Eu—X bond length, for X = O, P, W. “ The energy
difference between the experimental and theoretical values of Ey./ Parameter
fixed to the value in the column above.

Eu(IIl) is, indeed, reduced along with the P—W—0 ligand.
With the possible exception of [Eu(III)(WsOg),]°,%¢ it is
only the second known example of such behavior in Eu-
POMs, the first being the Eu(III)-Preyssler POM.*

During the subsequent campaign to obtain high-quality
EXAFS for the pure Eu(Il)-a-1 solution species, we observed
an autoxidation process — with the electrode continuously
polarized at —1.30 V — commencing some 15 min after
producing the Eu(II) solution species. The XANES data of
part a of Figure 6 show the time evolution of the autoxidation
to Eu(Ill). This dynamic behavior demonstrates that the
electrochemical interconversion between the fully oxidized
Eu(Ill)-o-1 anion and its multielectron-reduced species,
Eu(Il)-a-1, is an irreversible, non-Nernstian process. The
EXAFS data obtained within the ca. 50 min time frame
(110—160 min, part b of Figure 6) when there is <5% of
the autooxidized Eu(IIl) species formed were analyzed in
terms of its Eu—O bonding. A single-shell fit to the data for
the metastable, reduced POM indicates that there are 7.7 £+
1.0 O atoms about Eu(II) with an average distance of 2.55(4)
A (Supporting Information, Figure S3). This bond length is
0.17 A longer than that (2.38(1) A) for the original solution
of Eu(IIl)-a-1. The increase is consistent with the 0.184 A
larger IR of Eu(Il), which is 1.25 A for CN = VIII, versus
Eu(IID).

The in situ Eu XANES acquired following exhaustive
electrolysis of the fully oxidized, dilute (0.25) mM Eu-o-1
solution with the electrode polarized at —0.90 V confirms
the response observed with the 5.0 mM analyte. That is, the
reduced Eu(Il)-o-1 anion is a labile species prone to
autoxidation and structural transformations, which were
addressed by subsequent experimentation described here.
Some 30% of the fully reduced Eu(Il)-o-1 species in the
5.0 mM analyte is autoxidized to Eu(IIl) after 6.7 h with
the electrode at —1.30 V (part b of Figure 6). To accelerate
the oxidation of the remaining Eu(Il), the solution was

(84) Moreau, G.; Helm, L.; Purans, J.; Merbach, A. E. J. Phys. Chem. A
2002, 106, 3034-3043.

(85) Rakovan, J.; Newville, M.; Sutton, S. Am. Mineral. 2001, 86, 697—
700.

(86) Mulazzani, Q. G.; Venturi, M.; Ballardini, R.; Gandolfi, M. T.; Balzani,
V. Isr. J. Chem. 1985, 25, 183-188.



Europium(III) Reduction and Speciation

—
1Y
L=

s

w

Normalized XANES, | f N 0
(]

%
200 -S
250 aE;:
300
350 E
69 69 700 79 400
Energy, key
(b)100_(1>_c e 1 s 1 4+ 1 5 1 o+ 1 4 1 4 1
80_ -
£ 607 =
=1 | I
L
=X 404 o I
| ° O%ﬁﬁ&' -
20 : C;d
1 b o™ :
0 T 7 QF—"OOiChu T T T 7T
0 100 200 300 400
Time, min

Figure 6. (a) Normalized Eu Li-edge XANES for the 5.0 mM Eu-o-1
solution from one hour after starting electrode polarization at —1.30 V to
the final scan some 7 h later, showing the initial reduction of Eu(III) and
the subsequent autoxidation of Eu(II) while under potential control. (b) Time
evolution of the Eu(IIl) valence in Eu-a-1 throughout the bulk electrolysis
experiment of part (a).

electrolyzed with an electrode potential of —1.00 V. The Eu
XANES obtained for the heteropoly blue solution following
exhaustive electrolysis, Figure 4 (blue solid line), shows the
presence of only Eu(Ill), confirming the complete oxidation
of Eu(Il). The corresponding EXAFS and FT data of the
blue, Eu(Ill) solution maintained at —1.00 V are shown in
Figure 7. This FT, with three peaks at 1.91, 2.76, and 3.67
A, is significantly different from that for the original,
colorless, oxidized solution of Eu-o-1 shown in Figure 5.
The fit to the k*¢(k) EXAFS with a three-coordination shell
model with O nearest neighbors and distant P neighbors is quite
good (dashed line in Figure 7). Fitting with S in place of P, to
account for the possibility that the electrolyte, 0.2 M [SO4]>~,
coordinates with Eu(IIl) produces equivalent fits and metrical
parameters. Because P (Z = 15) and S (Z = 16) are adjacent
elements, the use of EXAFS alone provides insufficient contrast
to distinguish between P/S backscattering. The coordination of
Eu(II) in the blue solution at —1.00 V is well-described by a
first shell of 9.0 & 1 O atoms at 2.42(2) A, a second shell of
3.9 + 0.9 P/(S) atoms at 3.16(3) A, and a third shell of 1.8 +
0.8 P/(S) atoms at 4.15(3) A. All of the fitting parameters are
provided in Table 2.

Despite the availability of such structural detail, the exact
speciation of Eu(Ill) in terms of the identity, nature, and
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Figure 7. Eu Ls-edge k*y(k) EXAFS data (a) and corresponding Fourier
transform data (b) for the blue solution of Eu-a-1 obtained by oxidation at
—1.00 V of the fully reduced 5.0 mM analyte. The solid lines illustrate the
experimental data, and the dashed lines show the fit.

Table 3. 3'P NMR Data for Original Eu-a-1 Solution (5.0 mM) before
Reduction and for the Oxidized Eu-a-1 Solution Obtained after
Reduction to the Heteropoly Blue Species with an Electrode Potential of
—1.30 V¢

3P NMR data
solution species (6, ppm)
original Eu-a-1 [(H20)4Eu(o-1-PoW 70617~ 6.42, —11.41
oxidized Eu-0-1  [(H2O)4Eu(a-1-P,W706)]’~  6.687, —11.34
[(H20),Eu(PW,030)]*~ 5.413%7
[Eu(PW11030)0]'1~ 0.416%"

[Eu(a-2-P,W 17061)2]"7~
[0-1-PyW 17061110~
a-[PW 1306210~

@31p Spectra were referenced to 85% H3POy.

3.747, —12.711%
—8.54, —12.853%
—12.467

number of different species is impossible to ascertain. The
EXAFS data are consistent with a combination of P-
containing species that are known decomposition products
of a-1 and chelants of Eu, including [PoW30¢,]°", [a-2-
P2W17O61]10_, [H2P2W12048]12_,45 as well as Eu phosphate/
(sulfate) materials.®*”*® Additional spectroscopic evidence
obtained by use of optical luminescence and 3'P NMR
spectroscopy was applied to disentangle the identities of the
individual species produced following the complete reduction
and subsequent oxidation of Eu-a-1. This combination of
techniques, wherein luminescence opens a window on the
speciation of Eu only, and NMR on P speciation, provides
information that complements and is otherwise not available
from CV and Eu XANES.

Optical Luminescence. The bulk electrolysis experiment
monitored by XANES was replicated and probed by lumi-
nescence spectroscopy to interrogate the Eu(IIl) speciation
upon reduction and oxidation. The excitation spectrum of a
fresh solution of Eu-a-1 in its oxidized (colorless) form
prepared by dissolution of a spectroscopically pure solid salt,
as determined by 3'P NMR (Table 3), in 0.2 M Li,SO, (pH
3.0) is shown in Figure 8 (pink trace). The intense peak at
580.0 nm with a single-exponential lifetime of 215 £ 21 us
is in agreement with previous results for the tetrahydrated
anion, [(H,0);Eu(a-1-P,W7041)]7.*° The spectrum shows
two characteristic shoulders on the left and right flanks (579.8
and 580.5 nm, respectively) of the peak that exhibit biex-

(87) Kolitsch, U.; Holtstam, D. Eur. J. Mineral. 2004, 16, 117-126.
(88) Wickleder, M. S. Chem. Rev. 2002, 102, 2011-2087.
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Figure 8. ’F, — D, excitation spectrum (Aem = 614 nm) of 47 uM solution
of Eu-a-1 in 0.2 M Li,SOy4 (pH 3.0) before reduction (pink trace), after
reduction (blue trace), and after oxidation (teal trace). The corresponding
excitation spectrum for Euy(SO4)3 is shown as the tan trace.

ponential lifetimes with components arising from [(H,O)sEu(a-
1-P,W7061)]7", and those attributed to the presence of
isomeric species [(H,0),Eu(o-2-P,W706;)]”~ and [Eu(a-2-
P,W7061),]'7", respectively.*® The relatively small amount
of isomerization (Figure S4, Supporting Information, for
deconvolved spectrum) arises from the dilution-induced
dissociation of Eu-a-1 at the extremely low concentration
(47 uM) necessary to avoid quenching artifacts.*”

The excitation spectrum of an aliquot of the blue, reduced
solution removed from the electrochemical cell upon comple-
tion of exhaustive BE at —1.30 V in an identical manner to
the in situ XAFS spectroelectrochemistry is shown in Figure
8 (blue trace). The dramatic decrease in signal intensity
compared with that for the oxidized starting solution (pink
trace) is attributed to the combination of two factors. First,
the sample excitation and emission is attenuated by the deep-
blue color of the solution, and second, the reduction of Eu(III)
to Eu(Il) lowers the Eu(Ill) concentration, which in turn
lowers the luminescence intensities. Also the relative intensity
of the shoulder at 579.7 nm on the left flank of the main
peak at 580.0 nm increases to ca. two-thirds of the maximum
peak value, consistent with the notion that reduction is
correlated with decomposition. The lifetime, 320 £ 32 us,
of this shoulder is significantly longer than for the similar
feature in the oxidized solution, 226 £ 22 us, and suggests
that a different species, notably [(H,O),Eu(PW,;039)]*",
forms upon reduction (Figure S5, Supporting Information).

The excitation spectrum for the solution following com-
plete oxidation to its clear and colorless state is shown in
Figure 8 (teal trace). The doublet spectrum with peaks of
equal intensities at 579.8 and 580.0 nm and equal lifetimes,
258 £ 25 us, indicates that the reduction—oxidation process
induces the formation of bulk quantities of [(H,O),Eu(PW;-
Os9)]*. Because we thought it likely that the 0.2 M sulfate
electrolyte would form an inner-sphere complex with any
Eu(Ill) that disincorporates from the POMs, an excitation
spectrum for a Eu,(SO4); solution standard was obtained.
As evident in Figure 8 (tan trace), the peak maximum for
the excitation of Euy(SO4); occurs at 579.0 nm, which is well
separated from the luminescence of the oxidized solution

I 5
578 578.5
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(teal trace). Therefore, we conclude that Eu(IIl)-[SO4]*
complexation®>*° does not pertain to the Eu-o-1 system as
treated here (Figure S6, Supporting Information). Nevertheless,
other isomeric Eu-POMs, besides [(H,0),Eu(PW;,030)]*, are
likely to contribute to the luminescence of the oxidized solution,
Figure 8 (teal trace), as well. In view of uncertainties with
multicomponent-lifetime analyses for such a polydisperse
mixture, *'P NMR was brought to bear upon the solution
speciation.

NMR. A reduced and oxidized replication of the XANES
experiment was monitored by 3'P NMR. The results of 3P
NMR measurements (Table 3 and Supporting Information
(Figure S7)), demonstrate the presence of six POM species
in the oxidized solution. These include the original Eu-a-1
complex and the free a-1 ligand as well as one product that
results from isomerization and complexation, [Eu(o-2-
P,W17061)2]'7", and three products that result from fragmen-
tation and  reconstitution,  [(H,0),Bu(PW;030)]*",
[EU(PW11039)2]“_, and (1-[})2W18062]6_. In view of the
known chemical instabilities of the a-1 ligamd,45 the trans-
formations to the Eu-a-2 and plenary Wells—Dawson anions
are not unexpected. It is the formation of the two lacunary
Keggin complexes of Eu(Ill) that are unusual and possibly
driven by the combined Eu- and ligand-centered reductive
electrochemistry of [(H,O)Eu(IIT)(a-1-PaW7061)]7 .

Conclusions

The Eu-a-1 POM combines an electroactive lanthanide
ion, Eu(I1I), and an electroactive ligand, [o-1-PoW704,]1'%",
in a single, heterobinuclear molecular anion. The two redox-
active centers involve valence orbitals of dissimilar character—
localized 4f states of Eu and d-band states of W. The prospect
of dual redox activity, although not always realized in Eu
complexes with other electroactive ligands,”? including
POMs,>*3 is demonstrated here for Eu-o-1, wherein the
Eu(IIT)/Eu(Il) couple occurs within the range of electrode
potentials that drive the multielectron reduction of the
P—W—0O anion and the formation of a heteropoly blue
species. Whereas the redox chemistry of the a-1 ligand is
affected by its complexation with Eu(III), the redox chemistry
of Eu is only slightly perturbed by its complexation with
the ligand. Namely, for a dilute, 0.25 mM solution of Eu-
a-1, the Eu(IIT)/Eu(Il) couple is found at E;p = —0.65 V,
which although deep within the domain of the W-centered
redox processes (the first reduction occurs with Ej», = —0.33
V) is essentially coincident with the electrode potential for
the POM-free Eu(Ill) ion (E, = —0.63 V) in the same
supporting electrolyte of 0.2 M Li,SO4 at pH 3.0. The
absence of a significant difference suggests that the energetics
of the f-orbital interactions with the LUMO of essentially
W d-orbital character are unfavorable and uncooperative, a
possible result of insufficient interconnectivity. In this regard,
the inner-sphere Eu coordination environment in the solid

(89) Tanaka, F.; Yamashita, S. Inorg. Chem. 1984, 23, 2044-2046.

(90) Vercouter, T.; Amekraz, B.; Moulin, C.; Giffaut, E.; Vitorge, P. Inorg.
Chem. 2005, 44, 7570-7581.

(91) Kido, J.; Okamoto, Y. Chem. Rev. 2002, 102, 2357-2368.

(92) Richter, M. M.; Bard, A. J. Anal. Chem. 1996, 68, 2641-2650.
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salt of Eu-o-1 and after its dissolution in the aqueous
electrolyte were shown to be the same, consisting of four
water molecules and the four O atoms from the tetradentate
ligand with an average Eu—Og distance of 2.37—2.38 A. The
fact that the Eu cation is directly exposed to the solvent
medium, although ideal for facile water exchange and
electron transfer at an electrode surface, may account for its
ligand-independent and labile behaviors, wherein the exhaus-
tive, multielectron reduction of [(H,O)sEu(IIl)(o-1-P5-
W17061)]77 to its metastable [(H,O),Eu(Il)(o-1-P,W170¢1) 1"~
species leads to dynamic processes of Eu-disincorporation,
cluster isomerization, fragmentation, and reconstitution to
four other POMs, including [Eu(ot-2-P,W17061)2]"7 ", [(H20),-
Eu(PW,,039)1*", [Eu(PW,,03),]"'", and o-[P,W506,]°".
Despite the apparent stability of the reduced species under
conditions and on time scales typical of voltammetric
measurements that show evidence of quasi-reversible redox
chemistry, the significant instability of the fully reduced anion
following controlled-potential bulk electrolysis leads to
irreversible electroanalytical behaviors. A more-suitable
medium, such as aprotic nonaqueous solvents, may improve
the stability of the electrolyzed species. In this regard, efforts

to understand the mechanism of the independent, reductive
electrochemistry of Eu(IIl) and polyoxotungstates are un-
derway.
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