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Redox Chemistry of Actinide Ions in Wells—Dawson Heteropolyoxoanion
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The redox behavior has been characterized for several actin-
ide (An) complexes with the monovacant Wells—-Dawson
anion, of the form [An™*(a-2-P,W17061)2]* 2% (An = Th*+, U**,
Np**, Pu**, and Am?®*). Two complexes, with An = U** and
Am?3*, show redox activity under oxidizing conditions, which
is attributed to the actinide oxidation. Am3* is oxidized to
Am?** with an E;,, = +1.21+0.01 V, and U** oxidizes to U®*
with a measured E;,, = +0.55£0.01 V vs. Ag/AgCl. Although
the cyclic voltammetry (CV) data are consistent with a re-
versible redox couple, bulk oxidative electrolysis of [U**(a-2-
P,W;70¢1),]'®" results in the decomposition of this complex
to produce wuranyl acetate and the free monovacant
Wells—Dawson anion. In contrast, all of the CV data from the
actinide coordination complexes differ from equivalent data
obtained from the [0-2-P,W;704:]'°" ligand itself. There are
two complexed An** ions, Np and Pu, that undergo reduction

over the same potential range as the ligands themselves. In
situ X-ray spectroelectrochemistry is used to quantify the ac-
tinide response. The Np**/Np3* redox behavior is a classic-
ally single ion process, with a formal potential of —0.84+0.01
V that was determined from a Nernst plot of X-ray absorption
near-edge structure (XANES) data. The Pu**/Pu®* formal re-
duction potential in the complex [Pu(a-2-P,W;;044)2]" was
determined to be —0.174+0.01 V using the same methodology.
However, in this latter case, the slope of the Nernst plot in-
dicates that 0.72+0.03 electrons are involved in the reduction.
This is a significant deviation from the 1 electron expected
for the Pu couple, and is discussed in terms of the concomit-
ant reduction of the P-W-O framework of the
Wells-Dawson anion.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

Polyoxometalates (POMs) are inorganic, anionic ligands
with properties that have found application in such diverse
areas as catalysis,["'? energy storagel® and nuclear waste
processing.*~¢ Unlike more familiar ligands (e.g., H,O,
NH3, halides, carbonates, etc.), many POMs are electroac-
tive,l”) particularly the heteropolyoxoanions of general com-
position [X, M0/ (X = Si, P, S; M = Mo, W). It is this
intrinsic electrochemical functionality of POMs that ac-
counts for their renowned behavior as reversible multielec-
tron oxidants. They can accommodate substantial variation
in their overall net charge without significant structural
change or decomposition. The reduced species are known
as heteropoly blues!”! because of their intense coloration,
which arises from the delocalization of the added electrons
in bands attributable to the metal oxide framework atoms
(M = Mo®*, WeH),
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The Wells—Dawson heteropolyanion a-[PoW;50¢,]°",
shown in Figure 1, is an electroactive POM that accepts
1—6 electrons into its P—W—0 framework upon reduction
in aqueous media, while retaining its framework
structure.®~19 Selected —WO** — units can be removed,
from either the belt (o-1) or the cap (a-2) positions, to form
an anion that acts as a ligand, which forms complexes with
a variety of cations. Specific to our interests are complexes
with  5f actinide ions, of the form [An"*(a-2-
P,W,;,06:)-]"2° (n = 3 and 4), which have been reported
for Pu,l'l Am,["'=171 and Bk.['¥1 These actinide ions, to-
gether with U*" and Np**, are known to be electroactive
themselves.['8] The one-electron redox chemistry for the
An*T1An** aquo ions of U, Np, Pu, and Bk is generally

= =

cap (o-2)

belt (c-1)

belt (ct-1)

cap (0-2)

Figure 1. Polyhedral representation of the {W;gOg,} framework of
the plenary Wells—Dawson anion, o-[P,W,30,]°~ showing the 6
capping W atoms (a-2 positions) as striped octahedra and the 12
belt W atoms (o-1 positions) as shaded octahedra; the two central
[PO,]*~ tetrahedra are not shown
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facile and reversible, with tabulated standard electrode po-
tentials in the range of —0.773 = E° = +147 V vs. Ag/
AgCLIM

In 1976, Saprykin et al.'!:2% reported that electroactive
POMs, including the monovacant Wells—Dawson, exert a
significant influence on the standard electrode potentials of
the An**/An** redox couples. For example, in complexes of
[An** (0-2-P,W17061)-]'" (An*" = Am, Cm, and Cf) the
metal ions are stabilized toward reduction,?!! which would
otherwise occur irreversibly on contact with water. From
experimental measurements of the Wells—Dawson com-
plexes of Pu*™ M1 Am3* [11=171 and Bk3*,['41 the potentials
for the An**/An** redox couple are approximately 1 V less
than those tabulated for the standard reduction potentials,
which correspond to the aquo ions in noncomplexing elec-
trolytes.

Whereas it has been demonstrated that the substituted
Wells—Dawson ligand can systematically shift the redox po-
tential of bound 5f metal ions,['!~13211 [ittle work has been
done to look for changes in the reduction response of the
complexed anion. Of specific interest is the case, expected
for the Np**/Np** and Pu**/Pu®**couples, in which the re-
duction of the complexed 4n ion occurs over the same po-
tential range as the reduction waves of the Wells—Dawson
ligand itself. Under such conditions the localized f states
are at the Fermi level of the P—W—O0 ligand states. Similar
situations have been studied for f ions in transition-metal
alloys, where correlated-electron and intermediate-valent
phenomena have been observed.?>?3 Indeed, strong evi-
dence of intermediate valence has been observed for Eu
encrypted in the Preyssler anion, [EuPsW50O;;0]"~,** when
the Eu f valence states are isoenergetic with the framework
Fermi level. The systems under study herein provide a un-
iquely tunable and structurally simple model for extending
studies of correlated electron behavior.

The objective of this study is to probe the electronic re-
sponse of 4An Wells—Dawson complexes, in which both the
f ion and the POM ligand are electroactive, to look for in-
teractions that indicate f-state bonding or other unusual
electronic responses. We report cyclic voltammetry and in
situ XANES spectroelectrochemistry data on Th**, U**,
Np**, and Pu** as well as Am>", some of which may give
evidence of electronic interactions, but no strong evidence
of intermediate valence is observed, even in cases where the
P—W-0 and f states are reduced concomitantly.

Results and Discussion

The CV data are shown in Figure 2 for the free ligand,
[0-2-PsW ;061" (a, a’), and the cluster complexes,
[An" (a-2-P,W706))5]" 20 with Th** (b, b’), U** (c, ¢’),
Np** (d, d’), Pu*" (e, e'), and Am>" (f, f’). These data
were obtained under identical conditions, with the potential
window limited by H, evolution at = —1 V vs. Ag/AgCl
and O, evolution at = +1.4 V vs. Ag/AgCl. The funda-
mental electrochemical parameters obtained from the data
in Figure 2 are provided in Table 1 and compared in Table 2
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Figure 2. Left panels: cyclic voltammograms obtained at room
temp. at 5 mV s~ ! in supporting aqueous electrolytes (pH = 3.5)
of 2:1 (v/v) mixtures of 0.5 M CH3;CO-Li buffer at pH = 4.7 and 1
M HCIOy; right panels: the corresponding semi-differential data of
the primar?f voltammograms; (a, a") the uncomplexed ligand, [o-2-
P,W 50417, including background scan (dashed line), revealing
two well-resolved (7, IT) redox waves and a third (ZI]) less-resolved
one; each arises from two-electron reduction processes of W in
the P—W—0 band; by comparison, the complexes of Th** (b, b’),
U*t (c, ¢’), Np** (d, d’), Pu*" (e, '), and Am3* (f, ') with [a-2-
P,W ;061" as [An""(a-2-P;W50¢))-]"2° cluster anions affect
the reduction behavior of the ligand in significant fashion; all the
solution species form heteropoly blues due to reduction of the
P—W-0 framework at potentials between 0 and —1 V; although
the U*" and Am3* oxidation waves (labeled O) are visible in the
CV data of (c, ¢') and (f, {’), respectively, any evidence for the
reduction of An** in [An**(0-2-P,W,0¢,),]'®" is not obvious be-
cause of the interfering response from the reduction of the ligand

with results from previous electrochemical investigations of
[An" " (0-2-P,W706;)2]"2°, as well as with the correspond-
ing An"* aquo ions.

The data in Figure 2 (a, a’) indicate that the free ligand
has no electrochemical response under an oxidizing, posi-
tive, applied potential, consistent with the expectation that
the Wé"—O valence band is empty. In contrast, the CV
data for [Am>*(a-2-P,W,7,04;)-]'7~, shown in Figure 2 (f,
f"), exhibit an isolated redox wave under an oxidizing poten-
tial, at £, = +1.21+0.01 V, that is attributed to the Am3*/
Am** couple. As evident from Table 2, our E;,, value is in
agreement with previous polarographic and potentiometric
measurements of the Am3* oxidation potential in the
[Am>*(a-2-P,W7061)2]'7~ complex measured in solutions
with pH ranges of 2—5.[11-137151 The measured reduction
potential of +1.21 V is about 1.2 V less than the estimated
standard electrode potential of +2.4 V for the Am** reduc-
tion in aqueous solution. This shift for the Am reduction
potential upon complexation with the Wells—Dawson
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Table 1. Electrode potentials [V vs. Ag/AgCl] of the redox couples
obtained from the cyclic voltammetry data of Figure 2 for the free
ligand, [a-2-P,W;04]'°", and the An complexes, [An(a-2-
P,W,70¢),]""; the half-wave potentials, E,/,, are presented as (E,.
+ E,,)/2, where E,. and E,, are the cathodic and anodic peak po-
tentials, respectively; the peak separations, AE,, are presented as

E,, — E,., and “nr” means “not resolved”; errors associated with
the values of E,, E,,, E;, and AE, are either +0.01 or £0.005 V

corresponding to the precision of the tabulated potentials

Anion Wave E,.[V] E,, [V] Ei[V] AE,[V]
[0-2-P,W ;06,10 I —0.357 —0.200 —0.28 0.157
11 —0.584 —0.428 —0.51 0.156
111 nr —0.707
[Th(o-2-P,W706)5]'*" 1 —0.308 —0.206 —0.26 0.102
11 —-048 —0.366 —0.42 0.114
111 —-0.64 —0.53 —-0.59 0.110
v nr —0.70
[U(a-2-P,W,061)-]'~ O +0.516 +0.586 +0.55 0.070
1 —0.504 —0.402 —0.45 0.102
1T —0.648 —0.544 —0.60 0.104
111 —0.886 —0.745 —0.82 0.141
[Np(a-2-P2W1706|)Z]16’ 1 —-0.230 —0.072 —0.15 0.158
11 —0.448 —0.212 —0.33 0.236
111 —0.619 —0.361 —0.49 0.258
v nr —0.652
[Pu(a-Z-P2W17061)2]167 I 70172 70073 7012 0099
11 —-0.298 —0.213 —0.26 0.085
11 —0.431 —0.295 —-0.36 0.136
v nr —0.605
[Am(a-2-P,W ;,0¢,),]'7~ O +1.15 +1.26 +1.21 0.11
1 —-0.50 —0.382 —0.44 0.118
11 —-0.61 —-0.50 -0.56 0.11
11 nr —0.67
v nr —0.85

anion is somewhat larger than the —0.9 V that is typically
seen for similarly complexed An ions.['!>13-211 Were it not for
complexation with [0-2-PoW704]'°", Am**" would not be
stable in aqueous solution. This stabilization of Am** by
complexation with [a-2-P,W;0¢,]'°" is the scientific basis
for the separation process known as SESAME®P! and for
aspects of the PARC processl in nuclear waste treatment
operations.

[U(0-2-P,W;50¢:)5]'¢ " also shows an electrochemical re-
sponse under an oxidizing applied potential, with a redox
wave [labeled O in Figure2 (c, ¢')] centered at Ejp =
+0.55+0.01 V. Previous work has shown that, under the
synthetic conditions employed in this study, U is tetravalent
in [U(0-2-P,W,70¢1)-]'¢ .21 We argue that the redox wave
observed here is due to the one-electron U*"/U>* couple.
The one-electron oxidation of U** has been previously re-
ported in both Keggin and Wells—Dawson heteropo-
lyoxoanion complexes, [U**(X"W;039),]** 20 (X = Si**;
P3*) and [U*"(P,W,70¢),]'® .21 The oxidation was
achieved through electrolytic means, with electrode poten-
tials of +0.23 = E°’ = +0.64 V, and through potentio-
metric titrations with dichromate and permanganate.[*”]
Our E;» value agrees with the formal potential of
+0.56+0.01 V obtained through a Nernst analysis of
potentiometric data for [U**(P,W;;0¢),]'*~ by Maslov
et al.l?7]
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Table 2. Standard electrode potentials [V vs. Ag/AgCl] for the An
aquo ions in acid solutions at room temp. from the compilation of
Bratsch;!'”! the original values of Bratsch!'”l in V vs. SHE were
converted here to V vs. Ag/AgCl with respect to the redox potential
(+0.196 V vs. SHE) for the BAS Inc. Ag/AgCl reference electrode
(3 M NaCl) at 25 °C;*l estimated values for which there are no
experimental data are enclosed in parentheses; “na” = “not access-
ible” in aqueous electrolytes; “uk™ = “unknown’ in aqueous elec-
trolytes; the sources of the potentials for the An Wells—Dawson
complexes, [An(a-2-P,W706;),]"", in aqueous electrolytes at room
temp. are given in the footnotes

Aquo ions  Wells—Dawson complexes

An couple 4+/3+ 4+/3+ S5+/4+

Th na na na

U —0.773 (—1.73)l +0.56=0.010!

+0.55+0.01[!

Np —0.039 (—0.95)d uk
—0.84+0.011!

Pu +0.810 —0.12=0.0114 uk
—0.17+0.011!

Am (+2.4) +1.20—1.26lel uk
+1.21+0.01
+1.33—1.39MM
+1.05—1.101

Cm (+2.8) (+1.9+0.2)0 na

Bk +1.47 +0.4400 na

Cf (+3.1) (+2.00.2)0 na

2] From Erine et al.’” [Pl From Maslov et al.?”! ¢l This work, £,
value from cyclic voltammetry. [ From Timofeev et al.l'l ¢l This
work, E°” value from Nernst analysis of XANES spectroelectroch-
emical data. 1 From Saprykin et al.l'!l [&] Range of values for
2<=pH=5.11L13-151 [N Range of values for pH=1.1>171 [l Range of
values for pH = 7.5 from Baranov et al.'®l Il From Baranov et
al.li4

A reliable standard potential for the one-electron oxi-
dation of U*", unaccompanied by the formation of the lin-
ear dioxo moiety [O=U>*=0]" is not available for com-
parison with our results. U>* is unstable, so that, on contact
with water, it invariably takes the form of the trans-dioxo
cation [UO,]", which itself is unstable with respect to dis-
proportionation.?®! The observation of an apparently re-
versible voltammogram indicates that the coordination pro-
vided by the two Wells—Dawson ligands®>?°1 provides a
stabilizing environment for the dioxo-free (i.e., the so-called
nude) U>* cation.

In attempts to further characterize the U>" complex of
[U(a-2-P,W,7041)5]">~, bulk electrolysis experiments were
performed with the electrode polarized at +0.80 V. The
solution color, which was initially violet, changed to red
and then gradually faded to light pink as a white precipitate
developed over the course of 1—18 h. Powder X-ray diffrac-
tion and EXAFS (extended X-ray absorption fine structure)
data of the precipitate are consistent with a uranyl(vi) acet-
ate phase.*®! On the longer time scale needed for bulk elec-
trolysis, the U** oxidation is seen to be irreversible. On the
significantly shorter time scale of cyclic voltammetry meas-
urements, the U**/U>" redox couple [O in Figure 2 (c, ¢')]
appears reversible, with a 0.070 V peak separation. This is
likely to be a kinetic effect, in that the nude U™ is sterically
hindered, by the bulky Wells—Dawson ligands, from access
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to the oxygen ligands necessary to form the dioxo moiety,

1 VAN
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Figure 3. Cyclic voltammograms of [U*(a-2- P2W17061)2] ;5 (a)
starting from the initial potential of +0.1 V in a negative sweep to
—1 V then to +1 V and back, showing the reversible U*T/U>"
couple labeled O and the cathodic peak response labeled R’ at
—0.23 V attributed to reduction of [UO,]>*; (b) recorded 60 min
after (a) starting from the initial potential of +0.1 V in a negative
sweep to —1 V and back

O=U>*"=0. Yet, as shown in the CV data of Figure 3 (a),
U demetalation is evident in successive sweeps with scan
rates of 10 mV s~ ! and slower between —1 and = +0.6 V
as the cathodic peak at —0.23 V labeled R'. This peak,
which is otherwise not observed in shorter scans to = +0.4
V as shown in Figure 3 (b), is the direct result of the redox
couple O in Figure 3 (a). We suggest that peak R’ is due to
the reduction of [UO,]*" (from cluster demetalation)i*”! to
U**, which subsequently combines with free ligand to re-
form the [U**(a-2-P,W;70¢;),]'®~ complex. This would ac-
count for the absence of an anodic counterpart of R’, as
would the irreversibility of the coupled electron transfer/
chemical conversion between U** and [UO,]*". No evi-
dence is found for the reorganization of [0-2-P,W ;041" ",
which can be readily reconstituted as a-[P,W;30¢,]®~ and
easily detected by CV.

In contrast to the sparse electrochemical responses of the
actinide-coordinated, monovacant Wells—Dawson anions
under oxidizing conditions, complicated redox responses
are observed for all complexes under reducing conditions.
The free ligand itself exhibits two well-resolved redox waves
followed by one less-resolved wave, as indicated by 17, I1,
and 11 in the voltammogram of Figure 2 (a). Previous work
has attributed the waves to three 2-electron
processes,[®19-317331 inyolving W°" reduction. Extended
Hiickel calculations on the uncomplexed, plenary
Wells—Dawson anion, a-[P,W;304,]°", indicate that the
lowest unoccupied molecular orbital (LUMO) has a;"’ sym-
metry and is composed almost exclusively (96%) of metal
orbitals derived from the 5d t,, orbitals centered on the belt
(a-1) tungsten atoms.** Symmetry requires that all 12 belt
W atoms contribute with equal weight. The next higher en-
ergy state has e’’ symmetry and is composed of both belt
(61%) and cap (33%) positions.**! Above these states in en-
ergy is another doubly degenerate set of orbitals that are
located primarily (81%) on the cap positions, with only 12%
on the belt positions.?* The removal of a W=0%" moiety

2932 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

from the cap position, to form the a-2 derivative, lifts the
threefold rotational symmetry of the parent ligand, and will
lift the e states degeneracies. The first redox wave seen for
[0-2-P,W,04;]'°" in Figure 2 (a, a’) can thus be under-
stood as arising from electron occupation in the LUMO
that resides primarily on the belt (a-1) positions of Figure 1,
and has a’’ symmetry.34~3¢]

Of the five 4n ions considered here, only Th*" has no
electroactivity of its own in the electrochemical region of
interest. Yet, the complexation of electrochemically silent
Th*" modifies the voltammetric response of the P-W—0
framework so that the [Th(a-2-P,W,,0¢;)-]'®" cluster has
four redox waves. The first three are visible in the primary
CV data of Figure 2 (b). The fourth one is less resolved but
is seen clearly in the corresponding semiderivative data of
Figure 2 (b').

The reduction potentials of the 4n** ions coordinated
by the monovacant Wells—Dawson anion are estimated by
assuming a —0.9 to —1.0 V shift to the standard electrode
potentials upon complexation.['S] Using this assumption,
Np** and Pu** complexed with [a-2-P,W,04;]'°" have re-
duction potentials that are expected to be accessible under
our experimental conditions, whereas the estimated U**/
U3 potential of —1.73 VB is expected to be too low to
be measurable. However, except for minor shifts in peak
positions, the CV data for [Np(a-2-P,W;70¢;)-]'¢~, shown
in Figure 2 (d, d’), are essentially the same as those for
[Th(0-2-P;W,04:),]'®" [Figure 2 (b, b’)], in which Th**
has no redox activity. So, from the CV data alone, it is not
possible to assign Np electrochemical activity to any
specific feature that may otherwise arise from the redox ac-
tivity of the P=W—O framework. Therefore, in order to
evaluate the electrochemical response of these 5f ions under
reducing conditions, optical spectroscopy and X-ray ab-
sorption experiments were undertaken.

Optical spectra were obtained for the yellow Np** solu-
tion complex and for the blue solution resulting from bulk
electrolysis at —0.3 V vs. Ag/AgCl in order to assess the
Np**/Np** redox activity in [Np(a-2-P,W;70¢;)-]" . These
spectra are shown in Figure 4. The blue solution is optically
dense and the electronic spectrum consists of weak bands
attributable to the Np** complex superimposed on a strong
and essentially featureless broad-band (460—1250 nm) ab-

T
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i
i

400 600 800 1000 1200

Wavelength, nm

Figure 4. Optical spectrum of the transparent yellow solution of
[Np**(a-2-P,W70¢1)-]'®~ consistent with previous spectral*s—>]
(dashed line) and the opaque heteropoly blue solution (solid line),
following exhaustive electrolysis at —0.3 V
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sorption associated with the reduction of the ligands. Ab-
sorption bands of similar breadth are found in the spectra
for the heteropoly blues of [0-1-P,W 701"~ 1% as well as
[PMo,,040]" in proticB*! and aprotic media.*%! In the het-
eropoly blues of [Np(a-2-P,W,0¢,),]"~ produced by bulk
electrolysis at potentials more negative than —0.3 V, any
evidence for absorption bands due to Np was obscured by
the broad, intense absorption by the P—W—0 anions. Be-
cause of this, we exploited element-specific in situ XANES
spectroelectrochemistry®!l to quantify the Np**/Np3* re-
dox couple.

The Np Ls-edge XANES spectra for the valence-pure o,
Wells—Dawson complexes of Np** and Np** are shown in
Figure 5 as solid lines. These spectra are discussed in detail
elsewhere.[>>] The data collected at intermediate potentials,
after exhaustive bulk electrolysis, are shown as dashed lines.
The XANES spectra can be treated as linear combinations
of the two end-member, valence-pure spectra,[*!4?l thereby
extracting the relative ratio of the oxidized to the reduced
species for each potential. These data serve as input into
the Nernst equation, £ = E°" + RT{log([ox]/[red])}/nF, for
which [ox] and [red] are the concentrations of the oxidized
and reduced species, respectively; E is the applied potential,
R is the gas constant, and F is Faraday’s constant.

The number of electrons (7)) involved in the Np redox
reaction, as well as the formal electrode potential (£°") for
the Np**/Np** couple are determined from the Nernst plot
shown in Figure 6. The variation of applied potential with
log(INp*T)/[Np**]) shown by the solid circles has a linear
dependence. The best fit, with R> = 0.988, is shown as the
solid line. The slope (RT/nF) of the fitted line is
0.061£0.003 V, corresponding to n = 0.97£0.05 electrons
transferred at 25 °C, and the intercept is equal to E°' =
—0.84+0.01 V. The observation of a slope consistent with
that expected for a I-electron transfer indicates that the Np
ion in the Wells—Dawson complex is acting as a well-be-

—_
th
i

XANES, I/

=
bl

1758 176 17.62 17.64 17.66
Energy, keV

Figure 5. Normalized fluorescence XANES of the cluster anions
containing valence-pure Np>* and Np** (solid lines) obtained with
the electrode polarized at —1.00 and +0.20 V, respectively, and
with admixtures of both Np**- and Np*'-containing anions
(dashed lines) obtained with the electrode polarized at —0.900,
—0.880, —0.860, —0.840, —0.800, and —0.780 V; as discussed else-
where, > the Ly XANES peaks for Np** and Np** are well re-
solved with a separation of 4.6 eV; this makes possible the quanti-
tative analyses of the relative equilibrium concentrations of Np**
and Np3* in the admixturest*!!
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Figure 6. Nernst plot (circles) and best fit (line) with R> = 0.988
for [Np(a-2-P,W,0¢1),]""; the slope, RT/nF = 0.061=0.003 V,
provides the number of electrons (1) transferred in the Np**/Np3*
redox couple; at 25 °C, a slope of 0.05916 V corresponds to n =
1; we obtain n = 0.97+0.05; the X-axis intercept as indicated by
the arrows provides the formal potential, £°" = —0.84=0.01 V

haved, single-ion redox couple. The measured Np** re-
duction potential of —0.84 V is similar to the value of
—0.95 V estimated from published trends.7]

The Pu** Wells—Dawson ion presents a situation similar
to that of complexed Np** in that, under reducing con-
ditions the CV data for [Pu(a-2-P,W;,0¢,)-]'°~, shown in
Figure 2 (e, ¢'), provide no obvious evidence for a Pu**/
Pu** couple. This couple has been reported to have a for-
mal potential of —0.12 V,l''l which is in the potential range
for the observed P—W—O redox activity. Pu Ls-edge
XANES experiments are used to quantify the Pu response,
as a function of applied potential, from [Pu(a-2-
P>,W70¢1)>]"". These data are shown in Figure 7. The con-
centrations, following bulk electrolysis, of Pu** and Pu’™"
at each applied potential were used to construct the Nernst
plot shown in Figure 8. The direct, linear dependence of
potential vs. log([Pu**]/[Pu®*] is evident in the primary data
(solid circles) and by the best fit (solid line) with R> =
0.998. The formal potential, E°" = —0.17=0.01 V, is deter-
mined from the intercept of this plot, and can be compared
with that of —0.12+0.01 V obtained by Saprykin et al.l'!l
This latter value was obtained by measurements of Eh in

Pu4+l

—
n
1

XANES, I/1,
T

o
[
i

18.02 1804 1806 1808 18.1 1812
Energy, keV

Figure 7. Normalized fluorescence XANES of the cluster anions
containing valence-pure Put and Pu*" (solid lines) obtained with
the electrode polarized at —0.30 and +0.20 V, respectively, and
with admixtures of both Pu?*- and Pu*'-containing species
(dashed lines) obtained with the electrode polarized at —0.200,
—0.180, —0.160, —0.140, and —0.120 V:; as discussed elsewhere,?%]
the Ly XANES peaks for Pu** and Pu** are well resolved with a
separation of 4.3 eV; this makes possible the quantitative analyses
of the relative equilibrium concentrations of Pu** and Pu®" in
the admixtures!!!

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2933



FULL PAPER

M.-H. Chiang, L. Soderholm, M. R. Antonio

non-blue solutions containing known mixtures of [Pu**/
3 (0-2-PoW7061)5]'¢ /17—, prepared with preformed Pu**
and Pu?*. The slope (0.082+0.003) of the Nernst plot of
Figure 8 is 38% larger than expected for a one-electron
Pu**/Pu’" redox couple, and provides a smaller than ex-
pected value of n = 0.72+0.03 electrons transferred in the
redox reaction. This value is significantly different from
that expected for a well-behaved Nernstian system.[*3]

-0.10-

.

<

=

'S
1

.

i

=

oo
1

Potential, V vs Ag/AgCl

0224
A -0

3 0 0.5 1
log([Pu**]/[Pu3*])

Figure 8. Nernst plot (circles) and best fit (line) with R> = 0.998
for [Pu(a-2-P,W,0¢;),]""; the slope, RT/nF = 0.082+0.003 V, pro-
vides the number of electrons (n = 0.72%0.03) transferred in the
Pu**/Pu?* redox couple; the X-axis intercept as indicated by the
arrows provides the formal potential, £°' = —0.17£0.01 V

The high slope measured for the Pu*" reduction may
indicate weak interactions between the localized Pu f states
and the P-W—0O d-band states arising from correlated
electron behavior. The redox couple, which has a formal
potential of —0.17 V, is almost coincident with the first W-
redox wave of the [Pu(u-2-P,W;704;),]'®" complex itself,
which occurs at —0.12 V. This energy coincidence of lo-
calized f states with the W—O band states raises the pos-
sibility for correlated-electron behavior.[*>?31 We have seen
evidence for such f-P—W—O hybridization during the re-
duction of Eu®" in  the Preyssler POM,
[EuPsW5,0,0]" .24 A Nernst plot, obtained from XANES
data following a similar procedure to that used herein, is
non-linear, with an applied potential range of 60 mV over
which no change is observed in the [Eu’"]/[Eu®*] ratio.
Such behavior is consistent with that expected for a hy-
bridization of the localized fg, states with the dyw_o band
states because the added electrons are going into states
comprised of both Eu and a large number of W. If the Pu
f states and the d states on the 2 cap tungsten atoms had
fully hybridized states, the electron would be shared be-
tween three centers, and the slope measured for the Pu re-
duction alone would be expected to be about 1/3. Therefore,
an increased slope can be argued to be consistent with some
degree of electron sharing among the cap-position ions. The
linearity of the Pu Nernst response, as a function of applied
potential, is consistent with the understanding that the
W—0 states that are reduced in the —0.12 V wave are those
in the anion belt positions.[3*~3¢l These states are expected
to be electronically isolated from the cap-position states and
therefore, although the criterion for intermediate-valent be-
havior is satisfied in terms of energetically isolated states in
this experiment, the system symmetry prohibits the neces-
sary spatial overlap of the appropriate wave functions.

2934 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The isolation of the first reduction wave, arising from the
W atom in the belt positions, from the electronic states on
the cap positions is further exemplified by the plot shown
in Figure 9. The measured potentials of the Wy, redox
waves are plotted as a function of 4n*"—O bond length.[3
U*#* is not included in this plot because of the effects of the
U>*/U** couple (Figure 3) on cluster demetalation leading
to the presence of free [0-2-P,W704]'° and [UO,]*". The
linear behavior (R? = 0.999) of this plot suggests dipolar
interactions alone are primarily responsible for the slightly
increased stability, of the W—O a’’ belt states, to reduction
with increasing An—O bond length.

7 Y [ Y IO NI

-0.2+

1722

Y —
2.32 2.34 2.36 2.38
An-Og Bond Distance, A

Figure 9. The decreasing half-wave, Ejj,, potentials of Table 1 for
redox couple I (belt W reduction) of the Pu*", Np**, and Th*"
complex anions are plotted (circles) as a function of their increasing
An*T—Og bond lengths;?! the best fit (R? = 0.999) is shown as a
line with a slope of —2.79+0.04 V/A and an intercept of
6.37£0.10 V

Conclusion

Although the reduction behaviors of both the actinide
ion and the monovacant Wells—Dawson anion are altered
upon their complexation, there is no evidence of significant
hybridization between the An localized f states and the
W—0 band states. Specifically, the Pu**/Pu?* redox couple
is centered amongst the reduction waves of the anion itself.
This situation may lead to intermediate valence®! as has
been demonstrated for [EuPsW30010]"~ under similar con-
ditions.?¥ However, the Nernst plot obtained for Pu in
[Pu(a-2-P,W,O0¢;)-]"~ is linear, although there appears to
be an anomalously low number of electrons involved in the
reduction. This result is interpreted in terms of electron de-
localization into Pu—W,,,, states.

Experimental Section

CAUTION: Th, U, Np, Pu, and Am are radioactive elements. All
experiments with these isotopes were performed in specialized
laboratories using procedures designed and approved to minimize
radiological and chemical hazards. For the transuranic elements,
i.e., Np, Pu, and Am, their limited availability, together with radi-
ation exposure concerns, require the use of only milligram quantit-
ies and thereby limit studies to small sample sizes. The [4n" " (a-2-
P,W,,0¢1),]"?° complexes with natural Th** and U**, 23"Np**,
22pu**, and 2$Am3" were prepared as described elsewhere.[>’]
Aqueous electrolytes of pH = 3.5, prepared from 2:1 (v/v) mixtures
of 0.5 M CH;3CO,Li buffer (pH = 4.7) and 1 m HCIO,, were used

www.eurjic.org Eur. J. Inorg. Chem. 2003, 2929—2936



Redox Chemistry of Actinide Ions in Wells—Dawson Heteropolyoxoanion Complexes

FULL PAPER

for all measurements, which included optical, in situ Np and Pu
XANES spectroelectrochemistry, and cyclic voltammetry (CV).
Vis/NIR data were obtained with a Cary-14 Olis-conversion spec-
trometer. The in situ XANES was obtained with a purpose-built
cell for spectroelectrochemistry.*'#4 CV data for the dilute (ca.
1 mM) solutions of [An"(a-2-P,W70¢;)-]"~>° were obtained under
static conditions with scan rates of 5 mV s~! in a single-compart-
ment cell. The primary voltammograms were convolved by a semi-
derivative method to provide clear visual resolution of the redox
waves. All electrochemical operations (bulk electrolyses and CV)
were performed with a BAS 100B/W electrochemical workstation
and 6.15 mm diameter graphite rod (Alfa 14739) working and
auxiliary electrodes, and a BAS (RE-5B) Ag/AgCl reference elec-
trode (3 M NaCl). Unless specified otherwise, all measured and re-
ported potentials are with reference to this electrode, with a redox
potential of +0.196 V vs. SHE at 25 °C.[*] The background vol-
tammogram of the neat electrolyte and clean electrodes was smooth
and featureless over the range of potentials from —1 to +1.4 V. Np
and Pu XANES spectra were recorded at the 7 GeV APS BESSRC
CAT station 12-BM-BH®l as described previously.”>) With the
dilute solutions of [Np**(a-2-P,W;04),]'®" and [Pu**(a-2-
P,W,5061),]'®" in the X-ray beam under vigorous sparging with
N,, we first collected data for the fully oxidized clusters at rest
potential. This was followed by exhaustive (= 98%) electrolysis at
—1.00 V and —0.30 V to produce the reduced heteropoly blue spec-
ies with valence-pure Np3* and Pu3*, respectively, and XANES
data acquisition. Thereafter, we recorded XANES data throughout
the course of the stepwise oxidation by bulk electrolyses as a func-
tion of controlled potentials with the electrode polarized at —0.900,
—0.880, —0.860, —0.840, —0.800, and —0.780 V for the Np com-
plex, and at —0.225, —0.200, —0.180, —0.160, —0.140, —0.120, and
—0.100 V for the Pu complex. X-ray and electrochemical spectra,
obtained from the full re-oxidation of the reduced, Wells—Dawson
complex, were indistinguishable from those obtained from the
starting materials. This result confirms the reversibility of the redox
chemistry. The Np and Pu XANES spectra obtained at the inter-
mediate potentials were fit in a linear combination regression
analysis with the pure 4n*" and An** spectra using procedures in
WinXASH7 that have been described in detail elsewhere.*!421 The
relative partial concentrations for An** and An** obtained there-
with were used for the Nernst plots of potential vs. log[Np**]/
[Np3*] and log[Pu**]/[Pu?*].
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