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Redox behavior of cerium in heteropolyoxotungstate complexes
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In situ XAFS spectroelectrochemistry is used to characterize the oxidation state and coordination environment of
cerium in two different heteropolytungstates, the Wells–Dawson [Ce(α-2-P2W17O61)2]

17� anion, and the Preyssler
[CeP5W30O110]

12� anion. Ce(), coordinated to the Wells–Dawson framework, is oxidized at an applied potential of
�0.37 V vs. Ag/AgCl. This is 1.15 V less than the Ce()/Ce() standard reduction potential of �1.52 V vs. Ag/AgCl,
demonstrating that Ce() is stabilized in this heteropolyanion. In contrast, Ce() when encapsulated in the Preyssler
anion is not oxidized at potentials higher than would be required for its oxidation in a non-complexing medium,
indicating a stabilization of Ce(). This is despite the 12� charge on the anion. The different redox behavior of Ce
is understood in terms of the different coordination environments afforded by the two heteropolyanions. The relative
importance of saturative coordination versus electrostatic stabilization in the redox behavior of these two complexes
is discussed.

Introduction
Cerium has two accessible oxidation states,  and , in aqueous
solution. Only strong oxidants like permanganate and peroxy-
disulfate can oxidize Ce(). In mineral acids, the formal
reduction potential of the Ce()/Ce() couple can vary signifi-
cantly from the standard reduction potential of �1.52 V vs. Ag/
AgCl (�1.72 V vs. NHE).1,2 Couples ranging from �0.2 to
�1.6 V vs. Ag/AgCl have been observed, and are dependent
upon the details of complexation with the anions available in
solution.3,4 Previous work has shown that selected heteropoly-
oxotungstates can significantly influence the redox behavior of
complexed f ions.5–12 Whereas there have been several hypo-
theses put forth to explain the shifts in reduction potential for
different complexes,7,9,10 there is, as yet, no clear understanding
of the mechanism(s) behind the stabilizing effects of selected
heteropolyanions on f elements in different oxidation states.

Heteropolyoxotungstates are anionic molecular clusters
composed of tungsten, oxygen, and, commonly, phosphorus.
Typical sizes vary from 50–200 atoms and typical charges vary
from �3 to �15.13–16 In 1971, Peacock and Weakley reported
that heteropolyoxotungstates stabilize tetravalent cerium.5

This stabilization was evident by the ease of oxidation of Ce()
in [Ce(W5O18)2]

9�, [Ce(SiW11O39)2]
13�, [Ce(PW11O39)2]

11�, and
[Ce(P2W17O61)2]

17�. In aqueous solutions, these oxidations were
found to occur at �0.6 to �0.9 V vs. Ag/AgCl,5 which is less
than the standard reduction potential of Ce(). More recently,
Haraguchi et al.9 have confirmed the shifts of the Ce()/Ce()
redox potentials in these heteropolytungstates. The implication
of their work is that the oxidation of Ce() is possible with the
use of only mild oxidants. In contrast to this behavior, Eu()
complexed in [EuP5W30O110]

12� is more easily reduced to Eu()
than is Eu() in a non-complexing electrolyte,11,17 and Eu()
in [Eu(As2W17O61)2]

17� is not reducible.18 In order to obtain
insights about the different redox chemistry of f-element hetero-
polytungstates, we compare herein the bulk solution response
and coordination of cerium in [Ce(α-2-P2W17O61)2]

17� and
[CeP5W30O110]

12� at controlled-electrochemical potentials.

Heteropolyanion complexes with cerium are numer-
ous.5–7,9,19–28 The two chosen for this study are the cerium
analogs of the lanthanide series of monovacant, lacunary
Wells–Dawson anions [Ln(α-2-P2W17O61)2]

17� and Preyssler
anions [LnP5W30O110]

12�.8,25,29,30 These form heteropoly blues,31

as manifested by the blue color of their solutions upon reduc-
tion, which means that their P–W–O frameworks are electro-
active. Although the details are different for the voltammetry
exhibited by the Wells–Dawson and Preyssler anion clusters,
the cyclic voltammograms from isostructural compounds
appear similar irrespective of the identity of Ln.8,12,32–34 The
exceptions to this behavior are the Ln ≡ Ce member of the
Wells–Dawson series 9,10 and Ln ≡ Eu member of the Preyssler
series.8,11,17,35 CV data have been used to determine that Ce()
in the complex [Ce(P2W17O61)2]

17� is oxidized at a potential
(E1/2) of �0.365 V vs. Ag/AgCl in an aqueous electrolyte
at pH 4.5.9 The stability of Ce() in [Ce(P2W17O61)2]

16� is
attributed to the large negative charge on the Wells–Dawson
anion.

The redox behavior of Ce associated with the Preyssler anion
stands in contrast to that reported for the Wells–Dawson com-
plex. Creaser et al.8 reported that tetravalent cerium in
[CeP5W30O110]

11� could not be reduced to Ce() at any poten-
tial between �1.4 and �1.8 V vs. Ag/AgCl. An unprecedented
stabilization of Ce() was inferred from this work. Our stud-
ies 25 have shown that it is trivalent cerium, and not tetravalent
cerium, that is incorporated into the Preyssler anion under
the conditions reported in ref. 8. The presence of Ce() in the
Preyssler anion explains why attempts to reduce cerium were
ultimately unsuccessful.8,25 Nevertheless, the fact that there are
no Ce()/Ce() redox waves in the cyclic voltammetry data
for [CeP5W30O110]

12� suggests that Ce() cannot be oxidized,
despite the large negative charge on the cluster.

Inorganic syntheses with Ce() and Ce() oftentimes lead
to new materials with unanticipated valences, such as Ce()
in substituted cerocene complexes,36 and in which the valence
of Ce is not evident.37 Examples in polyoxoanion chem-
istry include the Ce() complexes [CeP5W30O110]

12� and
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[Ce{Mo5O13(OMe)4(NO)}2]
3�, which were incorrectly cited as

Ce() complexes in the first reports.8,38 Valence ambiguities can
also arise from the combination of Ce()/Ce() redox activity
with the multivalent 4d and 5d transition elements Mo and
W in discrete polyoxoanion clusters and in extended, con-
densed solids. In early accounts, the behavior of Ce() in
[CeMo12O42]

8� upon reduction of the anion and the valence of
Ce in Ce2MoO6 were matters of some speculation. Now, it is
known that both systems contain Ce().6,39 In general, the
determination of the oxidation state of cerium in matter is
frequently a difficult problem. Except through use of Ce
XANES, which is a direct spectroscopic probe of cerium
valence, the application of ESR, electronic and infrared
spectroscopies as well as magnetic measurements, cyclic vol-
tammetry and controlled potential electrolysis, etc., can be
troublesome. Both K- and L-edge Ce XANES have proven their
strengths in resolving questions about the valence of Ce in
studies of importance to inorganic chemistry,25,36,40–43 material
sciences,39,44–48 catalysis,49–51 and corrosion 52,53 research.

Here, using in situ XAFS spectroelectrochemistry, we con-
trast the redox properties and coordination environments of Ce
in [Ce(α-2-P2W17O61)2]

17� and [CeP5W30O110]
12�. Through Ce

L-edge XANES, we confirm that Ce() in the Wells–Dawson
anion complex is reversibly oxidized and reduced at �0.37 V vs.
Ag/AgCl in a supporting electrolyte of 0.1 M sodium sulfate at
pH 5.7. Under these conditions, the non-complexed Ce()
aqua ion is not oxidized. Conversely, Ce() in the cerium-
exchanged Preyssler anion is not electroactive. It is not oxidized
to Ce() even under rigorous conditions of potential (�1.7 V
vs. Ag/AgCl) and electrolyte (1 M HClO4 sparged with O2).
These conditions are sufficient to oxidize the non-complexed
Ce() aqua ion. Through use of Ce L-edge EXAFS, we found
that the framework O coordination of Ce() and Ce()
in [Ce(α-2-P2W17O61)2]

17�/16� adjusts to accommodate the
different radii of the Ce cations. In these two complexes, Ce is 8-
coordinate. As shown in Fig. 1a, Ce is bound between two
tetradentate [α-2-P2W17O61]

10� polyoxoanions.22 In the Preyssler
anion, the framework oxygen coordination of Ce() involves
long interactions with 10 O atoms inside the tunnel-like cavity
of the polyoxoanion.8,54 This Ce coordination is illustrated in
Fig. 1b. The results of the work reported here provide insights

Fig. 1 (a) Structure of [Ce(α-2-P2W17O61)2]
16� showing 8-fold O

coordination of Ce(), center sphere, by two tetradentate polyoxo-
anions [α-2-P2W17O61]

10�,22 which are known as monovacant, lacunary
Wells–Dawson anions. (b) Structure of [CeP5W30O110]

12� showing 10-
fold O coordination of Ce(), center sphere, inside the central tunnel-
like cavity of the P–W–O framework of the Preyssler polyoxoanion.8,54

that may ultimately lead to a predictive understanding of the
mechanisms by which a heteropolyanion affects the redox
response of a complexed f ion.55

Experimental
The cerium()-containing heteropolyoxotungstates were pre-
pared according to literature methods.25,29 Phosphorus-31
NMR revealed the preparation of isomerically pure [Ce(α-2-
P2W17O61)2]

17� and single phase [CeP5W30O110]
12�. Dilute

aqueous solutions of 4 mM [Ce(α-2-P2W17O61)2]
17� in 0.1 M

Na2SO4 (anhydrous, Mallinckrodt) at pH 5.7 and 5 mM
[CeP5W30O110]

12� in 1 M HClO4 (Optima) were contained in
a purpose-built spectroelectrochemical cell for in situ XAFS.56

The XAFS experiments were performed at X-10C/NSLS and
4-3/SSRL with Si〈220〉 monochromators. Ce L-edge fluor-
escence XAFS was collected using an ion chamber fluorescent
detector without slits and filter.57 The 8 keV mirror cut-off used
at X-10C effectively eliminated harmonic leakage, and Ce L3

XAFS was obtained without interference from the W L2-edge
response. Even with monochromator detuning of ≥80%, the W
L2-edge was evident in the Ce L3 XAFS obtained at 4-3.
In order to avoid this interference, we obtained Ce L2 XAFS.
The EXAFS was analyzed in the usual manner 58 with
EXAFSPAK 59 using single-scattering phase and amplitude
functions calculated with FEFF6.01a 60,61 and a scale factor
of 0.9.

Attempts to reproduce the cyclic voltammograms for [Ce-
(α-2-P2W17O61)2]

17� using a glassy carbon working electrode
(3.0 mm diameter, BAS MF-2012) following the procedures
outlined by Haraguchi et al.9 were unsuccessful. By substituting
a carbon rod working electrode (6.15 mm diameter, Alfa 14739)
for the glassy carbon one, we were able to reproduce the CV
data of Haraguchi et al.9 All bulk electrolysis and CV meas-
urements were performed using these carbon rods for the
working and auxiliary electrodes and a Ag/AgCl reference
electrode (3 M NaCl, BAS RE-5B) with a BAS 100B/W electro-
chemical workstation. All subsequent potentials are given with
respect to this reference electrode, which has a redox potential
of �0.196 V vs. NHE at 25 �C.62 The cyclic voltammograms
were obtained in static electrolytes, whereas the in situ bulk
electrolysis was performed with vigorous sparging with He
(for [Ce(α-2-P2W17O61)2]

17�) and O2 (for [CeP5W30O110]
12�).

Exhaustive, reversible electrolysis of [Ce(α-2-P2W17O61)2]
17� was

achieved in less than 3 h as determined from the coulometry
and amperometry. The shapes of the charge vs. time and
current vs. time plots indicate no chemical reactivity for the
electrolyzed species.

Results
[Ce(�-2-P2W17O61)2]

n�

The cyclic voltammogram for [Ce(α-2-P2W17O61)2]
17� is shown

in Fig. 2a. It reveals a redox wave at E1/2 = �0.37 V and three
waves at potentials less than �0.2 V. The former is attributable
to the Ce()/Ce() redox couple and the latter are due to the
redox activity of the P–W–O framework.9 The Ce L3 XANES
for the 4 mM solution of [Ce(α-2-P2W17O61)2]

17� in 0.1 M
Na2SO4 at pH 5.7 is shown in Fig. 2b. At the rest potential of
�0.08 V (as indicated on Fig. 2a with arrow 1), the XANES for
the pink solution of [Ce(α-2-P2W17O61)2]

17� reveals a single
sharp resonance at ≈5729 eV. This is typical of the XANES
response for trivalent cerium.11,39 After exhaustive electrolysis at
�0.6 V (indicated on Fig. 2a with arrow 2), the XANES for the
yellow solution reveals two resonances at ≈5733 and 5740 eV.
This response is typical for the XANES of tetravalent Ce, and
indicates that the redox couple at �0.37 V in the CV data
of Fig. 2a is due to the oxidation of Ce() in [Ce(α-2-
P2W17O61)2]

17� to Ce() to form [Ce(α-2-P2W17O61)2]
16�. The
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oxidation was found to be reversible. Upon reduction of
[Ce(α-2-P2W17O61)2]

16� at �0.1 V, the resulting cerium XANES
for the pink solution is indistinguishable from that initially
obtained at rest potential. This reversibility is consistent with
the observed reproducibility of the voltammetric behavior of
[Ce(P2W17O61)2]

17�.9

The k3χ(k) EXAFS and the corresponding Fourier transform
data for [Ce(α-2-P2W17O61)2]

n� with Ce() (n = 16) and Ce()
(n = 17) are shown in Fig. 3. The primary data of Fig. 3a (solid
lines) are limited to a maximum of ≈8 Å�1 in k-space due to the
onset of the Ce L2-edge. Nevertheless, differences between the
Ce() and Ce() coordination in the heteropolytungstate
complex are evident in the Fourier transform (FTs) of Fig. 3b
(solid lines). The peak due to the nearest O atoms about Ce(),
upper curve, is more intense and at a shorter distance than
the Ce()–O peak, bottom curve. Fitting the k3χ(k) EXAFS
provides the metrical information shown in Table 1. To obtain
these results, we performed conservative 3-parameter, single-
shell (Ce–O) fits. The limited data range available for analysis
necessitated this conservative approach. The oxygen coordin-
ation numbers were fixed at 8 based upon evidence from a
partial single-crystal X-ray diffraction measurement of
K16[Ce(P2W17O61)2]�50H2O, which reveals that Ce() is bound
to 4 O atoms from each of two [P2W17O61]

10� anions in a square
antiprism geometry.22 The resolution of our data is estimated to
be ≈0.3 Å, so that Ce–O distances separated by less than this
amount will produce a single peak in the FT that reflects the
mean distance of the Ce–O interactions.

The best fits to the EXAFS data are shown as dashed lines in
Fig. 3. It is clear from Fig. 3b that the conservative model we
have used to fit the experimental Ce–O interactions is a good

Fig. 2 (a) Cyclic voltammogram of [Ce(α-2-P2W17O61)2]
17� obtained in

an aqueous supporting electrolyte of 0.1 M Na2SO4 at pH 5.7, ν = 0.1 V
s�1. Arrows 1 and 2 indicate the rest potential (�0.08 V) and the poten-
tial (�0.6 V) applied for bulk electrolysis, respectively. (b) In situ Ce L3-
edge fluorescence XANES obtained at ambient temperature for a 4 mM
solution of [Ce(α-2-P2W17O61)2]

17� in 0.1 M Na2SO4 at pH 5.7 at the rest
potential (curve 1) showing trivalent cerium and after bulk electrolysis
with the electrode polarized at �0.6 V (curve 2) showing tetravalent
cerium.

representation of the data. Although we believe that the first
two or three peaks beyond the strong O peak in the FT data of
Fig. 3b have structural significance, the limited data range
preclude a quantitative curve fitting analysis of these distant
interactions. The data of Table 1 show that the average Ce()–
O bond length of 2.52 ± 0.04 Å is significantly longer than the
average Ce()–O distance of 2.27 ± 0.02 Å. Consistent with this,
the Ce()–O bond has a larger mean-square deviation, as
evidenced by its Debye–Waller factor, 0.014 ± 0.004 Å2, which
is about 3 times that for the Ce()–O bond, 0.004 ± 0.002 Å2.

[CeP5W30O110]
12�

The cyclic voltammogram for [CeP5W30O110]
12� is shown in

Fig. 4a. It reveals five closely spaced redox waves at potentials
below 0 V, which are attributable to the redox activity of the
P–W–O framework.8,25 From 0 to �1.9 V there are no other
waves evident in the CV data of Fig. 4a. The rising slope at the
most positive potentials is due to the onset of O2 evolution. The
Ce L2 XANES for the 5 mM solution of [CeP5W30O110]

12� in
1 M HClO4 is shown in Fig. 4b. At the rest potential of �0.53 V
(as indicated on Fig. 4a with arrow 1), the XANES for the light-
yellow solution (solid line) reveals a single sharp resonance at
≈6166 eV. Identical responses were observed throughout the
bulk electrolysis experiments at potentials of �1.7 and �0.55 V,
which are indicated on Fig. 4a with arrows 2 and 3, respectively.
The Ce XANES obtained at rest potential (solid line, Fig. 4b)
and with the electrode polarized at �1.7 V (dashed line, Fig. 4b)
and �0.55 V (not shown) all reveal the presence of trivalent
cerium. Under the electrochemical conditions employed herein,
Ce() is not oxidized when contained within the Preyssler
heteropolyoxotungstate anion. The XANES results confirm the
interpretation based on the CV data that Ce is not redox active
between �0.6 and �1.9 V.

The k3χ(k) EXAFS and the corresponding FT data for
[CeP5W30O110]

12� at rest potential are shown in Fig. 5a and b,
respectively, as solid lines. After constant potential electrolysis
at �1.7 V, the k3χ(k) EXAFS and FT data (not shown) are
indistinguishable from the data obtained at rest potential.
The FT of Fig. 5b reveals one strong peak that is due to the
O atoms about Ce(). Metrical parameters were obtained
using the simple, conservative approach that was used to fit the
Wells–Dawson EXAFS. The best fits to the EXAFS data are
shown as dashed lines in Fig. 5, and the results are listed in
Table 1. In this complex, the oxygen coordination number was
fixed at 10; chosen based upon evidence from single-crystal X-
ray diffraction measurements of [EuP5W30O110]

12�, which reveal
that Eu() is bound to 10 O atoms inside the tunnel surface of
the donut-shaped P–W–O framework.54 By analogy with the
Eu analog,35 there may be water molecules within the tunnel,

Fig. 3 In situ Ce L3-edge (a) k3χ(k) EXAFS and (b) FT data for 4 mM
aqueous solutions of [CeIII(α-2-P2W17O61)2]

17� (bottom curves) and
[CeIV(α-2-P2W17O61)2]

16� (top curves-offset for clarity), which were
obtained at the rest potential of �0.08 V and after bulk electrolysis with
the electrode polarized at �0.6 V, respectively. The solid lines are the
primary experimental data and the dashed lines illustrate the fit.
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Table 1 Curve fitting results for the in situ Ce L2,3-edge solution EXAFS, k3χ(k), of [Ce(α-2-P2W17O61)2]
n� with Ce() (n = 17) and Ce() (n = 16),

and [CeP5W30O110]
12� a 

Anion E b/V No
c r d/Å σ2 e/Å2 ∆E0

f/eV 

[CeIII(α-2-P2W17O61)2]
17� 

[CeIV(α-2-P2W17O61)2]
16� 

[CeP5W30O110]
12- 

�0.08 
�0.6 
�0.53 

8 
8 

10 

2.52(4) 
2.27(2) 
2.70(3) 

0.014(4) 
0.004(2) 
0.005(3) 

1.4 
�2.9 

3.7 
a The numbers in parentheses represent the estimated 95% confidence limits (3σ) obtained from the least-squares fit.59 The number of curve fitting
parameters (3; r, σ2, ∆E0) was less than the number of independent data points, Nidp = 2∆k∆r/π = 7, where ∆k = 5.5 Å�1 and ∆r ≈ 2 Å. b The potential
in V vs. Ag/AgCl. c The average number of oxygen atoms coordinated to Ce. These values were fixed for the curve fitting. d The average Ce–O bond
length. e The Debye–Waller factor, which is the mean square deviation in the average Ce–O bond length. f The energy difference between the EXAFS
experiment and FEFF theory.60,61

one or more of which may be bound to Ce. We are not able
to determine the coordination number with enough accuracy to
resolve this issue. Judging from previous studies,46 it may be
possible to further investigate the hydration of encrypted Ce
using cerium K-edge EXAFS. Nevertheless, it is evident from
the match between the experimental and fitted data of Fig. 5b
that the modeling of the Ce–O interactions with 10 O neighbors
is satisfactory. The average Ce()–O bond length is rather
long, 2.70 ± 0.03 Å, yet the Debye–Waller factor, 0.005 ± 0.003
Å2, is smaller than expected for such a distance. The metrical
parameters obtained from the curve fitting of the solution
EXAFS obtained at �1.7 V are indistinguishable from those
reported in Table 1 for the solution EXAFS at rest potential.

Discussion
The results obtained herein confirm the strikingly different

Fig. 4 (a) Cyclic voltammogram of [CeP5W30O110]
12� obtained in an

aqueous supporting electrolyte of 1 M HClO4, ν = 0.1 V s�1. Arrows 1
and 2, 3 indicate the rest potential (�0.53 V) and the potentials (�1.7
and �0.55 V) applied for bulk electrolysis, respectively. (b) In situ Ce L2-
edge fluorescence XANES obtained at ambient temperature for a 5 mM
solution of [CeP5W30O110]

12� in 1 M HClO4 at the rest potential (solid
line) and after bulk electrolysis with the electrode polarized at �1.7 V
(dashed line). The XANES data at all three potentials (arrows 1, 2, 3 in
(a)) reveal trivalent cerium.

redox behavior of the two Ce heteropolytungstate anions,
[Ce(α-2-P2W17O61)2]

17� and [CeP5W30O110]
12�. The Wells–

Dawson cluster stabilizes tetravalent Ce by about 1 V relative
to the non-complexed aqua ion. The Preyssler anion stabilizes
trivalent Ce, rendering it even more difficult to oxidize than
in a non-complexing solution with similar pH. Two possible
explanations for the different redox behavior may lie in the
coordinating geometry of the Ce in the complexes and/or the
charge stabilizing effects of the anion clusters. The in situ
solution EXAFS results for [CeIII(α-2-P2W17O61)2]

17�, [CeIV(α-
2-P2W17O61)2]

16�, and [CeIIIP5W30O110]
12� provide insights into

the apparent discrepancies in Ce redox behavior. It is argued
that this behavior can be understood in terms of the coordin-
ation environments provided by these two heteropolyanions.

The EXAFS results demonstrate that the coordination of Ce
in the Wells–Dawson and Preyssler anions is different. The
average Ce()–O distance in [Ce(α-2-P2W17O61)2]

17� is 2.52(4)
Å, which is essentially the same size as the sum of the Ce–O
ionic radii for an 8-coordinate Ce and 2-coordinate O, 2.49 Å.63

This distance is typical of 8-coordinate cerium in oxidic
compounds such as Ce2(WO4)3, which has an average Ce()–O
distance of 2.48 Å,64 or Ce()–O in Ce2MoO6, which has an
average distance of 2.52 Å.39 In contrast, the average Ce()–O
distance in [CeP5W30O110]

12� is 2.70(3) Å, which is larger than
the sum of the Ce–O ionic radii for 10-coordinate Ce and 3-
coordinate oxygen (2.60 Å), and the same as the similar sum
for 12-coordinate Ce(), 2.70 Å. The structural refinements of
Na�, Eu(), and U() in [P5W30O110]

15�,54,65 suggest that Ce()
is within the tunnel structure and bound to ten framework
oxygen atoms. Our previous optical work on [EuP5W30O110]

12�

demonstrated that the encrypted Eu is coordinated to either
2 or 3 H2O molecules,35 in addition to the 10 oxygen atoms
expected from the anion itself. Precedent exists in the literature
for the rather long Ce()–O bond length reported here,
although only for 12-coordinate Ce. For example, the cubic
perovskite CeVO3 has Ce()–O bond distances of 2.758 Å.66

The crystallographically-determined mean Eu()–O10

distances of 2.69(6) and 2.72(5) Å 54 for two different salts of

Fig. 5 In situ Ce L2-edge (a) k3χ(k) EXAFS and (b) FT data for the
aqueous solution of [CeP5W30O110]

12� (5 mM) at the rest potential of
�0.53 V. The solid lines are the primary experimental data and the
dashed lines illustrate the fit.
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[EuP5W30O110]
12� are the same as the average distance deter-

mined here for the Ce analog. The independence of the Ln–O
bond distance with the lanthanide ion size is attributed to the
rigidity of the Preyssler anion framework. Based on the bond
lengths observed here, the tunnel through the Preyssler struc-
ture is judged to be of more than adequate size to accom-
modate Ce() as depicted in Fig. 1b. Previous difficulties in
preparing the large, light Ln (i.e., La, Ce, Pr) derivatives of
the Preyssler anion may have had more to do with the kinetics
of the sluggish Na� exchange reaction than with the inability
of the anion to accommodate a large cation.12,67 This is
evident from the ease with which tunnel-encrypted Eu()
is reduced to Eu() 11,17 under essentially the same electro-
chemical conditions as employed herein for these studies of
[CeP5W30O110]

12�.
Ce() is oxidized only in the Wells–Dawson framework. The

Ce–O bond length contraction of 0.25 Å upon oxidation to
Ce() is substantial. The average Ce()–O distance of 2.27(2)
Å for the Wells–Dawson anion, [Ce(α-2-P2W17O61)2]

16�, is
short in comparison with the average Ce()–O distance of
2.36(1) Å for the lacunary Linquist complex [Ce(W5O18)2]

8�.28

Based upon the available X-ray diffraction results,20,22,28 both
complexes contain 8-coordinate Ce() in a square antiprism
geometry. For coordination number 8, the ionic radii for Ce()
and Ce() are 1.143 and 0.97 Å, respectively.63 The 0.173 Å
difference between these ionic radii is smaller than the observed
distance change of 0.25 Å between the Ce()–O and Ce()–O
bond lengths. This suggests that the contraction upon oxidation
may be influenced by bonding effects between Ce and the O
atoms from each of the two [α-2-P2W17O61]

10� anions. 183W
NMR studies of [Ce(PW11O39)2]

11� suggest electron delocaliz-
ation from Ce() onto adjacent W atoms through bridging O
atoms, suggesting that the Ce–O–W bonding has covalent
character.68 The short Ce–O bonding in [Ce(α-2-P2W17O61)2]

16�

might impart stability to this oxidized, Ce() complex. The
sandwich-like manner in which one Ce is coordinated between
two Wells–Dawson anions (Fig. 1a) permits a conformational
flexibility to the Ce environment, such that the anions are free
to rotate and to move closer to or away from cerium as it
changes valence.

The rigid framework of the Preyssler anion does not supply
the encapsulated Ce ion with sufficient coordinating ligands to
stabilize the tetravalent state. Ce() has almost same ionic
radius as Lu(), and [LuP5W30O110]

12� has been reported.8

Therefore, the ability of the complexed Ln-Preyssler anion
to form is not entirely governed by the size of the central ion,
but must be governed by the charge-to-radius ratio. A highly-
charged small ion does not get the required stabilization from
the surrounding O atoms, despite the overall large negative
charge on the anion. That there can be effective charge transfer
to the trivalent Ln ion is demonstrated by the previously pub-
lished work on [EuP5W30O110]

12�.11,35 This work has shown that
Eu(), which is slightly smaller than Ce(), can be reduced in
the same environment. In fact, the reduction of encapsulated
Eu() occurs at a more positive potential than the standard
reduction potential for Eu(), indicating that Eu() within the
anionic Preyssler cluster of 15� charge is stabilized relative to
the non-complexed aqua Eu() ion. This result is consistent
with our argument that the size of the cation plays a dominant
role over electrostatic considerations for the overall stability of
the complex.

Taken together, these results point out the importance to the
complex stability of fulfilling the coordination requirements of
the Ln ion. We argue that the stabilizing effect of the Wells–
Dawson anion on Ce() is largely the result of its flexible struc-
ture. Although the cluster’s large negative charge is important
to the observed negative shift in the Ce()/Ce() redox couple,
the flexibility of the Wells–Dawson framework, which allows it
to accommodate the smaller cation, plays a crucial role. Ce()
is more difficult to oxidize in the Preyssler anion than it is in a

non-complexing solution because Ce() is destabilized by its
unfulfilled coordination requirements.

Conclusions
The redox behaviors of Ce in the Wells–Dawson and Preyssler
anions are very different. Ce() is stabilized in the former
complex, with a formal potential of �0.37 V relative to the
standard reduction potential of �1.52 V for the Ce()/Ce()
couple. In contrast, Ce() is not oxidized to Ce() in the latter
complex at applied potentials higher than those required to
oxidize Ce() in a non-complexing electrolyte, which implies a
stabilization of Ce() when it is complexed to the Preyssler
anion. The ease of reduction of Eu(), which is a slightly
smaller cation than Ce(), argues against a kinetic explanation
that would involve difficulty in electron transfer between the
[P5W30O110]

15� framework and the encapsulated Ce ion.
The differences in stability of Ce() in the two highly-

charged anions is understood in terms of the coordination
environments provided by the Wells–Dawson and the Preyssler
anions. The Wells–Dawson structure incorporates Ce() with a
Ce–O bond distance that is typical of literature values. The
framework structure is flexible and changes to accommodate
the reduced size of the Ce() ion, with a corresponding Ce–O
distance that is again typical of literature values. In contrast,
Ce() in the Preyssler anion has a Ce()–O bond distance of
2.7 Å, which is very long for a Ce–O interaction. The Ce–O
distance found here is identical to that of the Eu()–O dis-
tance, although Eu is smaller than Ce. The similar distances
found for these two f ions points to the rigidity of the Preyssler
P–W–O framework. The failure to oxidize Ce() is then attrib-
uted to the larger charge-to-radius ratio for Ce() over Ce(),
Lu() and Eu(). Ce() would not have coordination satur-
ation in the Preyssler anion and, with its large charge, this
destabilizes the tetravalent cation sufficiently that it will not
form under the conditions of our electrochemical experiment.
These results demonstrate the importance of an appropriately
sized coordination environment, over those of electrostatic
interactions, to the stability of heteropolyoxoanion complexes.
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