
Polyoxometalate Ligands Reveal Different Coordination Chemistries
Among Lanthanides and Heavy Actinides
Ian Colliard* and Gauthier J.-P. Deblonde*

Cite This: JACS Au 2024, 4, 2503−2513 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Experimental studies involving actinide compounds
are inherently limited in scope due to the radioactive nature of
these elements and the scarcity and cost of their research isotopes.
Now, ∼80 years after the introduction of the actinide concept by
Glenn Seaborg, we still only have a limited understanding of the
coordination chemistry of f-block metals when compared to more
common elements such as the s-, p-, and d-blocks. This is
particularly true for transplutonium actinides (Am, Cm, Bk, etc.)
whose chemistry is often considered similar to trivalent
lanthanides�mainly because of the lack of experimental data.
We here report a metal−ligand system for which lanthanide and
heavy actinide coordination compounds can be synthesized
efficiently (i.e., requiring only a few micrograms) under identical
conditions. Seventeen single crystal XRD structures of trivalent f-elements complexed to the polyoxometalate (POM) PW11O39

7−

were obtained, including the full lanthanide series (Cs11Ln(PW11O39)2·nH2O, Ln = La to Lu, except Pm), the equivalent yttrium
compound, a curium-POM compound (α2-Cs11Cm(PW11O39)2·33H2O), and the first two Am3+-POM compounds structurally
characterized (α1-Cs11Am(PW11O39)2·6H2O and α2-Cs11Am(PW11O39)2·21H2O). Importantly, this represents a unique series of
compounds built on the same 1:2 metal:ligand unit and where all the f-elements are 8-coordinated and squared antiprismatic, thus
providing a consistent platform for intra- and inter-series comparison. Despite a similar first coordination sphere environment,
significant crystallographic and spectroscopic differences were observed among early and late lanthanides, as well as lanthanides and
actinides, and even between americium and curium. These results show that even within the same coordination chemistry
framework, 4f and 5f elements exhibit fundamental chemical differences that cannot be explained by simple size-match arguments.
This study offers a versatile coordination platform to magnify differences within the f-block that have remained difficult to observe
with traditional ligand systems.
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■ INTRODUCTION
Glenn T. Seaborg introduced the concept of the existence of an
actinide element series about 80 years ago1 and gave them their
current place in the periodic table, below the lanthanides.
However, despite the flourishing nuclear industry that has
developed since then, chemical information on actinides is still
very limited when compared to the rest of the periodic table. For
instance, while >100,000 compounds have been structurally
characterized for each of the common d-block metals (i.e., Fe,
Zn, Cu, Co), or even >10,000 for each of the precious ones (i.e.,
Pt, Pd, Re, Ru, Ir, Os),2 very few compounds containing
actinides (An) other than uranium and thorium have been
isolated and structurally characterized. To date, only ∼50 single
crystal XRD structures have been reported for Am compounds,
∼ 10 for Cm, Bk, or Cf, and none for Ac or elements beyond
californium.2,3

Since its inception, progress in actinide chemistry has been
hindered by inherent experimental difficulties, such as radio-

activity constraints, high material cost, and scant isotope
production.When considering the scale of compound syntheses,
research isotope availability restricts it to just a few milligrams
for americium, curium, berkelium, or californium, and a few
micrograms or less for elements like actinium, einsteinium, and
heavier elements.4 In terms of radiological hazards, 1 mg of
241Am is equivalent to approximately the same radioactivity level
as 10 kg of pure 238U and 1 mg of 249Bk is as active as about 5000
kg of 238U. Other nuclear effects such as criticality, spontaneous
fissions, gamma, and neutron emissions also add to the
radiological impact when handling transplutonium isotopes.
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Actinides also exhibit acute chemical toxicity, with the lethal
doses (LD50) in the submilligram range for transuranic
elements.5,6 All of the above severely limit the experimental
scope of most studies, and novel approaches are needed to
synthesize, isolate, and characterize in detail actinide com-
pounds.
Traditional methods to study actinides involve using chemical

analogues, with the 4f lanthanide (Ln) group being the most
commonly used one. A more direct method involves the
crystallization of actinide elements with small organic or
inorganic chelators. The later method has yielded in the first
two single crystal XRD structural data sets on Cf3+ in 2005
(iodate complex)7 and 2015 (tris-chelate dipicolinate)8 and
then on Bk3+ in 2016 (also tris-chelate dipicolinate).9 A handful
of other Cf3+ and Bk3+ compounds were subsequently reported,
at a pace of about one per year, and all were obtained from ∼5
mg scale syntheses (with borate,8 iodate,10 dioxophenoxazine,11

dithiocarbamate,12 mellitate,13,14 terpyridyl,15 metallocene,16

and squarate-oxalate17 ligands). A small number of Am3+ and
Cm3+ compounds have similarly been crystallized with the same
or similar small organic or inorganic chelators.18−23 The first,
and thus far the only, Bk4+ compound that has been structurally
characterized is a tetraiodate complex reported in 2017.10 The
first structural characterization of a Cf2+ compound, with crown-
ether ligand, was reported in 2023.24 The only compounds
containing an Am4+ or americyl (AmO2

2+) ion were
characterized in 200925 and 2023,26 respectively. However,
such synthetic procedures required milligram amounts of the
studied actinide isotope�for each structure�which severely
limits the experimental space that can be investigated. This can
generally explain the slow pace of development of heavy actinide
chemistry and the dearth of experimental data published on
actinide compounds relative to other elements. Any milligram-
scale synthesis is also nontransposable to other, more radio-
active, and elusive elements like actinium, promethium,
einsteinium, etc. Despite the monumental progress in f-element
chemistry that the aforementioned studies represent, their
inherent logistical and experimental hurdles, combined with the
diversity of ligands used, prevented the systematic investigation
and comparison of lanthanide and actinide coordination
chemistries within a consistent framework.
To address such issues, the use of high-molecular small

molecules, specifically lacunary polyoxometalates (POMs),
combined with optimized synthetic techniques, has recently27

lowered the amount of actinide material needed by 3 orders of
magnitude, allowing synthesis, plus structural and spectroscopic
characterization (single crystal XRD, Raman, UV−vis, etc.)
from just a few micrograms instead of milligrams. Lacunary
polyoxometalates (POMs) are ideally suited to study actinide
elements, being versatile, high-molecular-weight ligands (>2000
g/mol). Moreover, POMs are radiation-resistant, and their
structural and spectroscopic properties are driven by the metal
center and can be tuned by the POMs’ variety of sizes, shapes,
and compositions. Despite their optimum characteristics, only
one heavy actinide-POM compound was known until recently:
the tetravalent americium complex with the P2W17O61

10− POM,
i.e., [Am(P2W17O61)2]16−, isolated in 2009 starting from 2.5 mg
of 243Am.25

In 2022, our team leveraged POMs to crystallize microgram
quantities of curium (1−10 μg of 248/246Cm3+ per synthesis),
producing the first three curium-POM complexes ever
isolated.27 Interestingly, our study, which also used selected
lanthanide analogues to first confirm the POM-based synthesis

approach, quickly began to showcase divergent spectroscopic
behaviors between lanthanide-POM and actinide-POM com-
plexes. Most noticeably, the empirical Kimura equations28,29

used to describe the relationship between lanthanide fluo-
rescence lifetimes and hydration numbers could accurately
describe the coordination of the Ln-POMs tested (e.g.,
[Ln(W5O18)2]9−, [Ln(PW11O39)2]11−, [Ln(BW11O39)2]15−,
and [Ln(P2W17O61)2]17−, with an 8-coordinated Ln3+ and no
binding water molecules). In contrast, the corresponding
equations failed to describe the POM complexes27 with Cm3+,
even though other spectroscopic techniques (e.g., Raman)
mirrored the lanthanide counterparts. The solution-state NMR
parameters of these actinide-POM complexes were also found to
be distinct from their lanthanide analogues.30 Prior structural
studies on heavy actinides also often lacked a comprehensive
comparison with the lanthanide series, focusing instead on just a
few size-matched lanthanides or just the actinides. Changes in
coordination chemistry along the lanthanide series for most
metal−organic ligand complexes (e.g., change in the coordina-
tion number around the middle of the Ln3+ series or changes in
the ligand’s coordination mode) also complexify the inter-
pretation of the data and comparison with the corresponding
actinide compounds. As such, there is a need for a new direct
examination of actinide elements, one that does not discount the
shared chemistry of the lanthanides but improves upon the
uniqueness of the actinide series, while acknowledging its
radioactive nature and associated experimental limitations.

Herein, we provide a thorough structural analysis of the
coordination chemistry of trivalent lanthanides and a direct
comparison with americium and curium. The POM-based
approach offers a consistent framework to synthesize both 4f-
and 5f-element complexes under the same conditions. We show
that single crystals of the [Ln(PW11O39)2]11−, [Am-
(PW11O39)2]11−, and [Cm(PW11O39)2]11− complexes can be
reliably and efficiently obtained from micrograms of the starting
material (Figure 1). In addition to a detailed solid-state Raman

spectroscopy analysis, we report 13 new crystal structures of
Ln3+-POM compounds (Cs11Ln(PW11O39)2·nH2O, with n = 3
to 22), the equivalent yttrium compound (Cs11Y(PW11O39)2·
13H2O), and a new curium-POM structure (α2-Cs11Cm-
(PW11O39)2·33H2O). We also report the first two Am3+-POM
compounds that were structurally characterized (α1-Cs11Am-
(PW11O39)2·6H2O and α2-Cs11Am(PW11O39)2·21H2O). Im-
portantly, all compounds contain an 8-coordinated square
antiprism central cation and are built on the same unit 1:2

Figure 1. POM-based synthetic approach for crystallizing actinide
complexes at the microgram scale. The picture on the right shows a
single crystal of the new curium-POM (α2-Cs11Cm(PW11O39)2]·
33H2O) mounted on a crystallography pin and within a plastic sleeve
for radiological containment. The Cm3+-POM complex is fluorescent
under UV light. The picture was taken in the dark under UV irradiation.
The faint pink-orange glow of the single crystal was captured via a
smartphone CCDC camera. Some dust particles on the plastic sleeve
appear white under UV light.
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metal:POM complex. Despite similar first coordination sphere
environment, significant crystallographic differences were
observed between early and late lanthanides, as well as actinides
and lanthanides, and even between americium and curium.
These results show that even within the same coordination
chemistry framework, 4f- and 5f-element series exhibit
fundamental chemical differences that cannot be explained by
simple size arguments.

■ RESULTS AND DISCUSSION

Structure of the Keggin Complexes with Actinides and
Lanthanides
Briefly, the parent Keggin structure, [α-PW12O40]3− (PW12), of
which [α-PW11O39]7− (PW11) is derived, comprises a central
tetrahedral [PO4] caged by 12 octahedral [WO6] units, each
linked to one another by the neighboring oxygen atoms (Figure
2). Due to the octahedral coordination of the [WO6] units, two

sets of O-bridging modes between [WO6] units arise: corner-to-
corner (only one O atom shared between [WO6] units) and
edge-to-edge (two O atoms shared between [WO6] units). The
12 octahedral [WO6] units can also be grouped into four sets of
trimers. Each WO6 octahedron within a trimer is connected
edge-to-edge, and connectivity between trimer sets is corner-to-
corner. The isomeric nature of the Keggin structure arises from
rotation of select trimers, changing the ratio of corner-to-corner
and edge-to-edge. The four sets of timers in the Keggin
structure, each able to rotate by 60°, lead to a total of five
potential isomers (α, β, γ, δ, and ε). The α isomer is the most
thermodynamically stable one for tungstate POMs. Lacunary
derivatives of the parent Keggin, primarily the PW11, occur by
removing one [WO] unit at pH values higher than 1.5. Herein,
the precursor used, Na9PW9O34·nH2O, converts in situ to the
[PW11O39]7− anion at pH 5.5.31,32 Additionally, previous pH
andNMR titration experiments30,33 between Ln3+ and PW11 at a
1:2 ratio showcased that a pH of 5.5 leads to higher

complexation and stability of Ln(PW11)2. Therefore, all
experiments with lanthanide and actinide ions were conducted
at a pH of 5.5 using microgram quantities (see Figure 1 and the
Experimental Section for more information). As such, through
identical synthesis procedures, consistent structural analysis of
the Cs-Ln(PW11)2 and Cs-An(PW11)2 series can be conducted,
as described below.
Unexpected Structural Break within the
Keggin-Lanthanide Complex Series
The lanthanide series provides the largest series of elements to
systematically evaluate isomorphic parameters. Each Cs-Ln-
(PW11)2 crystal structure reported herein was grown through
the same synthetic procedure in order to minimize the variables
that could contribute to structural changes. Y3+ was added to this
study as it exhibits a lanthanide-like chemistry and has a similar
ionic radius to Dy3+ but has no f-electron.34 As a result, we
obtained a consistent series of structures with the same base
formula of Cs11Ln(PW11O39)2·nH2O (n = 2−21) where Ln =
La3+ through Lu3+ and Y3+. Radioactive Pm3+ was not included
here, as it will be reported in a separate case study. Tables S1−S3
give detailed crystallographic data collection information for
each of these 17 structures reported herein (13 lanthanides, 1
with Y, plus 2 with Am, and 1 with Cm).

Despite a similar general formula, two distinct unit cells were
identified, both crystallizing in space group P-1 (Figure 3a). For

the “light lanthanides” (La3+ to Eu3+), unit cell volumes ranged
from 4377.13(2) to 4639.98(3) Å3 and crystallized in plate-
shaped crystals, and will be referred to as the “parallel phase”. For
the “heavy lanthanides” (Eu3+ to Lu3+) and Y3+, unit cell volumes
ranged from 9644.66(3) to 9667.8(3) Å3 and crystallized in
blocky-shaped crystals (Figure 3b), referred to as the
“perpendicular phase”. Notice that Eu3+ is the only lanthanide
that crystallizes in both unit cells (Figure 4), with the two phases
growing at different rates (vide infra). The most obvious
distinction between these two cell types is in the long-range
stacking of the Cs-Ln(PW11)2 units. The smaller unit cell has Cs-

Figure 2. Structural parameters in f-element complexes with the POM
PW11O39

7−. a) Polyhedral representation of M(PW11O39)2. Ln or An
cation (M) in gray, W in maroon, and oxygen as red spheres. b) Side
view projection of M(PW11O39)2, represented in simple geometric
figures. Pentagons in maroon represent the [W11O35]4− cage, blue
triangles represent the encapsulated [PO4]3−, and the gray circles
represent the central Ln or An cation. This projection thus showcases
d(P−P) as the distance between the triangles and <(P−M−P) as the
bending angle between the triangles and the sphere. c) Top-down
projection highlighting only the central cation (e.g., Ln3+ or An3+) as a
circle with its corresponding eight bonds, and the distortion from an
ideal 8-coordinate antiprism is defined as <(P−MO8−P).

Figure 3. a) Unit cell volume change observed across the series of Cs-
Ln(PW11)2 and Cs-An(PW11)2 (An = Am3+ or Cm3+). Structures with
parallel stacking are shown with circle symbols (Ln = La3+ to Eu3+).
Perpendicular stacking is shown in square symbols (Ln = Eu3+ to Lu3+,
plus Y3+). Americium (Am3+, lozenges) crystallizes in perpendicular
framework, although with some specificities�see text. Curium (Cm3+,
triangles) crystallizes in a parallel framework (α1), with some
specificities, and its own lattice arrangement (α2) as well. Cm3+ also
forms the β Keggin isomer, as previously reported.27 For more
information, see Tables S1−S3 and Figures S2−S4. b) Picture of the
cocrystallization of the two Cs-Eu(PW11)2 structures (perpendicular
and parallel frameworks) within the same sample.
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Ln(PW11)2 complexes parallel to each other, whereas the larger
cell has the Cs-Ln(PW11)2 units perpendicular to each other
(Figure 4a,b). The parallel phase also contains two POM
complexes per cell, whereas the perpendicular phase contains
four POM complexes per cell. In terms of asymmetric unit, the
parallel unit contains only one POM complex versus two for the
perpendicular phase. The number of water molecules associated
with the Ln(PW11)2 complex does not seem to follow any
particular trend (Table S2), as often observed for POM
compounds.
Raman microscopy analysis was found to be a convenient

technique to screen these two phases, as their Raman spectra are
generally similar but exhibit distinct features in select regions.
For example, the two Eu(PW11)2 phases (Figure 4) share the
same double bands at 964−952 cm−1 (W =O terminal), and the
weak bands at around 897 cm−1 (W−O−W). However, only six
moderately intense bands below 250 cm−1 are seen for the
parallel phase, whereas seven bands are seen for the
perpendicular phase, with the additional band observed at 226
cm−1 (Figure 4). A closer look at the two different Cs-
Eu(PW11)2 phases and the larger group overall led to a series of

structural trends. We selected four structural parameters to
analyze the Cs-M(PW11)2 structures (Figures 2 and 5). First,
bending of the complex (abbreviated <(P−M−P), with M =
Ln3+ or An3+) represented by the angle created between the two
POM-encapsulated PO4

3− anions and the central cation M3+.
The second parameter, d(P−P), represents the distance
between the two PW11 ligands, with the positions of the two
phosphorus taken as reference. Third, the torsion angle between
PW11 ligands, <(P−MO8−P), which measures the deviation
from a perfect D4D symmetry for the square antiprismatic
coordination of Ln3+ or An3+. Lastly, M−O is the average bond
length of the eight metal−oxygen bonds around the central
lanthanide ion (or actinide).

Note that these four parameters (Figure 5) could be used for
other metal-POM systems.

These four parameters are seemingly related and can be used
to describe first- and second-order metal−ligand interactions; as
the ionic radius of the central cation decreases, metal−ligand
bond lengths should decrease, which should shorten the
distance between the two PW11 ligands. How the Cs-Ln(PW11)2
structure compensates for this shortening is then reflected in the

Figure 4. Long-range organization of the Ln(PW11)2 complexes. a) Perpendicular stacking. b) Parallel stacking. c) Solid-state Raman spectra of the two
structure types isolated for the europium complex. The main differences between the two spectra are at lower wavenumbers (between 250 and 50
cm−1).
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bending and/or torsion of the PW11 complexes and in their long-
range stacking. Knowing that all the complexes presented in this
study have identical stoichiometry, identical general formula
(i.e., Cs11M(PW11O39)2·nH2O), identical coordination number,
and that the PW11 POM is rather rigid (relative to organic
chelators) and remains tetradentate, the resulting structure
morphology is a delicate balance that magnifies subtle effects
originating from the metal center (size, electronic structure,
covalent nature, etc.).
With the two phases crystallizing, two distinct trends are

observed. For the light lanthanides complexes, there is a clear
trend fromCe3+ to Eu3+, with a strong shortening of the distance
between the PW11 ligands from 9.182 to 8.829 Å (Figure 5a). As
such, Cs-Ln(PW11)2 compensates by sharply bending, from
167.69° to 160.65° (Figure 5b), and increasing the torsion angle
from 10.093° to 13.802° (Figure 5c). Interestingly, Cs-
La(PW11)2 does not seem to fit the trend, as there is a shorter-
than-expected distance between the two PW11 ligands of 9.028 Å
(Figure 5a) and a higher bent angle of 161.439° (Figure 5b). Cs-
La(PW11)2 also has a slightly lower cell volume relative to those
of the other light lanthanide complexes (Figure 3). It is not
obvious why La3+ might diverge when looking at the other
parameters such as the average La−O distance (2.508 Å; Figure
5d) and torsion angle (9.320°; Figure 5c), fitting the trends
observed for the other light lanthanides.
Unexpectedly, around the size of Eu3+ (1.066 Å), there is a

sudden break within the Ln series (Figure 5) and the Cs-
Ln(PW11)2 compound undergoes a significant structural
reorganization that even translates into a macroscopic change
in crystal morphology (Figure 3b). The unit cell volume jumps
from ∼4,500 to ∼9,600 Å3 (Figure 3a). This abrupt change
between the “pre”-Eu(PW11)2 complexes and “post”-Eu(PW11)2
complexes is also visible in the bent angle (Figure 5b), as the

complex reopens by almost 6°, which also increases the distance
between the two PW11 ligands (Figure 5a). The compound also
reduces its torsion angle by almost 5° as it accommodates the
smaller lanthanide ions (Figure 5c).

Within the subseries of heavy lanthanide complexes (Eu3+ to
Lu3+), the lanthanide contraction is still visible (Figure 5a).
Y(PW11)2 also behaves like post-Eu lanthanides. The decreasing
ionic radius leads to a shorter distance between PW11s from
8.920 to 8.783 Å, and, as such, Cs-Ln(PW11)2 compensates
again by slightly closing the bent angle from 166.75° to 165.90°
and reincreasing the torsion angle from 10.004° to 15.263°. This
leads to a situation where some pairs of light and heavy
lanthanide complexes, like Cs-Pr(PW11)2 and Cs-Ho(PW11)2,
exhibit similar local geometries (bent and torsion angles) but
yield readily different structure types.
Departing from Their Lanthanide Analogues, Am(PW11)2
and Cm(PW11)2 Exhibit Distinct Optical and Structural
Properties

Thanks to the microscale POM-based synthesis procedure that
we recently developed27 and refined in the present study (Figure
1), only microgram quantities of lanthanide elements are needed
for single crystal and bulk characterization of the POM
complexes. Extending this approach to relatively high activity
248/246Cm and 243Am isotopes allows for a consistent and direct
comparison of 4f and 5f elements. Hence, in addition to the
lanthanide series mentioned above, we successfully crystallized
and characterized three new heavy actinide POM complexes,
fully formulated as α1-Cs11Am(PW11O39)2·6H2O, α2-Cs11Am-
(PW11O39)2·21H2O, and α2-Cs11Cm(PW11O39)2·33H2O.

The Cs-Am(PW11)2 complexes represent the first two
trivalent americium POM compounds ever isolated. Interest-
ingly, while the +III oxidation state is the most stable one for

Figure 5. Scatter plots are for all structural parameters. a) d(P−P), measured distances between the central P atoms within Ln(PW11)2. b) <(P−M−P),
measured angles in between the PW11. c) <(P−MO8−P) measures the torsion angle between the PW11. d) Lastly, measured bond lengths for the 8-
coordinate Ln and An. The dashed arrows in panel a are for eye guidance only. See Table S4 for the numerical values.
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americium, no Am(III)-POM compound had been reported.
Prior to this study, Sokolova et al.25 reported in 2009 an
Am(IV)-POM, formulated as K10H6Am(P2W17O61)2·30H2O
(using potassium persulfate as oxidizer), and Zhang et al.26

reported in 2023 an Am(V)-POM, formulated as
Kx[(CH3)2NH2]y(H3O)22−x−y[(AmO2)Se6W45O159(H2O)10]·
nH2O (using Cu3+ periodate as oxidizer). Both compounds were
obtained from milligram-scale syntheses and comparison with
the full lanthanide series is impossible since only cerium exhibits
the +IV oxidation state and no lanthanide forms species
equivalent to the +V americyl ion (under typical aqueous
conditions).35−39 The syntheses of the two Cs-Am(PW11)2
complexes only used a total of 1.8 μg of 243Am per compound,
starting from ∼50 μL of an Am3+ stock solution in HNO3, and
consisted of a one-pot, room-temperature, and fully aqueous
synthesis (Figure 1). These examples highlight the advantage of
the optimized POM-based strategy as the radiological
constraints inherent to highly radioactive isotopes suddenly
become manageable when working at the microgram scale.
Cs-α1-Am(PW11)2 crystallized in the P-1 space group with a

unit cell volume of 4309.69 (19) Å3, and Cs-α2-Am(PW11)2
crystallized in the same space group with a unit cell volume of
9703.02(2) Å3 (Figure 3 and Table S1). Interestingly, the Am3+-
POM crystals appear colorful with relatively high color intensity
(see the Supporting Information for additional comments).
Raman spectroscopy revealed that the spectrum of Cs-α1-
Am(PW11)2 is similar to that of the light lanthanides, whereas
the spectrum Cs-α2-Am(PW11)2 has the similar seven bands
below 250 cm−1 as the heavy lanthanides (Figure 6). Crystals of
Cs-α1-Am(PW11)2 also exhibit the same plate-like morphology
as the light lanthanide analogues, whereas Cs-α2-Am(PW11)2
exhibits the same blocky-shaped morphology as the heavy
lanthanides. Single crystal XRD analysis confirmed that Cs-α1-
Am(PW11)2 displays the same parallel stacking as the light
lanthanides, while Cs-α2-Am(PW11)2 exhibits a perpendicular

stacking formation similar to what is observed for the heavy
lanthanides and yttrium (Figure 6b−d).

When comparing the ionic radii to morphological parameters
defined in the above section, a strong divergence between Am3+

(1.108 Å)40 and its closest size-match Nd3+ (1.109 Å)41 is
observed (Figures 3−6). The size of Am3+ would entitle it to
form the same phase as Nd3+ and the other light lanthanides, but
it instead forms the additional perpendicular phase like the
heavy lanthanides. The behavior of americium is akin to that of
europium despite Am3+ being larger than Eu3+ (1.066 Å).
However, as shown in Figure 5, it is evident that the structural
parameters for the two Cs-Am(PW11)2 structures are specific to
americium and do not fit the trends observed along the
lanthanide series. It is important to underline that in the
structures presented herein, there is no change in the
coordination number of the central cation (CN = 8) or its
coordination geometry (square antiprismatic). Nonetheless, the
distinct nature of the actinide versus lanthanide series is
manifested beyond the local coordination of the f-element.

The divergence between the lanthanide and actinide elements
is further reinforced with the case of curium (Cm3+). We
previously published two curium-POM structures: Cs-α2-
Cm(PW11)2, fully formulated as α2-Cs11Cm(PW11O39)2·
11H2O, crystallizes in the monoclinic space group P21/c (V =
9,013.5(5) Å3), and Cs-β-Cm(PW11)2, formulated as β-
Cs11Cm(PW11O39)2·21.5H2O, crystallizes in the monoclinic
space group P21/n (V = 10488.2(6) Å3). Following the same
procedure, a third phase was isolated for curium. The new phase,
named Cs-α1-Cm(PW11)2 and fully formulated as α1-Cs11Cm-
(PW11O39)2·33H2O, crystallizes in the triclinic space group P-1
(V = 5,554.5 Å3). Curium is the only f-element for which three
different compounds were obtained from the reaction with the
PW11O39

7−. All three structures are unique to curium and could
not be anticipated from simple extrapolation from lanthanide
chemistry. Not only is curium the only trivalent f-element that

Figure 6.Am(PW11)2 structures. a) View along the b-axis of the α1 structure (Cs counterions omitted for clarity) and first coordination sphere of Am3+.
b) Image of a single crystal of α1-Am(PW11)2, showing the orange-pink color. c) Comparison of the Raman spectra of the different lattice arrangement,
between Nd, Dy, and Am. d) Image of a single crystal of α1-Am(PW11)2, showing the golden orange color. More crystal images are shown in Figure S6.
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Figure 7. Coordination of curium (Cm3+) within the three structure types it forms with the Keggin POM PW11O39
7−. a) Top view of the α1 structure

(one of the POM ligands is omitted for clarity). b) Top view of the β1 structure (one of the POM ligands is omitted for clarity). c) Long-range
organization of the Cm-POM complexes within the tree structures and associated pictures of the crystals. d) Comparison of the Raman spectra of the
Cm-POM tree structures.

Figure 8. Surrounding Cs+ ions and their differing frameworks. a) Three Cs ions surrounding the central Ln in Ln(PW11)2 Ln = La to Lu, Y, Am, Cm;
b) two Cs surrounding Cm in α2-Cm(PW11)2; c) one Cs surrounding Cm in β-Cm(PW11)2; d) view along a-axis for the parallel framework; e) view
along a-axis for the perpendicular framework; f) view along a-axis for the paired perpendicular framework of α2-Cm(PW11)2; g) view along a-axis for
the paired perpendicular framework of β-Cm(PW11)2. For all, W is in maroon polyhedral (rotated trimers are in pink), P in blue polyhedral, O in red
spheres, Ln in gray, Cm in orange, and Cs in cyan.
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leads the Keggin ion (PW11O39)7− to convert into its unusually
unstable beta isomer (Cs-β-Cm(PW11)2) but also the two alpha
Keggin complexes that it forms (Cs-α1-Cm(PW11)2 and Cs-α2-
Cm(PW11)2) are unique and depart from what is observed with
the lanthanides or americium.
Looking at the two alpha Keggin structures that curium forms

(Cs-α1-Cm(PW11)2 and Cs-α2-Cm(PW11)2), their behavior is
somewhat similar to that of Eu3+, where the smaller unit cell for
both Cs-Eu(PW11)2 and Cs-α1-Cm(PW11)2 features parallel
stacking. The larger unit cell features comparable stacking
formations; however, in Cs-α2-Cm(PW11)2, pairs of Cm(PW11)2
stack perpendicular to each other (Figures 7 and S2−S4). While
both Cs-α-Cm(PW11)2 phases have similar bond lengths, the
perpendicular phase (Cs-α2-Cm(PW11)2) has a smaller d(P−P)
of 8.93 Å, yet a bent angle of 162.71° and a larger torsion angle of
12.55° are observed. The parallel phase (Cs-α2-Cm(PW11)2)
has a longer d(P−P) of 9.103 Å and a larger bent angle of
167.23°, but a smaller torsion angle of 8.85°.
With this morphological context, it becomes easier to

understand the crystallization of the Cs-β-Cm(PW11)2, a
never-before-seen isomer for PW11 complexing with a metal
ion.27 The beta isomer of the Keggin ion is normally less
thermodynamically stable than the alpha isomer (Figure S1).
The Cs-β-Cm(PW11)2 shares similar parameters to the
perpendicular Cs-α2-Cm(PW11)2, with a d(P−P) of 8.909 Å, a
bending of 163.33°, and a torsion of 13.61°. With such similar
parameters, a closer look at the crystal structure shows that the
rotated trimer in [β-PW11O39]7− changes the position of the
binding oxygen (Figure 7a,b). Thus, the Cs-β-Cm(PW11)2
“twists” to a similar degree as the Cs-α2-Cm(PW11)2 phase,
but in the opposite direction. As such, both Cs-β-Cm(PW11)2
and Cs-α2-Cm(PW11)2 have similar long-range stacking
formation and crystal morphology, more plate-shaped (Figure
7c). Raman analysis (Figure 7d) revealed significant differences
between the three Cs-Cm(PW11)2 structures. Both Cs-α-
Cm(PW11)2 structures showcase similar double bands at 964−
952 cm−1 (W�O terminal) and weak bands at around 897 cm−1

(W−O−W), differentiating only at the lower wavenumber
bands. For the perpendicular phase, there are seven bands as
opposed to six; however, due to the pairs of Cm(PW11)2, the
peak’s intensity is diminished as compared to the heavy Cs-
Ln(PW11)2 analogues. A similar effect can be seen with the Cs-β-
Cm(PW11)2 phase; however, for this phase, the most interesting
aspect is the double bands at 964−952 cm−1 (W�O terminal).
For Cs-α-Ln/An(PW11)2, the more intense peak of the double
band is at higher wavenumbers, and for Cs-β-Cm(PW11)2, the
more intense peak is at lower wavenumbers. Therefore, Raman
microscopy can serve as an efficient tool to differentiate between
PW11 isomers and stacking formations in actinide-POM
compounds using microcrystals containing submicrogram of
the actinide (Figures 6c and 7d).
Role of Cesium Ions in Outer-Sphere Coordination and
Crystal Packing of Cs-Ln/An(PW11O39)2 Complexes

The advantages of our synthesis protocol allowed for probing
the effects of Cs+ counterions in the lattice formation of a
multitude of structures, providing a rare opportunity to assess 4f-
and 5f- element chemistry well beyond their first coordination
sphere. The structures reported herein (Figures 4, 7, 8, and S3−
S4) reveal a higher morphological diversity beyond the central
cation’s (Ln3+ or An3+) first coordination sphere. It is
undisputable that the size of Ln or An directs the local geometry
for both Cs-Ln(PW11)2 and Cs-An(PW11)2, influencing the four

structural parameters defined above (overall length of the
complex d(P−P), its bending <(P−M−P), its twisting
<(P−MO8−P), and the short-range M−O bond lengths).
However, what remains unclear thus far is the influence of the
Cs+ counterions in the three-component equilibrium f-element/
POM/counterion, which is rarely observed in systems with
organic ligands. Do the Cs+ counterions accommodate the
metal−POM interactions by stabilizing the local geometry of
M(PW11)2? Or do changes in the local geometry of M(PW11)2
direct Cs-M(PW11)2 interactions?

To understand the role that Cs+ ions play in the crystallization
of M(PW11)2, beyond simple charge-balancing, we analyzed the
position of all Cs+ ions across all structures (only considering
fully occupied Cs+, as such positions would have the most
influence or be the most impacted). By measuring Cs−M
distances (M=Ln or An), a trend emerges, where a subset of Cs+
counterions surrounds the f-element and bridges the two PW11s
(Figure 8). These Cs+ cations consistently appear less than 5.5 Å
away from the central Ln3+ or An3+ cation and feature consistent
Cs−O bond lengths of 2.977−3.545 Å with a 12 to 14
coordination number. For all Ln(PW11)2 structures, as well as
α2-Am(PW11) and α1-Cm(PW11)2, three Cs+ positions were
consistently encountered around the Ln3+ or An3+ cation
(Figure 8a). Furthermore, these Cs positions then bridge to
neighboring M(PW11)2, completing the framework-like long-
range organization observed in those structures. When bridging
to the neighboringM(PW11)2, Cs+ binds toward the “end” of the
M(PW11)2 complex, in other words, furthest away from central f-
element. For the Ln(PW11)2 (Ln = La to Eu) structures, this
results in a parallel framework (Figures 8d and S2). Yet, as the
Ln size gets smaller and the corresponding morphological
parameters get smaller, maintaining Cs in the same positions
seems to become more energetically taxing. Therefore, both a
local geometric rearrangement of the M(PW11)2 and a lattice
rearrangement to the perpendicular framework would be
needed, if the same number of Cs positions were maintained
(Figures 8e and S3). Thus, the Cs positions around the central
Ln3+ or An3+ ion serve multiple roles: they stabilize the geometry
of M(PW11)2, and they minimize complex−complex inter-
actions, while simultaneously increasing Cs-PW11 interactions.
When comparing all of the lanthanide and actinide compounds
reported herein, changing the nature of a single ion (i.e., the
central Ln3+ or An3+ cation) seems to reverberate across these
large structures, hence providing a magnifying lens to pinpoint
subtle differences with the f-element series.

The uniquely high number of structures Cm can accom-
modate highlights the various roles Cs can play in the delicate
balance among the f-elements, POM, and counterions. The α1-
Cm(PW11)2 features three surrounding Cs ions (similar to
Ln(PW11)2 Ln = La to Eu), α2-Cm(PW11)2 has twoCs positions,
and β-Cm(PW11)2 only has one (Figure 8c, d). The last two Cm
structures feature perpendicular stacking of pairs of Cm(PW11)2
complexes (Figure 8f, g). The lower number of surrounding Cs
seemingly corresponds to higher complex−complex interac-
tions. Furthermore, a closer look at the β-Cm(PW11)2 and α2-
Cm(PW11)2 structures reveals β-Cm(PW11)2’s lone Cs position.
Cm is the only metal thus far that has been able to accommodate
the beta isomer, which is hypothesized to occur through the
stabilization of the rotated trimer at structural parameters similar
to those of its α2-Cm(PW11)2 counterpart. Yet, β-Cm(PW11)2
still has only one Cs position, which is suspected to come at the
cost of the trimer rotation. It is thus more likely that the Cs+
promotes the isomerization of the PW11, while the Cm3+ ion
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allows for the stabilization and crystallization of the new
geometry (Figures 8g and S4).

■ CONCLUSION
This study clearly shows that trivalent lanthanides and heavy
actinides display distinct coordination chemistries. The series of
POM/f-element complexes isolated constitutes a rare and
comprehensive example where all the studied cations, from La3+
to Lu3+, plus Y3+, Am3+, and Cm3+, are confined with the same
metal−ligand unit and exhibit the same 8-coordinanted local
geometry, while yielding significant structural differences at a
longer range (i.e., bending and twisting of the POM/f-element
complex, complex−complex arrangement, and complex vs
counterion positions). The lanthanide elements form two
distinct crystal structure types: one with the M(POM)2
complexes organized in a parallel manner and one where
complexes are perpendicular. The lanthanide series undergoes a
clear structural break at europium (the only lanthanide forming
the two structures). Surprisingly, the heavy actinides Am3+ and
Cm3+ depart from their lanthanide analogues and yield
structures with their own specificities. Americium forms two
structures, akin to europium, but does not fit the structural
trends observed for lanthanides. Curium emphasizes further the
distinct chemistries of trivalent lanthanides and actinides, being
the only f-element that yields three different structure types (α1,
α2, and β). These three structures are unique to curium and
could not be anticipated from extrapolation from lanthanide or
americium chemistry. The particularities of the POM chelating
platform studied here allow for studying both 4f and 5f cations
under identical conditions and magnifying differences among
these elements that are typically difficult to observe with
traditional ligands. The compounds reported here represent a
first step toward expanding actinide-POM chemistry, and work
is ongoing to apply the methods detailed here to other POMs
and other difficult-to-study elements.

■ EXPERIMENTAL SECTION

Caution!
248/247/246Cm and 243Am, as well as their decay products, constitute serious
health hazards, because of their radioactive and chemical properties. All
experiments involving radionuclides were conducted at Lawrence Livermore
National Laboratory, in facilities designed for the safe handling of long-lived
and short-lived radioactive materials and associated waste.

Materials
Curium samples (97% 248Cm + 3% 246Cm + 0.01% 247Cm) were
prepared from a primary source purchased from Oak Ridge National
Laboratory (USA) and 243Am(III) chloride purchased from Eckert and
Ziegler (USA). NaCH3COO (≥99.9%), cesium chloride (>99.99%),
Na2WO4×2H2O (≥99%), phosphoric acid, and lanthanide trichloride
salts (>99.9%) were purchased from chemical providers (VWR and
Millipore Sigma) and used as received. All solutions were prepared
using deionized water purified by reverse osmosis cartridge system
(≥18.2 MΩ.cm). All experiments were performed in a temperature-
controlled room (22 °C).

Synthesis
Lanthanide or actinide chloride salts (246/248Cm3+/243Am3+ from a
parent stock solution in HCl) are added to a 200 μM PW11 solution in
0.1 M acetate buffer at pH 5.5. A 1:2 stoichiometric addition of
lanthanide or actinide to PW11 (concentrations for lanthanides and
actinides were kept in the 50−100 μM range). For crystallization, 6 M
CsCl is titrated in 5−50 μL to 1:2 stoichiometric solutions (10 to 100
μL, at pH 5.5, 100 mM acetate buffer). After 1−5 days of ambient
conditions, several single crystals of Ln-PW11 are visible to the naked

eye. Upon inspection with an optical microscope, XRD quality crystals
are mounted and characterized via small molecule single crystal XRD,
while the rest are kept for Raman microscopy.
Crystallographic Studies
The Cs-Ln(PW11)2, Cs-Cm(PW11)2, and Cs-Am(PW11)2 structures
were collected in one of LLNL’s radiochemistry laboratories using a
Rigaku Synergy Custom single crystal diffractometer, equipped with a
kappa goniometer, and using Mo Kα radiation (λ = 0.71073 Å) with a
FWHM of ∼200 μm at the sample from a MicroMax-007 HF
microfocus rotating anode source. Images were recorded on a Dectris
Pilatus 3R (300K − CdTe) detector and processed using CrysAlisPro.
After integration, both analytical absorption and empirical absorption
(spherical harmonic, image scaling, and detector scaling) corrections
were applied.42 All structures were solved by the intrinsic phasing
method from SHELXT program,43 developed by successive difference
Fourier syntheses, and refined by full-matrix least-squares on all F2 data
using SHELX44 via OLEX2 interface.45 Crystallographic information
for the six reported structures can be obtained free of charge from the
Cambridge Crystallographic Data Center (https://www.ccdc.cam.a-
c.uk/) upon referencing CCDC numbers in crystallographic Table S1.
Raman Microscopy
Raman spectra were collected using a Senterra II confocal Raman
microscope (Bruker), equipped with high-resolution gratings (1,200
lines/mm) and a 532 nm laser source (operated at 15 mW), and a TE-
cooled CCD detector. Reported spectra are the average of at least 2−5
different spots per sample, each spot analysis consisting of 2 binned 16
scans. The integration time was set to 400 ms per scan. No damage to
the sample was observed due to laser irradiation. Background spectra of
the glass slides with paratone oil showed two peaks at 1010 cm−1 and at
750 cm−1.
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