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We report the first example of a polyoxometalate (POM) compound
containing californium. Using a Wells—Dawson POM ligand,
K17Cf(P,W;7061),-2H,0 was synthesized and characterized. Califor-
nium is the heaviest element ever crystalized with a POM. Signifi-
cant solubility differences among the POM'’s f-element complexes
were observed, enabling selective precipitation with separation
factors rivaling liquid—liquid extraction.

Californium represents the last frontier for “bulk” chemical
synthesis. All Cf isotopes are radioactive, and its only industrial
application (neutron sources for reactor startup, well logging,
etc.) involves ***Cf, which only has a half-life of 2.6 years." It is
estimated that between 1966 and 2019, a cumulative total of
~10 grams of **>Cf have been produced at the High Flux
Isotope Reactor (Oak Ridge, TN, USA), across 78 irradiation
campaigns.” Its isotope used for chemical research, >*°Cf, has a
half-life of 351 years but it does not benefit from dedicated
production campaigns due to the lack of commercial use. As
such, it is recovered only in minute quantities and just a few
milligrams or less are available to the chemistry community.®
The scarcity of Cf source materials explains the remarkably low
number of known Cf compounds. Since its discovery” in 1950,
only 13 coordination compounds of Cf have been isolated and
structurally characterized, including the one reported here
(Table S1).

The first single crystal structure of a Cf compound, Cf(I03);,
was reported in 2006 by Sykora et al’® Four years later, the
structure of the Cf*" aqua ion, isolated as a triflate salt, was
reported.® In a remarkable multi-year experimental campaign, a
team led by Prof. Thomas Albrecht and co-workers, synthesized
and characterized most of the Cf compounds known to date.
Since 2014, these authors synthesized and characterized 10
californium complexes (Table S1), including a Cf(m) borate,’
dipicolinate,® squarate-oxalate,” metallocene,’ thiocarbamate,"°
and other Cf(m) complexes with organic ligands.'* ™ Albrecht’s
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team also reported in 2023 the first, as thus far only, Cf(u)
compound: Cf(18-crown-6)I,. Despite these recent and signifi-
cant progress in Cf chemistry, we noted that no polyoxometalate
(POM) compound containing Cf has ever been isolated.

We here bridge this gap by reporting the first Cf£POM
compound. Using the Wells-Dawson POM ligand P,W;,0¢,"~
(P,W;;), we isolated K,,Cf(P,W,;,0¢1),-2H,0 via aqueous synth-
esis. The present study complements a companion paper'* on
the analogous Am** and Cm** compounds, K;;Am(P,W;,0¢,)-
12H,0 and K;,Cm(P,W;,0¢1),-8H,O (Fig. 1). This combined
dataset gives an unprecedent perspective on Cf chemistry given
the isostructural and isomorphic nature of these heavy actinide
compounds.

Prior to this study, hardly any information had been pub-
lished on californium-POM complexes, even in terms of spec-
troscopic data (whether in solution or solid-state). To the best
of our knowledge, only a handful and studies had been pub-
lished on Cf-POMs; most during the USSR era and some data

Ki7[An"(P,W;,04),]-nH,0
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Fig. 1 Structure of K;Cf(P,W17061),:2H,O  and  its  analogues

KizAm(PaW17061)2-12H,0 and KizCm(P,Ws7061)2-8H,0. Am®* forms two
structure types with P,Wy7.24 Average An—O distances, bond range, and
Continuous Symmetry operation Measure (CSoM, as defined by Nielsen &
Serensen'®) are indicated at the bottom. Potassium counterions and water
molecules are omitted for clarity. Color code: W: Maroon. P: Blue. O: Red.
Am: Yellow. Cm: Orange. Cf: Green. See Fig. S1-S3 for additional views of
the structures.
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was translated and relayed in the English literature. In 1976,
Sapryskin et al. reported16 that POMs, notably P,W;-, affect the
redox potentials of actinides. Subsequent studies yielded experi-
mental values for the redox potentials of [An™(P,Wy,),]**"/
[An"™(P,W;-),]'”~ (An = Np, Pu, Am, Cm, Bk)'”'® and an esti-
mated value for [Cf™(P,W1,),]"® /[CF™(P,W15),]"" .7 A 1998
experimental study investigated the temperature effects on the
reduction of Am*", Cm**, Bk*', and Cf** in the presence of
P,W,;, yielding AG, AH, and AS values. The authors also
reported the kinetic trend, showing that Cf*" is the fastest to
reduce among the [An"(P,W,,),]'®” complexes (Cf** > Cm*" >
Bk*" > Am**).>° These redox results have been tabulated in two
related EXAFS and cyclic voltammetry studies on the P,W;,
actinide complexes (Th, U, Np, Pu, Am) by Antonio and co-
workers in 2003.>"*> Except for these electrochemistry-focused
studies, no structural or spectroscopic data has been published
on Cf-POMs.

In an effort to obtain structural information on heavy
actinide chemistry, we previously leveraged the unique proper-
ties of POMs, to study Am** and Cm**. We found that the high
molecular weight of POMs (e.g., 1207 g mol ™" for W;04°",
2677 g mol ™! for PW;,05”~, 4163 g mol ™" for P,W;,0;5” ") and
their controllable solubility properties allows for crystallizing
Am-POM and Cm-POM complexes while using only ~2-10 ng
of the actinide isotope.>*"*® We recently extended these studies
to Np*" and Pu**.>*° We had thus far focused on smaller POM
structures such as the Weakley-Peacock ([M(W50,5),[*") and
Keggin complexes ([M(XW1,030),]", with X = B**, Si**, P>,
Ge*", Ga®"). Using the heavier POM*® P,W, allowed for scaling
down ever further the synthesis. We reliably obtained single
crystals from just ~300 nanograms of actinide, verified with
Am**, Cm®*, and Cf*". The synthesis was not attempted with Bk
but some of its properties can be extrapolated (vide infra).

The formation of the [Cf"(P,W,,),]'”” complex (abbreviated
Cf™(P,W,,),) was first confirmed in aqueous solution via
UV-vis-NIR. The main absorbance bands of the complex are
shown in Fig. 2. Nine Cf(m)-specific bands were observed in the

[CT(P,W,,0¢),1""

440.1

Absorbance

Crystals
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nm

Fig. 2 Absorbance spectrum an aqueous solution of [Cf(P,W;7Oe1)o1"~
and solid-state absorbance spectrum of K;7Cf(P,W17041)2:2H,0. The inset
shows a microscope picture of one of the single crystals used for the solid-
state absorbance measurements.
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420-800 nm region, plus an intense absorbance below 420 nm
that is due to the POM itself. The Cf(m)-specific bands are
consistent with absorbance spectra of Cf(u1) complexes with
organic chelators published by Albrecht and co-workers.”***3
Based on their nomenclature, the observed line groups are:
group G (438.5 nm), group F (475.5 and 499 nm), group E
(600.5, 610.0, 654.0, and 681.0 nm), and group D (750.0 and
777.5 nm).

Upon addition of excess KCl, single crystals appear after
~4 weeks of slow evaporation/concentration at room tempera-
ture (Fig. 2). The K;,[Cf™(P,W;5),]-2H,0 compound crystallizes
in the monoclinic space group P21/n, with a volume of
15045.9 A (Tables S2 and S3). The synthesis was done with
0.3 to 0.5 pg of *°Cf per sample. Comparing the absorbance
spectra complex in aqueous solution versus in the crystals
(Fig. 2), minimal peak shifting is seen, indicating that the
obtained Cf complex in the solid state generally has the same
structural metrics as in solution. In a companion paper,"*
we report the analogous systems with Am®** and Cm®*. Two
different structures were obtained for Am (monoclinic
K;,[Am"™(P,W,,04,),]-12H,0 and triclinic K;;,Am(P,W;,04;),-
42.5H,0) while Cm only yields monoclinic K;;,Cm(P,W;,041),-
8H,0. Consistent with this apparent trend along the heavy
actinide series, Cf only crystalizes as the monoclinic phase. The
absorbance spectrum for Am™(P,W;,), in solution also
matches exactly the spectrum of its monoclinic phase (but
not its triclinic phase), similar to what is observed for mono-
clinic Cf"(P,W,),. These results indicate that polymorphisms
in these systems can impact the electronic properties of the
actinides and the analysis of spectroscopic properties warrants
cautions when relying on specific structural data. We also
obtained an analogous structure of Pr"™(P,W,,), that had not
been reported (triclinic - Table S2) to provide more clarity on
the impact of triclinic versus monoclinic distortions in these
P,W,, complexes. Pr’" is now the only Ln™(P,W;,), for which
the triclinic and monoclinic phases have been characterized,
and this confirms that the monoclinic phase leads to elongated
bonds (2.47 vs. 2.43 A for Pr. Fig. S4).

Taken together, the Am, Cm and Cf complexes represent one
of the first isostructural and isomorphic series for Am, Cm and
Cf coordination compounds. Crystals that share the same struc-
ture, yet not necessarily the same composition or unit cell, are
often claimed to be isostructural. Herein, the Ln"™/An"(P,W,,),
(along with a An"™(P,W,,), series previously reported’) are
isostructural in that all share the same kind of complexes. The
varying structural metrics previously extracted conform with this
definition, providing comparisons between crystals. However,
due to the identification of polymorphic phases for these P,W;,
structures, the compounds can now be more rigorously categor-
ized in isomorphic crystal series. Isomorphous crystals have, (1)
same unit cell and space group, and (2) same atom type and
positions, except for replacement of one or more atom. In other
words, these crystals not only share the same unit cell (a = 12.4 A,
b=23.5A,¢c=51.9A, a=y=90, b =89.4, and V= 15050 A®), but
the same formula with very minor differences (hydration and or
metal replacement i.e., Am**, Cm?", or Cf*").

This journal is © The Royal Society of Chemistry 2026
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This more rigorous classification of the structures now
allows for more accurate and meaningful comparisons. For
example, comparing the unit cell for the isomorphic
Am"™(P,W,,),, Cm™(P,W,,),, and Cf"(P,W,-), reveals a small
contraction in all unit cell dimensions. When comparing the
structural metrics previously defined for POM complexes
(bending, stretching, twisting),>>*> there is a small but con-
sistent shifts: An'"-O bonds contract from 2.450 A for Am, to
2.444 A for Cm, and 2.424 A for Cf. The P1-An-P1’ bending
angles are nearly identical for the three structures: 169.1° (Am),
169.1° (Cm), and 168.9° (Cf). The second bending angle, P2-An-
P2/, is also very consistent across the three structures: 138.5°
(Am) to 138.2° (Cm) to 138.2° (Cf). However, the complex seems
to twist slightly more as the actinide gets smaller, with the P1-
AnO8-P1’ increasing from 1.0° (Am), to 1.3° (Cm), to 2.0° (Cf).
Since these complexes exhibit the same unit cell and space
group, any structural changes can thus be attributed to the
impact of the actinide.

Based on an empirical correlation between the structures of
Keggin complexes (JAn"™(PW;;034),]'°") and AnO, oxides, we
recently proposed®’ a set of values for An(iv)-O bond distances
in POMs, including Am"-0 (2.331 A), cm'-0 (2.324 A), Bk"V-0
(2.312 A), and CfV-O (2.304 A). The set of Wells-Dawson
structures obtained here allows for proposing an equivalent
set of values for An(u)-O bonds in POMs as the missing value
for BK"™(P,W,5), can be fairly extrapolated from the ionic radius
trend (Fig. 3): Am™-0 (2.450 A), cm"™-0O (2.444 A), BK"™-0
(2.436 A), and Cf™-0 (2.427 A).

In our attempts to crystallize the An™ (P,W;;), compounds,
we eventually tested our protocol with lanthanide(m) and
noticed significant solubility differences among the complexes.
As shown in Fig. S6, when exposed to different concentrations
of K* counterions, some Ln"'(P,W,,), precipitate before others.

III(
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1 Ky7[An"(P,W,,04,),]-nH,0
{1 Am
= 2.45 + &
78’ 1 Cm
c 1 o
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& i Bk
©
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Fig. 3 Average actinide(i)—oxygen bond distance in the Wells—Dawson
complexes. The Am, Cm, and Cf points are from the single crystal XRD
structures (monoclinic phase) of Ki7An(P,W17061)2-nH2O. Bk point extra-
polated from the linear trendline. lonic radii are from Lundberg and
Persson (CN = 9).>* The same extrapolated Bk"'-O distance is obtained
when considering the Shannon** ionic radii (available for CN = 6) — see Fig.
S5.
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Separation factors of ~3 to ~10 were measured between Ho,
Pr, and Nd (Fig. S7), without particular optimization. It appears
that lanthanides could be separated via selective precipitation
upon complexation to P,W,, followed by addition of counter-
ions in aqueous solution of the Ln™(P,W,,), complexes. This
proposed method requires more development but could be a
readily different way of separating rare earth elements, relative
to the current industrial methods that are based on solvent
extraction.®” Selective precipitation methods for separation of
Ln*" have been proposed recently but these methods are based
on complexes with organic chelators.?**” To the best of our
knowledge a method based on POMs and counterions has not
been proposed before.

In line with these observations on the Ln™(P,W;,), com-
plexes, we noticed the same kind of trend with actinides, with
the Cf"(P,W;,), complex requiring much longer evaporation/
concentration to yield crystals. In a controlled series with varied
KCl concentration added to Am"™(P,W,,),, Cm™(P,Wy,)s,
Cf™(P,W;-),, we observed precipitation of Am and Cm but Cf
remained completely soluble, even at K* concentration as high
a 4 M. Fig. 4 shows the concentrations of Am, Cm, Cf remaining
in solution at equilibrium. Such solubilities differences repre-
sent a potentially simple, yet efficient, leverage to separate
heavy actinides.

The calculated separation factors from the solubility curves
reach 15 for Cf/Cm and 4.0 for both Cm/Am and Cf/Cm. These
results highlight the significant solubility differences among
the K;,An(P,W;,04,),-nH,O compounds. Such separation
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Fig. 4 Solubility of Am(P2W17),, Cm(P2W17),, and Cf(P2W17), at different
concentrations of KCl and separation factors. See Fig. S8 for numerical
values. T = 22 °C. Equilibration time = 3 days. Even better separation is
obtained after 14 days (Fig. S9).
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factors among heavy actinides are on par or higher with
selectivity obtained with some of the most recent liquid-liquid
extraction processes developed for separating Am*" and Cm>*.
Jensen et al. obtained a selectivity Am/Cm of 4.1 using a liquid-
liquid extraction system comprised of both an organic
extractant and a water-soluble Am’'-selective complexant
(“bp18c62—", also known as “macropa”).*® Miguirditchian
and co-workers recently®® developed Am**-selective stripping
agent (“H4TPAEN”) to back-extract Am following the co-
extraction of Am®" and Cm®" by the organic extractant TODGA.
The observed Am/Cm separation factors in this case were in the
range 3.1-4.2.

In conclusion, this study presents the first structural and
spectroscopic characterization of a Cf-POM complex. When put
in perspective with the corresponding compounds with Ln*",
Am?**, and Cm?>" it is clear that the formation of two different
phases (e.g., monoclinic versus triclinic) has a non-negligible
impact on the bonding, electronic properties, and solubility
properties. From a structural standpoint, the Cf"(P,W,), and
Cm™(P,W;,), compounds appear similar, forming only the
monoclinic phase. Am™(P,W,,), yields both the monoclinic
and triclinic phases, akin to some of the lanthanide complexes.
The isomorphous and isostructural series of CfIII(P2W17)2,
Ccm™(P,W;5),, and Am™(P,W,,), (monoclinic phase) exhibits
predictable contraction of the An™-O bonds and similar bend-
ing, yet different twisting angles. The solubility property of
these compounds seems to be the most impacted by the nature
of the f-element it contains. While the results presented here
are exploratory and require further optimization, it appears that
solubility differences in POM/f-element/counterion systems
could be exploited for a different generation of separation
processes for f-elements. Efforts are underway to expand on
the present findings.
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