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Four cerium compounds - (HPy);[CeClgl-2(HPyCl) (Cel-1),
(HPy),[CeClg] (Cel-2), (HPy),[Ce350s5¢ x(OH),Clso(H20)12]-nH,O
(Ce38), and (HPy),[Ces5,0350 x(OH),Clsg(H20)171-nH,O (Ce52) —
were crystallized from acidic aqueous solutions using pyridinium
(HPy) counterions. The latter consists of two unique cerium oxide
nanoclusters that are built from 52 metal ions and represents the
largest chloride capped {Ce'""'"VO} and/or {M'VO} (M = Ce, Th, U, Np,
Pu) nanocluster that adopts the fluorite-type structure of MO, that
has been reported.

Metal oxides are an important class of materials that have
found applications ranging from catalysis to biomedicine.’™
Ceria, CeO,, is one notable example as it is used in catalytic
converters, glass polishing, solid-oxide fuel cells, oxygen sen-
sing, alcohol oxidation, biomedical applications, and more.”>™®
This wide application space is engendered by the Ce*'/Ce**
redox-driven formation of highly reactive defect sites composed
of oxygen vacancies and Ce*" ions to form nonstoichiometric
CeO,_,.>®° Despite the pervasiveness of ceria-based materials,
there is a need to better understand the behavior of bulk ceria
for improved reactivity. One way to explore these structure—
property relationships is through a molecular lens such as that
afforded by cerium-oxo clusters. These species offer well-
defined structural models that possess size-dependent proper-
ties and also provide insight into the chemical behavior of bulk
Ce0,.""* For example, Estevenon et al. recently demonstrated
that Ce-oxo/hydroxo clusters, especially those of higher nuclea-
rities (for example, [Ce;3054(OH)g(CH3CH,CO,)36(CsHsN)g]),
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could be used as platforms to understand cerium oxide nano-
materials.”® Examination of the structural and electronic prop-
erties of Ce clusters and nanoparticles using high-energy-
resolution fluorescence detection X-ray absorption spectro-
scopy (HERFD-XAS), high-energy X-ray scattering (HEXS), and
single-crystal X-ray diffraction (SCXRD), showed an evolution
in electronic structure as a function of cluster nuclearity,
with {Cess} most closely resembling the properties of CeO,."
Motivated by these results as well as recent developments in the
synthesis and structural chemistry of Ce-oxo -clusters,
broadly,*'***>'* we sought to expand Ce-oxo cluster chemistry
by leveraging outer coordination sphere interactions. We have
isolated two novel cerium nanoclusters: (HPY),[Ce33056_x
(OH),Cl50(H,0)1,]'nH,O (Ce38) and (HPy),,[Ces,050_x(OH),-
Clso(H,0)17]-nH,0 (Ce52) from acidic chloride solutions with
pyridinium (HPy'*) counterions. In addition, small changes to
the reaction conditions in the presence of HPy'" allowed for the
isolation of monomeric species, (HPy),[CeClg]-2(HPyCl) (Ce1-1)
and (HPy),[CeCls] (Cel-2). Single crystal X-ray diffraction
(SCXRD) was used to elucidate the structural chemistry of the
compounds, and Raman and UV-vis-NIR spectroscopies were
used to further characterize the isolated phases.

Dissolution of ceric ammonium nitrate in water followed by
the addition of ammonium hydroxide resulted in precipitation
of cerium hydroxide. The pellet was washed several times with
water to remove ammonium. The yellow solid was then dis-
solved in dilute hydrochloric acid and utilized as a cerium
source. Aliquots of pyridine were subsequently added to the Ce
solution. Dark yellow crystals of Ce1-1 and Ce1-2, yellow blocks
of Ce38, and yellow parallelograms of Ce52 were isolated at
room temperature via solvent evaporation. The general syn-
thetic approach follows that described for a {Cesg} nanocluster
previously reported by our group,™* but employs pyridinium
counterions instead of potassium. Notably, the reaction repro-
ducibly yielded four phases, Cel-1, Cel-2, Ce38, and Ce52, in
various yields, with the reaction outcome strongly dependent
on ambient conditions. In a typical synthesis, anywhere
between 5-20 crystals of Ce52 precipitated. Due to the limited
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yields and co-precipitation of several phases, single crystals,
rather than the bulk reaction product, were used for subse-
quent analyses. Full synthetic details are provided in the ESI.{

Single crystal X-ray diffraction studies revealed the for-
mation of four different phases. Cel-1, (HPy),[CeClg]-2(HPyCl),
and Cel-2, (HPy),[CeClg], consist of mononuclear CeClg>~
anionic units. In both Ce1-1 and Ce1-2, anionic CeCls*>~ com-
plexes are charged balanced by two HPy'* ions in the outer
coordination sphere, with Cel-1 containing two additional
HPy'*and two CI'~ ions in the second sphere. Ce1-1 and Cel-
2 were observed when the reaction solutions went to complete
dryness. If the solution was not fully evaporated, Ce38 and Ce52
were observed. Ce38 is related to previously reported chloride-
capped {Cesg}- and {Ansg}-oxo clusters (An = U, Np, Pu).'*"®
It consists of a cluster core containing 38 Ce sites that is surface
decorated by chloride ions and water molecules. Full structure
descriptions of Ce1-1, Ce1-2, and Ce38 are provided in the ESL.¥

By comparison, Ce52 is built from two discrete cerium-oxo
nanoclusters, each containing 52 cerium atoms (Fig. 1). The
compound crystallized in the monoclinic space group, P2/m,
with the general formula (HPy),,[Ces,0g0_x(OH),Cls9(H,0),7]:
nH,0. However, two crystallographically distinct {Ces,} clusters,
[Ce520807x(0H)xCIGO(HZO)16]m7 and [Ce520807x(OH)xCISS(HZO)ls]m71
constitute the structure; as reflected in the formula, the clusters
differ in the number of chloride and water molecules bound to the
surface, and potentially the Ce™/Ce'" ratio. For simplicity, only
one of the crystallographically unique clusters, [Ces5,0g0_x(OH),-
Clgo(H,0)16]™, is described in detail. The cluster core contains 52
cerium atoms bridged by ;- and p,-oxo anions layered in an
A:B:C:B:A(A=6,B=12, C = 16; based on Ce) pattern (Fig. S8,
ESIT), with chloride and water ligands terminating the cluster
surface. Ce52 can be broken down into three structural units
as shown in Fig. 1. Twenty-four Ce adopt the fluorite-type core
of CeO,. Within this {Ce,,} subunit, ten of the Ce sites are
eight coordinate, CeOg, with the Ce bound exclusively to ;- and
ps-oxo anions. The remaining fourteen Ce atoms are likewise
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eight-coordinate; however, these Ce are bound to either one or two
water molecules along with oxo anions. Two {Ces} and four {Ce,}
subunits, shown in Fig. 1, complete the Ces, cluster. Ce atoms in
the {Ce¢} and {Ce,} units are coordinated to both oxo and chloride
anions, with each of the Ce atoms bound to four p;-/p,4-0xo groups
and four chlorides. The chlorides exhibit several coordination
modes; there are two 1,-, one -, and one terminal chloro group.
Notably, the surface is chloride and water terminated. Average Ce-
115-0, Ce-p4-0, Ce~Oy o and Ce-Cl bond distances are 2.240(15) A,
2.335(14) A, 2.463(18) A and 2.863(5) A, respectively. The average
Ce-On,0, Ce-p3-0, and Ce-p,-O bond distances are consistent with
those observed previously for a chloride-capped {Cesgh."* How-
ever, the average Ce-Cl bond distance is longer than that reported
for a chloride-terminated {Ce;g}, which exhibited a Ce-Cl range of
2.683(3)-2.713(3) A.™*

Overall, the {Ces,} cluster is anionic and, as such, proto-
nated pyridinium cations reside in the outer coordination
sphere. However, pyridinium ions could not be assigned during
the crystal structure refinement due to disorder. Raman spec-
troscopic data were thus collected on a single crystal of Ce52
(Fig. S13 and Table S12, ESIt). The spectrum was characterized
by vibronic stretches indicative of pyridinium, with N-H
stretches observed at 1600-1640 cm ' and C-C stretches at
approximately 1000 cm ™. A split peak around 450 cm ™ can be
attributed to Ce-O stretching modes; splitting is likely due to
the presence of Ce-u;-O, Ce-py-O, and potentially Ce-p;-OH
within the cluster core.'* Notably, for CeO,, Ce-O stretching
is typically observed around 465 cm ™', and observation of the
peaks around 450 cm ' as well as a peak at 269.5 cm™* is
consistent with the Raman spectrum for CeO,,"” and under-
score the similarities between Ce52 and CeO,. Peaks in the
range of 200-400 cm ™' are consistent with Ce-Cl and Ce-On,0
modes.'*'®

Bond valence summation (BVS) was used to determine the
oxidation state of the Ce atoms in Ce52 (Table S6, ESIt). Several
Ce sites exhibited BVS values less than four, which may indicate

Fig. 1 Ball and stick representation of one of the crystallographically unique Ce52 clusters illustrating (a) the {Cey4} (yellow), {Ceg} (dark blue) and {Ce4}
(teal) subunits, and (b) the Ce52 core, with the {Ce,4}, {Ceg}, and {Ce4} units highlighted. Clis in green, and O is in red. The chloride/water decorated Ce52
cluster is shown in (c); all of the Ce sites are rendered as yellow spheres. Hydrogen atoms and disorder have been omitted for clarity.
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" Formulation of the cluster as

some contribution from Ce
Ce™/Ce™ would be consistent with previously reported Ce
nanoclusters. However, ambiguity in these assignments arises
from uncertainty in the formulation of the p;-O sites as O*~ or
OH ", as well as the number of unresolved pyridinium mole-
cules in the outer coordination sphere. It is also worth noting
that recent work in polyoxovanadate clusters has shown that
BVS values can deviate from assigned valence states due to
delocalized electronic structure."® Additionally, there is some
ambiguity in the experimentally determined BVS parameters
for Ce as highlighted in the differences in BVS values calculated
for both Ce38 and Ce52 using different BVS parameters (Tables
$2-88, ESIT).>°>*> Importantly, Ce-O parameters were recently
redetermined.?! This has not been done for Ce—-Cl and thus, the
assignment of the Ce oxidation state in Ce52 is complicated by
the fact that Cl ligands decorate the surface of the clusters.

Given the shortcomings of BVS, the oxidation state of the Ce
sites in Ce52 was evaluated by single-crystal UV-vis-NIR electro-
nic absorption spectroscopy (Fig. S13, ESIt). The peak at
approximately 1200 nm may be attributed to an intervalence
charge transfer band and is consistent with Ce™/Ce"™ in the
structure."* Cerium complexes can exhibit signals in the UV
and visible regions due to 4f' — 5d" transitions and ligand-to-
metal charge transfer (LMCT) that can occur for Ce™ and Ce",
respectively. This is due to Ce™ being an f' metal and Ce"™
being an f° with no f — f transitions.'**® The UV-vis-NIR
spectrum also displayed a band with a maximum around
400 nm. This band is likely attributed to LMCT based on
literature precedence for halide-Ce" transitions.**>3:*4

Based on BVS values and the electronic absorption spec-
trum, Ce52 likely contains both Ce™/Ce™. BVS values suggest
that the Ce" sites are located at the center of the cluster and the
possible Ce™ sites are located at the surface (Table S5, ESIY).
Mixed valent Ce-oxo clusters have been previously reported.
Examples include {Cesg}, {Ceso}, and {Ceyoo} clusters.’®'* For
{Ce,o} and {Ce oo}, Ce™ were likewise located at the surface
sites and specifically, on the (100) facet."®'> The presence of
Ce™ at the surface of Ce-oxo clusters is likely attributed to the
ease of formation of oxygen vacancies at the surface rather than
in the core."®

Further bulk analysis of Ce52 was complicated by low yields,
and the isolation of the compound with other phases including
Ce38, Cel-1, and Cel-2 (Fig. 2); the latter consists of CeClg>~
structural units. The isolation of various phases upon minor
changes to the reaction conditions suggests that small differences
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in energy or solubility separate the formation of these compounds.
Yet, the factors that push the reaction product to one phase over
another remain unclear as solvent evaporation presumably impacts
the concentration, pH, and ionic strength of the solution. Interest-
ingly, Ce52 and Ce38 were observed when little solution was left,
and Cel-1 or Cel-2 were isolated upon complete evaporation of the
mother liquor. It is also worth noting that Ce52 crystals left in
solution would often redissolve and subsequently precipitate
as Ce38.

Several Ce-oxo units ranging from {Ce,} to {Ce;,} have been
isolated to date, with {Ces} being the most common cluster core
reported for Ce.'*">'*?°73° These clusters vary in decoration;
most are capped by organic ligands (e.g., benzoic acid, propio-
nic acid, and acetic acid), but inorganic anion (e.g., chloride,
sulfate) decorated clusters have also been observed.*®!14
Interestingly, clusters with nuclearities larger than {Ceg},
including {Ce,4}, {Cess}, {Ceso} and {Ce;q0},">** typically adopt
the cubic, fluorite-type core of bulk CeO,. Indeed, the Ce38 and
Ce52 clusters reported here adopt the same fluorite-type struc-
ture. As mentioned previously, Ce38 relates to previously
reported {Cesg} clusters."®'"'* Ce38 also parallels other {M;g}
clusters that have been reported for U, Np, and Pu.'>'®?"% In
contrast to Ce38, no other {Ces,} or {Ans,} clusters that adopt
the same core structure as Ce52 described herein have been
reported. For transition metal and lanthanide ions, including
M = Pd, Au, Ti, Co, Cu, Ag, Eu, Nd, Pr, Gd, and Dy, {M5,} clusters
have been described.*'*®* However, these clusters adopt alto-
gether different topologies than Ce52, and some are hetero-
metallic, such as the Eus,Nis¢_,Cd, cluster reported by Zheng
et al.*® Moreover, although Ce-oxo cluster chemistry literature
has grown considerably over the past 10 years, there is a notable
gap between {Ce,o} and {Cejoo}. Furthermore, no inorganic
ligated clusters larger than Ce38 that adopt the fluorite-type
structure of CeO, have been isolated. Density Functional The-
ory calculations have sought to examine the formation energies
of single oxygen vacancies in {Ce,,} and {Cegs}, but impor-
tantly, no experimental data have been reported for these
compounds.*® As such, the synthesis and structural character-
ization of Ce52 fills an important gap in our existing knowledge
of Ce-oxo cluster chemistry and provides metrical information
that may inform on important aspects of metal oxide and
actinide chemistry, broadly.

In summary, we report the synthesis of the largest known
chloride-capped cerium cluster, {Ces,}, along with a crystal-
lographically unique {Cesg}-oxo cluster and two CeClg>~

Fig. 2

This journal is © The Royal Society of Chemistry 2024

Illustration of the structural units isolated via solvent evaporation: Ces, (left), Cesg (middle), and CeClg?™ (right).
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monomers. All of these units are anionic and contain pyridi-
nium cations in the outer coordination sphere. Importantly, the
Ce52 cluster fills an important gap in our existing knowledge of
Ce cluster chemistry. Isolation of this phase along with Ce38
and CeClg>~ via subtle changes to the reaction conditions
suggests that small differences in energy, concentration, ionic
strength, and/or solubility govern the formation and precipita-
tion of these phases and warrant further examination. Aside
from expanding Ce cluster chemistry itself, isolation of Ce52
may also provide important insight (i.e., synthetic parameters
and metrical information) with which actinide clusters may be
targeted and/or identified.

This work was supported by the U. S. Department of Energy,
Office of Science, Office of Basic Energy Sciences, Early Career
Research Program under Award DE-SC0019190.
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The data supporting this article including experimental details,
crystallographic structure refinements, ORTEP diagrams, struc-
ture descriptions, and Raman and UV-vis-NIR spectroscopic
data have been included as part of the ESIL.{ Crystallographic
data for Cel-1, Cel-2, Ce38, and Ce52 have been deposited at
the CCDC under 2359377-235938071 and can be obtained from
https://www.ccde.cam.ac.uk/structures/.
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