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Truly Monodisperse Molecular Nanoparticles of Cerium Dioxide of
2.4 nm dimensions: A {Ce;,O4,} Cluster
Bradley Russell-Webster, Javi Lopez-Nieto, Khalil A. Abboud, and George Christou*

Abstract: Ultra-small nanoparticles of CeO, obtained in
molecular form, so-called molecular nanoparticles, have been
limited to date to a family whose largest member is of
nuclearity Cey with a {Ce, Osg} core atom count. Herein we
report that a synthetic procedure has been developed to the
cation [Ce100,149(OH),15(O,CPh) 5o( PRCO,H) 1,(H,0) ] """,
a member with a much higher Ce,y nuclearity and
a {Ce;yO;47) core that is more akin to the smallest ceria
nanoparticles. Its crystal structure reveals it to possess a 2.4 nm
size and high D,; symmetry, and it has also allowed
identification of core surface features including facet compo-
sition, the presence and location of Ce’*and H (i.e. HO") ions,
and the binding modes of the ligand monolayer of benzoate,
benzoic acid, and water ligands.

Introduction

Cerium dioxide nanoparticles (CNPs, nanoceria) have
been under intense study for many years in a wide variety of
applications, including industrial catalysis of different
types,' ™ new energy technologies,*” and more recently for
very small CNPs (< 20 nm) biomedical applications.* "l Their
significant activity even near ambient temperatures is facili-
tated by their nanoscale dimensions, Ce**/Ce*" redox ability,
oxygen mobility within their fluorite lattice, and the forma-
tion on their surface of oxygen-vacancy defect sites and
attendant Ce®" ions.">>'?l Within the biomedical arena, the
high reactivity of CNPs at ambient temperatures is permitting
many important applications to be developed, such as
scavenging of reactive oxygen species (ROS),” %3141 byt
activity vs. toxicity questions abound and these properties
clearly depend on CNP size, shape, surface composition (such
as Ce**/Ce*" ratios), and other factors.""'® However, the
range of size, shape, Ce** content, and surface variations
characteristic of nanoparticle samples makes it very challeng-
ing to answer these questions and come to conclusions about
how such structural factors influence these properties.

With the above in mind, we have recently initiated
a molecular bottom-up approach to ultra-small (<3 nm)
CNPs that targets their synthesis as molecular clusters to take
advantage of the molecular properties of true monodispersity
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(single size), solubility, and crystallinity, the latter allowing
structural characterization to atomic precision by single-
crystal X-ray crystallography."**!! We first developed syn-
thetic procedures in pyridine (py) or py/water (10:1 v/v) to
a family of Ce-oxo clusters with primarily carboxylate ligation
and formulas [Ce,Ox(OH)s(PhCO,)5(py)s] (1 Cey),
[Ces5054(OH)5(EtCO,)36(py)s] (2; Cess) and [CeyOse(OH),-
(MeCO,)4(MeCO,H),(py).] (3; Cey), and core dimensions
up to 1.6 nm for Ce,, 3. Their crystal structures confirmed
the cores to possess the fluorite structure of bulk CeO,,
namely alternating layers of eight-coordinate cubic Ce*" and
tetrahedral O®~ ions, and thus these molecular clusters truly
are small pieces of CeO, with a surface organic monolayer of
carboxylate and py ligands; we now favor the name molecular
nanoparticles (MNPs) for such species."”! They have also
allowed crucial information to be obtained to atomic reso-
lution of surface features important to the application of
CNPs in catalysis and elsewhere, such as the facet composi-
tion, organic ligand binding modes, location of Ce®" and H"
ions, O vacancies, and others, information extremely difficult
if not impossible to obtain for CNPs.

The above results provided an excellent foundation for
the new project but what was now needed was a breakthrough
into distinctly higher sizes/nuclearities more analogous to
those of ultra-small CNPs of 2-10 nm dimensions. The
different nuclearities of 1-3 had resulted from a systematic
study of the influence of the carboxylate identity on the
product, with Ce,,, Ces; and Ce,, being obtained from the use
of benzoate, propionate and acetate, respectively.'”) How-
ever, further exploration of various carboxylates all led to
derivatives of 1-3 or smaller nuclearities such as Cez, Ceyg,
and Ce;.?” The same was observed when halides were
included in the reaction, giving for example a Ce,, product
with CI~ on the surface.’!! We thus turned our attention to
systematically exploring the influence of other reaction
parameters, and one of these has been the py ligands that
we have always found binding to hexagonal (111) facets and
never to (100) or (110) facets, the other two low-index
thermodynamically stable facets of CNP’s and molecular
nanoparticles.>?** DFT calculations have found that these
decrease in stability (surface free energy) in the order (111) >
(110) > (100), consistent with catalytic activity which follows
the opposite trend.!>+>"]

Since the py ligands in 1-3""" are capping (binding at the
center of) the hexagonal (111) facets, which also contain three
u;-O?" ions (Figure 1), it seemed logical to wonder whether
inhibiting the binding by py might allow additional Ce ions to
bind to the p,-O”" ions, leading to further growth in that
direction and increasing the overall nuclearity of the MNP.
Viewing the capping by py in space-filling mode reveals the py
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Figure 1. A pyridine molecule capping the hexagonal (111) facet of

a Ce, molecular nanoparticle, viewed in ball-and-stick and space-filling
mode, emphasizing that functionalizing the py ortho position should
inhibit py binding. Ce" gold, O red, N blue, C gray, H white.

to be closely nestled on the (111) facet surface and that steric
hindrance from substituents larger than H in the ortho
position(s) could inhibit its binding. We thus explored
whether the use 2-Me-py as the reaction co-solvent might
alter the product nuclearity, and this has successfully resulted
in the desired breakthrough with the synthesis of a Ce,,, MNP
of ~2.4 nm dimensions.

Results and Discussion

The reaction system developed was a slightly modified
version of that used by Mitchell et al. to prepare 1-3."" Thus,
a solution of (NH,),Ce(NO;)s, Ce(NO;); and PhCO,H in
a 1:4:24 molar ratio in 2-Me-py/H,O (10:1 v/v) was stirred for
30 minutes to give a brown solution, and this was layered with
acetone (20 mL) and maintained undisturbed at ambient
temperature for about 8 weeks. Brown crystals containing the
[Ce 1000 149(OH) 15(0,CPh) g (PhCO,H) ,(H,0),]'*" (4) cation
as the [4](PhCO,)s(NO;)g-4 Me,CO-x (solv) salt slowly grew
and were isolated in 20% typical yield. In the absence of
(NH,),Ce(NOs);, the same product was obtained but with
a longer crystallization time of 12 weeks.

As control experiments, we carried out the identical
reactions but with py, 3-Me-py, and 4-Me-py, and they all gave
the analogous Ce,, clusters 5-7, respectively, containing py-
based ligands and consistent with previous observations that
a benzoate and py ligand shell favors Ce,, clusters. The
products were confirmed by their elemental analyses and very
similar FT-IR spectra to each other (Supporting Information,
Figure S1) and to those of 5 prepared previously under
slightly different conditions and characterized by X-ray
crystallography (Supporting Information, Figure S2); 5 is
essentially identical to 1" except that it contains three Ce**
ions whereas 1 contains two Ce*". The elemental analyses also
confirmed that there are four pyridines in 5-7, the same as the
number of hexagonal (111) facets, indicating their capping of
all the latter. These control experiments all giving Ce,,
products whereas 2-Me-py under identical conditions gives
4 support the role of the 2-Me substituent in increasing the
nuclearity by inhibiting 2-Me-py binding; note that there are
no 2-Me-py ligands anywhere in the Ce,y cation 4. Further
experiments are underway to see whether other 2-function-
alized pyridine solvents also lead to 4 or other high nuclearity
products.
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[4](PhCO,)s(NO;)s-4 Me,CO-x (solv) crystallizes in tetrag-
onal space group P4,/nmc with 'y of the cation in the
asymmetric unit.”® A summary of the structure of cation 4
(Figure 2)® is given here and expanded upon later:
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Figure 2. The structure of cation 4.7 a) The complete structure,
excluding ligand disorder; b) the {Ce 00014 (OH),5}®" core, slightly
rotated about the horizontal axis compared with (a) to better show the
layered structure; and c) the core from the viewpoint of (a) showing
the surface facets. Ce" gold, Ce" light blue, O red, OH purple,

H,0 lilac, C gray. H atoms have been omitted for clarity. Facets: (111)
green, (110) violet, (100) blue.
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(i)  the Cey cation 4 has crystallographically imposed D,,
point group symmetry, ignoring ligand disorder. From
the viewpoint of Figure 2, the vertical axis is the unique
C, and the S, axis.

(ii) From the same viewpoint, the Ce,,, core consists of an

A:B:C:D:D:C:B:A eight-layer arrangement with A =

6, B=12, and C=D =16 (Figure S3), separated by

seven layers of tetrahedral oxide ions to give a total Ce/

O atom count of 267 (including the OH™ oxygen

atoms).

The core thus has the fluorite structure of bulk CeO,,

with approximate dimensions of 2.4x2.0x2.0 nm.

There are 28 body Ce atoms in the core, the rest are

on the surface. Hence 4 is of a similar size to large

nanoclusters of Mo, AgP% and Au®~* that have been
reported.

Ce oxidation states and O protonation levels were

determined by bond valence sum (BVS) calculations,

revealing a Ce*'{Ce*"y, situation and 18 surface OH~
ions.

(v)  All three low-index facets of CNPs, namely (111), (110)
and (100), are present in 4. Only the Cey, (3) has
previously exhibited all three types.

(vi) All eight Ce*" ions are on the surface and all are in

(100) facets, as also found in almost all the smaller

MNPs, the exception being Ce,q where a Ce’" is located

on a Ce, edge joining two (111) hexagons.

The capping ligands on (111) facets are H,O or

PhCO,H.

(viii) Most of the PhCO, /PhCO,H binding modes are the
same as seen previously in the smaller MNPs, except for
two new Ww-PhCO,H and p,-PhCO," bridging modes
(Figure S4).

(iif)

(iv)

(vii)

We have shown elsewhere the power of BVS calculations
not just to identify the location of Ce*" ions from Ce BVS but
also the position of surface H* (that is, OH") by their
influence on the O BVS values,***! information extremely
challenging to obtain on CNPs. The resulting conclusion is
92 Ce**,8Ce*", 1490%", 18 OH ™, 60PhCO, ", 12PhCO,H, and
20 H,O in 4 (Supporting Information, Tables S2 and S3),53+%!
leading to an overall charge of 16 + . Counterions could not be
located due to extensive disorder of anions and most solvent
molecules in voids between the protein-sized cations but
elemental analysis of vacuum-dried material indicated the
anions to be 8PhCO,” and 8NO,~ (see the Supporting
Information). Only four Me,CO solvent molecules (O121)
are ordered because of their strong H-bonding with surface
uw-OH~ (020--0121=2.472 A) and nearby capping H,O
(048--0121=2.382 A) ligands on the cation.

Most observations from the smaller MNPs are retained in
the structure of 4 including: neutral ligands capping the (111)
facets (H,O or PhCO,H); ligands adopting particular binding
modes at specific facet intersections; and p,-OH™ ions
capping the Ce, squares that represent the (100) facets. These
consistencies across the Ce/O MNP family highlight the
overall validity of earlier observations and conclusions.
However, there are also a few new features in 4 not seen
previously in the smaller clusters, including Ce™ ions
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coordinated to a greater number of O® ions (4 vs. 2 in
smaller MNPs), new coordination modes for carboxylates and
carboxylic acids, and larger surface area (111) and (100)
facets.

The last point is the most obvious effect of increasing the
nuclearity as the larger surface area accommodates larger
facets. There are two sizes of (111) facets (Figures 2¢ and 3),
four Ce; single hexagons, the most common facet in the Cey,
and smaller clusters, and four larger Ce,, isogonal hexagons.
Pairs of different (111) types are separated by a trench-like
(110) facet on the four sides of 4. With no bound 2-Me-py in 4,
all (111) facets are capped by water and PhCO,H ligands
(Supporting Information, Table S3). The single water ligands
(048) capping each Ce, (111) facet are those H-bonding with
lattice acetone, whereas the Ce;, (111) facets each possess
three capping ligands, two waters and one PhCO,H; one of
the capping waters (O55) is H-bonded to a nearby bridging
PhCO,H ligand (055-+051=2.746 A), whereas the capping
PhCO,H (052) forms an intramolecular H-bond between its
unbound -OH (0O53) arm and the pu;-OH™ (O27) in the facet
(027053 =2.639 A), (Figure 3).

Figure 3. Two types of (111) facets present in 4. a) The Ce, hexagonal
facet common in other Ce/O molecular nanoparticles, and b) the
larger Ce,, facet. Ce" gold, O red, OH purple, H,0 lilac, C gray. H
atoms have been omitted for clarity. Facet (111): green.

The surface is completed by six (100) facets, and again we
see two sizes: two smaller double-square (100) facets (as seen
also in Ce,,) at the two ends (top and bottom of Figure 2 ¢, and
Figure 4a), and four larger quadruple-square (100) facets
(never seen before in smaller clusters) on the sides (Fig-
ure 4a). As also seen for most of the (100) facets in other Ce/
O MNPs,[*2% 12 of the 20 Ce, (100) squares in 4 are bridged
by p,-OH™ ions that are weakly bound (Ce--O=2.632—
2.819 A); we previously called these “lids” on the Ce, squares
and proposed them as possibly corresponding to the O-
vacancy sites of CNPs. The remaining 8Ce, squares are
bridged by n*:n*:u,-PhCO,~ groups (Figure 4a,b), an unpre-
cedented binding mode in all previous Ce/O clusters where it
is sterically prevented by the tighter packing of the ligand
shell around smaller (100) facets (Supporting Information,
Figure S4); this is a rare bridging mode in general for
carboxylates. Also not seen previously are monoatomically
bridging u-PhCO,H (Figure 4) and p-OH, ligands on the
larger and smaller (100) facets, respectively, the latter
bridging on (100)(110) facet intersections.
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(b)

g

Figure 4. a) The (100) facets present in 4, the smaller Ceg double-
square and larger Ce,, quadruple-square facets; and b) the new
carboxylate bridging modes seen in 4. Ce" gold, Ce"' light blue, O red,
OH purple, H,0 lilac, C gray. H atoms have been omitted for clarity.
Facet (100): blue.

The increased cerium nuclearity range now available with
the synthesis of 4 has allowed a useful analysis of the
monolayer of PhCO, /PhCO,H/H,0 ligands. Excluding the
Ce, clusters, which are too small to be reasonably compared
with the rest, a plot of Ce nuclearity vs. the total ligand count
(excluding p;-HO™ ions of the core surface) (Figure 5) shows
a linear relationship, whereas the number of charged carbox-
ylate ligands shows a distinct curvature, that is, the fraction of
charged carboxylate ligands in the total is decreasing. The
former is very interesting and a fit to a linear relationship (red
dashed line and equation in Figure 5) gives a slope of 0.76
ligands/Ce, or 3 ligands per 4Ce. As the Ce nuclearity
increases the difference between the two plots increases,
indicating a greater proportion of neutral ligands and ration-
alizing the high charge of the cation. In other words, cation 4
has a high number of surface H" in PhCO,H and H,O groups.
We feel the charged vs. neutral ligands factor is likely not
nuclearity-defining, however, since this primarily affects the
cluster charge, but the linear relationship between total
ligands and nuclearity offers a predictive utility. First, to
assess the uncertainty in such a model, the formulas for the
Cey and Ceyy, were omitted in turn from the fit and the
obtained relationship used to predict their formulas. The
results (Supporting Information, Figure S5 and Table S4)
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Figure 5. Plots of Ce nuclearity vs. the total ligands (red @) and the
total carboxylates (blue ®@). Fits of the data (red and blue dashed lines)
gave the indicated equations in the corresponding colors.

predicted 45 and 90 total ligands for Cey and Ceqy,
respectively, compared with 44 and 92 for the synthesized
compounds. Applying now the full fit equation of Figure 5
gives the predicted formulations of Table 1 for some arbitrary
nuclearities both smaller and larger than 4. The important
columns are the first two, because the charged:neutral ligand
ratio is likely to be dependent on the morphology and
resulting facet composition of the large clusters since the
(111) facets will be a main location for neutral capping
ligands; we note that 16 (50 %) of the neutral ligands in 4 are
at such positions. MNP morphologies with greater or lesser
coverage with (111) facets should therefore affect this ratio.
For example, the Ce,, shows a high surface coverage of (100)
facets and has a RCO, :Ce ratio (1.1:1) similar to that of the
larger Cess that displays predominantly (111) facets (Ta-
ble 1).*Y Note also that DFT calculations have concluded that
H,O coordination becomes more favorable with greater H,O
coverage, consistent with our observations and predictions
that the fraction of neutral ligands increases with nuclearity.

We now consider the Ce/O core of 4. The lattice constant
(a axis length) for bulk CeO, is 0.541 nm, corresponding to
a Ce-Ce distance of 0.383 nm (3.83 A). Most* but not
all*!! experimental studies have concluded that the lattice
constant increases with decreasing CNP size, suggesting
increasing Ce--Ce distances in the Ce, planes that represent

Table 1: Predicted formulas of Ce, molecular nanoparticles using the
fitting equations in Figure 5.

X Total ligands RCO,” ligands Neutral ligands Ligand:Ce ratio
380 44 36 8 1.16
40° 50 46 4 1.25
52 56 44 12 1.08
80 77 54 23 0.96
100° 92 60 32 0.92
125 111 67 44 0.89
150 130 74 56 0.87
200 168 85 83 0.84

[a] x= Ce nuclearity. [b] The values for Cey; (2), Ceyo (3)!'” and cation 4 are
included for comparison.
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the axes of ceria, whereas a computational study by DFT of
small octahedral pieces of ceria up to {Ceys0,o} indicated the
opposite.? This lattice anomaly has been assigned to
increasing surface Ce’" content and attendant O-vacancies
with decreasing CNP size, as well as variations in synthesis,
particle morphology, and drying conditions.*!

The nearest-neighbor Ce--Ce distances in bulk ceria are
3.83 A. In Figure 6 are plotted average nearest-neighbor
Ce:-Ce distances vs. Ce nuclearity for three MNPs, 1 (Ce,,), 2
(Cess) and 4 (Ceyqy), all sub-2.5 nm species containing 2, 0, and
8Ce*" ions, respectively." Since we have crystal structures,
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Figure 6. Plots of average Ce---Ce distance vs. Ce nuclearity. The bars
indicate the standard deviations of that category.

we also plotted sub-groups of Ce--Ce distances, as indicated.
The average Ce-Ce distances in all categories for Ce,, and
Cesg are less than in bulk ceria, and all increase or stay the
same in going to Ceyy, (4). The latter is the only one big
enough to have a significant number of body Ce atoms (28),
and for these the average Ce--Ce distance is 3.83 A, the same
as in bulk ceria. Interestingly, this is also true for the Ce--Ce
atoms on the surface. Given that this is small set of
compounds in this nuclearity range, and that their morphol-
ogies, facet composition, and Ce*" content differ, we resist
drawing too many conclusions from Figure 6, but we will say
that Ce--Ce distances in 4 are on average longer than in
smaller MNPs. This is also seen in the Ce--Ce ranges for
1 (Ce,,), 2 (Ceys) and 4 (Ce,q) of 3.65-3.86 A, 3.57-3.86 A,
and 3.51-4.03 A, respectively, that is, there are few Ce--Ce
distances in 1 and 2 equal or greater than that in bulk ceria
(3.83 A).

Additionally, for 1 and 4 the average surface-to-body
Ce--Ce distance is slightly shorter than the average body-to-
body one indicating a relaxation of the surface Ce atoms
towards the core to reduce the total surface free energy.[*!
Complex 2, which adopts a higher symmetry truncated-
octahedron morphology that is energetically favorable for
CNPs, has the opposite trend; the average body-to-body
distance is slightly shorter than the average surface-to-body
distance. To explore all these trends further, we will need to
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expand the family to several other large nuclearities both
smaller and greater than 4.

The UV/Vis spectra of 4-7 in DMF in the 200-800 nm
range (Supporting Information, Figure S6) are similar, all
showing a peak at about 270 nm and rather featureless
profiles at higher wavelengths. Complex 4 has a greater
absorbance between 285-320 nm that can be attributed to its
greater number of Ce** ions.

Conclusion

The family of MNPs of CeO, has been successfully
expanded to a {Ce;yO,4} core atom count and a longest
dimension of 2.4 nm, both much higher than seen for the
other members of the family. As a result, 4 has several larger
facet sizes than observed in the smaller MNPs, but otherwise
its surface features are very similar to those in the latter,
suggesting by extrapolation that they are truly providing
structural insights to atomic resolution into the surfaces of
ultra-small CNPs. Notably, the average body Ce--Ce distan-
ces in the core of 4 are already essentially identical to those of
bulk ceria, an observation we had not seen for the smaller
members of the family, which are too small to have any
significant amount of body Ce atoms. We are thus optimistic
that 4 is the first member of a new size regime of MNPs of
CeO, that are more analogous to ultra-small CNPs and will
permit more informative comparisons as a result. Additional
high nuclearity members are therefore currently being
sought.
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