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Keywords: Achieving a controlled preparation of nanoparticle superstructures with spatially periodic arrangement, also

C?ri“m o.xide o called superlattices, is one of the most intriguing and open questions in soft matter science. The interest in such

Hierarchical organization regular superlattices originates from the potentialities in tailoring the physicochemical properties of the indi-
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vidual constituent nanoparticles, eventually leading to emerging behaviors and/or functionalities that are not
exhibited by the initial building blocks. Despite progress, it is currently difficult to obtain such ordered struc-
tures; the influence of parameters, such as size, softness, interaction potentials, and entropy, are neither fully
understood yet and not sufficiently studied for 3D systems. In this work, we describe the synthesis and char-
acterization of spatially ordered hierarchical structures of coated cerium oxide nanoparticles in water suspension
prepared by a bottom-up approach. Covering the CeO, surface with amphiphilic molecules having chains of
appropriate length makes it possible to form ordered structures in which the particles occupy well-defined po-
sitions. In the present case superlattice arrangement is accompanied by an improvement in photoluminescence

* Corresponding author at: Department of Chemical Sciences, University of Naples Federico II, 80126 Naples, Italy.
E-mail address: luigi.paduano@unina.it (L. Paduano).
1 This work is dedicated to the memory of Marie-Sousai Appavou, a co-author of this paper, who passed away prematurely last September.

https://doi.org/10.1016/j.jcis.2024.01.029

Received 13 May 2023; Received in revised form 30 December 2023; Accepted 4 January 2024

Available online 9 January 2024

0021-9797/© 2024 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:luigi.paduano@unina.it
www.sciencedirect.com/science/journal/00219797
https://www.elsevier.com/locate/jcis
https://doi.org/10.1016/j.jcis.2024.01.029
https://doi.org/10.1016/j.jcis.2024.01.029
https://doi.org/10.1016/j.jcis.2024.01.029
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2024.01.029&domain=pdf
http://creativecommons.org/licenses/by/4.0/

N. Gallucci et al.

Journal of Colloid And Interface Science 659 (2024) 926-935

(PL) efficiency, as an increase in PL intensity of the superlattice structure of up to 400 % compared with that of
randomly dispersed nanoparticles was observed. To the best of our knowledge, this is one of the first works in the
literature in which the coexistence of 3D structures in solution, such as face-centered cubic (FCC) and Frank-
Kasper (FK) phases, of semiconductor nanoparticles have been related to their optical properties.

1. Introduction

In recent years, the controlled clustering of inorganic nanoparticles
(NPs) into defined geometric arrangements has emerged as a dis-
tinguishing feature of new soft materials with original physicochemical
properties. Clusters of nanoparticles with a regular spatial arrangement
are usually indicated with the term “superlattices”. They can integrate
the intrinsic properties of individual NPs with unique collective optical,
electronic, and mechanical properties tunable by the meso-structure.
[1-3]

The formation of ordered NP structures in solution at the nanoscale is
a complex process that can be achieved by modifying interactions be-
tween ligands, possibly present on the surface, or the surface itself, and
involves a balance of different forces. Among these, the main ones are
van der Waals, electrostatic, lyophobic, and elastic forces between the
ligands, and the solvent polarity. [2] Van der Waals forces are driven by
electrical interactions induced between two or more NPs when they
approach each other. [4-10] In contrast, pure electrostatic interactions
occur for charged molecules present on the surface of the NPs.[11-17]
Hydrophobic interactions, which occur over a long range, are due to the
unfavorable interaction between the molecules that coat them and the
solvent. The elastic ones arise because of the loss of configurational
entropy of the ligand chains when the NPs are at very close distances.
[18-21] Understanding under what conditions and how NPs spontane-
ously arrange themselves in regular 3D configurations is an open chal-
lenge. In general, when NP interactions are well-described by hard-
sphere interparticle potentials they form compact structures like face-
centered cubic (FCC), hexagonal closed-packed (HPC), or body-
centered cubic (BCC) structures.[22] However, in a few cases more
complex arrangements, such as Frank-Kasper or tetrahedral close
packing (TCP) phases, or even quasi-crystalline structures, observed
mainly in polymeric systems, have been observed.[23-27] In particular,
the Frank-Kasper phase is characterized by the arrangement of particles
that form a hierarchical structure at the vertices of almost regular tet-
rahedrons.[28]

Recently, Pansu et al. argued that the formation of different struc-
tures is governed by a complex combination of physicochemical pa-
rameters, including: i) the radius of the inorganic core r, ii) the alkyl
chain length , and iii) the minimum thickness between two neighboring
NPs. The ligand-binding interaction determines the degree of order of
the superlattice, the spacing between the particle nuclei, the type of
lattice, and its physical properties.[22]

Thanks to their peculiar properties, NP superlattices, in which the
original properties of NPs are amplified if they are arranged in an or-
dered structure, such as FCC, BCC, or Frank-Kasper phases, can be used
in various fields: photonics, catalysis, and medicine. For example, the
optical properties of NP superlattices depend noticeably on their ge-
ometry, making it possible to engineer their electric and magnetic re-
sponses over a broad range.[1,29] At present, light-matter interaction
has been mainly studied for 2D systems and never for superlattices of
dispersed NPs. In addition, these studies have been carried out mainly
using metal nanoparticles.[30-32]

Normally, two general procedures can be followed to form a regular
spatial arrangement of self-assembled clusters in suspension: i) a one-
step “in situ” route in which NPs are synthesized and assembled
within the same process; ii) a two-step approach in which the NPs are
first synthesized and then the self-assembly is induced. The latter pro-
cedure has more advantages because NPs of the highest quality (in terms
of size, shape, crystallinity, and polydispersity) can be used.[2]
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Generally, the NPs used to form an assembled cluster are synthesized
through a wet chemical method, using a capping agent to control the
size and shape. This organic coating allows the subsequent formation of
an NP aggregate through, for example, an emulsion process.[33]

Among the various metal oxides with interesting physicochemical
properties, cerium oxide (CeO») is particularly intriguing. Cerium is the
most abundant Rare Earth element on Earth’s crust and CeO5-NPs show
extraordinary properties in exerting a continuous redox cycle through a
tuning of oxidation states (Ce>*/Ce*"). This ability together with the
long luminescence lifetime of the charge carriers and high oxygen
mobility allows the use of CeO2-NPs in photocatalysis.[34,35] Semi-
conductor CeO, NPs have a wide bandgap (3.0-3.4 eV) and can act as a
photocatalyst if irradiated by UV light, similarly to TiO, NPs, but with
the advantage of longer lifetime of the charge carriers and higher oxygen
mobility.[36,37] This allows to use CeO3 NPs in bioimaging, biosensors,
photocatalysis, and nanomedicine.[38,39] In recent years CeOy-NPs
have attracted great interest in the biomedical field (i.e., as anticancer,
antioxidant, and antibacterial agents), due to their redox properties
which can be opportunely modulated to inhibit (antioxidant action) or
promote (pro-oxidant action) the oxidation processes,[40-43] showing
the ability to decrease or to increase the concentration of the Reactive
Oxygen Species (ROS).[44-46] Finally, CeOo NPs have acquired
increasing attention due to their peculiar behavior that places them into
the promising category of “nanozymes”, which are NPs with enzyme-
like features. Indeed, they show superoxide dismutase, catalase, and
phosphatase mimetic activity.[44,45]

Here, we report on the procedure to obtain ordered hierarchical
structures of coated CeO2-NPs and on the effect that the regular spatial
distribution produces on the optical properties of such nanoparticles.
First, CeO2-NPs coated with oleylamine (OL) used as a capping agent
were synthesized. Then, the promotion of the self-aggregation by the
emulsion process in the presence of oleic acid (OA) was investigated by
the combination of Dynamic Light Scattering (DLS), Small-Angle X-ray
Scattering (SAXS), Transmission Electron Microscopy (TEM), cryo-TEM,
fluorescence and photoluminescence (PL) to correlate the supramolec-
ular organization of coated NPs, and their regular spatial arrangement,
with the fluorescence behavior. The choice of a multi-methodological
approach lies in investigating the structural and morphological prop-
erties of these aggregates both in solution and as dry samples, to
demonstrate that the obtainable superlattices exert good stability and
emission behavior both in water as well as in the dehydrated state. The
obtained aggregates (200-300 nm, referred to as meso structures) show a
very regular spatial arrangement at the nanoscale. Structural data sug-
gest the coexistence of face-centered cubic and hexagonal phases,
possibly Frank-Kasper phases. In conjunction with the formation of or-
dered structures, a strong amplification of the intrinsic photo-
luminescence of the NPs is observed.

This work aims to contribute to the engineering development of
superlattice complexes of inorganic nanoparticles showing an
enhancement of the original intrinsic properties and leading, when
appropriately combined, to systems with original physical properties
that can be applied in different technological fields.

2. Experimental section/methods
2.1. Materials

Cerium(III) nitrate hexahydrate (>99.999 % trace metals basis pu-
rity), 1-Octadecene (90 % technical grade), oleylamine (OL, 70 %



N. Gallucci et al.

technical grade), chloroform (>99.5 %, contains 100-200 ppm amy-
lenes as a stabilizer), oleic acid (OA, >99 % purity), and sodium oleate
(NaOA, 99 % purity) were purchased from Merck (Germany) and used
without further purification. All aqueous solutions were prepared using
double-distilled Milli-Q water, filtered using 0.20 pm filters, with the
only exception of samples for Cryo-TEM where D,O (Merk) was used.

2.2. Preparation of OA-OL@CeO3 superlattice

As described in the introduction section, to obtain NP aggregates, it is
necessary to have NPs with spherical morphology and low poly-
dispersion on the radius. For this purpose, we chose cerium oxide
nanoparticles (CeOy-NPs) synthesized at 250 °C in the presence of
oleylamine (OL@CeO5), as the capping agent, based on the experi-
mental results obtained in our previous study[47], which indicated the
optimal condition that can guarantee these pre-conditions. Then,
OL@CeO,-NPs were functionalized with oleic acid (OA) to obtain OA-
OL@CeO-, ordered superlattices dispersed in water. Before functionali-
zation, a solvent change was performed. The OL@CeO,-NPs were
centrifuged and recovered in ethyl ether. A specific amount of OA (0.7
mM, in ethyl ether) was dissolved in different amounts (to obtain 14, 20,
30, 50 and 80 mM NPs concentration) of OL@CeO-NPs dispersed in
ethyl ether. 10 mL of bi-distilled water were added to every organic
solution to obtain biphasic systems. These systems were sonicated with a
probe tip-sonicator for 5 min to get monophasic systems, which were left
under stirring overnight, to remove the organic solvent.

To rationalize the effect of the ordered organization of NPs with
respect to a disordered organization on the optical properties of CeO,-
NPs, NaOA-OL@CeO- suspensions were prepared as reported in our
previous work.[47] The role of NaOA as in the case of OA is to create a
further layer around the cluster of oleylamine-coated cerium oxide
nanoparticles.

2.3. Dynamic light scattering (DLS)

Dynamic Light Scattering (DLS) analysis was employed to determine
the size of functionalized cerium oxide nanoparticles, and to evaluate
the time stability in water. DLS measurements were performed using a
home-made instrument, composed of a Photocor compact goniometer,
an SMD 6000 Laser Quantum 50 mW light source (Quantum Laser,
Heaton Mersey, UK) operating at 532.5 nm, a photomultiplier (PMT-
120-OP/B), and a correlator (Flex02-01D) from Correlator.com.[47-49]
The experiments were carried out at a constant temperature (25.0 + 0.1)
°C, using a thermostatic bath, and at a scattering angle 6 of 90°. The
hydrodynamic radius was determined from the diffusion coefficient of
scattered particles in water. In the approximation of spherical objects,
continuous medium, and infinite dilution, the diffusion coefficient can
be easily related to the hydrodynamic radius Ry through the Stokes-
Einstein equation:

kgT

- 6nD M

h

where kg is the Boltzmann constant, T is the absolute temperature, and
is the solvent viscosity. For non-spherical particles, Ry corresponds to the
radius of spherical particles with the same diffusion coefficient D
measured.[50]

2.4. Small Angle X-ray Scattering (SAXS)

Small Angle X-ray Scattering (SAXS) measurements were carried out
to determine the ordered structures in which the coated CeO»-NPs were
arranged. SAXS analysis was performed at the beamline B21 of the
Diamond Light Source (Didcot, UK). The experiments were carried out at
25 °C. The beamline configuration was with a beam energy of 12.4 keV,
and a sample-to-detector distance of 3.7 m. This configuration allowed
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us to collect the data for the scattering vector modulus Q = 4zsin(6/2)/4
in the range of values between 0.0026 A~! and 0.34 A~1, where 0 is the
scattering angle.[51]

2.5. Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) images were acquired to
investigate the morphology of CeO-NPs and OA-OL@CeO; NPs, using
as microscope the FEI TECNAI G2 200 kV (Fei Company, Dawson Creek
Drive Hillsboro, Hillsboro, OR USA). Approximately 10 pL of a given
sample was placed on a carbon-coated copper grid and allowed to air dry
before imaging.[47]

2.6. Cryogenic Transmission Electron Microscopy (Cryo-TEM)

Cryogenic Transmission Electron Microscopy (Cryo-TEM) measure-
ments were performed to characterize superlattice structures and to
determine the parameters that drive the hierarchical organization. Cryo-
TEM images were carried out at Heinz Maier-Leibnitz Source, Garching
Forschungzentrum (Germany), on a JEOL 200 kV JEM-FS2200 with a
field emission gun (FEG). Samples for Cryo-TEM were prepared by
placing a 5 pL drop of superlattice suspension on a Quantifoil Multi A
carbon-coated copper grid. After, the sample was cryo-fixed by rapidly
immersing it into liquid ethane at —180 °C in a cryo-plunge (EMGP Leica
GmbH). The grid was inserted into a cryo-transfer holder (HTTC 910,
Gatan, Munich, Germany), and transferred to a JEM 2200 FS EFTEM
instrument (JEOL, Tokyo, Japan). Examinations were carried out at a
temperature of around —180 °C. The transmission electron microscope
was operated at an acceleration voltage of 200 kV. All images were
recorded digitally by a bottom-mounted 16-bit CMOS camera system
(TemCam-F2016, TVIPS, Munich, Germany). Images were taken with
the EMenu 4.0 image acquisition program (TVIPS, Munich, Germany)
and processed with a free digital imaging processing system, ImageJ.

2.7. Fluorescence spectroscopy

Fluorescence spectra were carried out to investigate the optical
properties of OA-OL@CeO, and NaOA-OL@CeO, aggregates in sus-
pension. Horiba Scientific Fluoromax-4 spectrofluorometer (Horiba
France SAS, JobinYvon, Palaiseau, France) equipped with a Peltier
control system and 1 cm path length cells was used. To eliminate the
scattering of samples, measurements were conducted using polarizers.
Each sample was excited at 305 nm, with an integration time of 0.1 s,
and excitation, and an emission slit width of 5 nm.[47]

2.8. Photoluminescence excitation spectroscopy (PLE)

An in-house setup for excitation-resolved photoluminescence (PLE)
was used to analyze the optical properties of OA-OL@CeO; superlattice
suspensions. The PLE setup provided wavelength-tunable incoherent
light to excite and collect the photoluminescence (PL) of a sample placed
in a controlled environment and the use of a double-lens confocal optical
system to collect the PL spectral intensity, described in further detail in
previous work. [52,53] Excitation light at variable central wavelength
spanning in the interval from 340 nm to 420 nm (FWHM of the excita-
tion line approximately 2 nm) was provided by a monochromatized Xe
lamp, collected by a liquid waveguide and focused on the samples,
which consisted of 200 pL droplets of OA-OL@CeO5 or NaOA-OL@CeO
aqueous suspensions dropped onto an aluminum substrate placed into
the optical chamber. The PL light was collected by a multi-mode 1000
um core optical fiber and sent to a motorized monochromator of 320 mm
equivalent focal length, equipped with a cooled CCD camera for spectral
acquisition. Before detection, the light emerging from the samples was
filtered off the spectral components of wavelengths shorter than 420 nm
to avoid the detection of spurious signals originating from the excitation
light and to reduce a residual Raman signal originating from the liquid
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waveguide. The residual signal measured from the Al substrate and the
pure solvent (i.e., water droplets) was largely negligible with respect to
the ones detected for the dispersions of functionalized CeOy NPs.

3. Result and discussion
3.1. Cerium oxide nanoparticles coated with oleylamine (OL@CeQO2-NPs)

CeO2-NPs were synthesized through the thermal decomposition of
cerium(IIl) nitrate hexahydrate at 250 °C using oleylamine (OL) as a
capping agent. After dispersion in chloroform, such coated NPs
(OL@CeO; NPs) revealed a monodispersed system showing a spherical
shape and a hydrodynamic radius of 5 nm, which corresponds to the sum
between the inorganic core, with an average radius of about 2.5 nm, and
the length of the alkyl chain of the OL, calculated using the Tanford
equation, of about 2.5 nm, as represented in Fig. 1.[47]

3.2. OL@CeO3-NPs functionalized with oleic acid (OA-OL@CeOz NPs)

Clusters of ordered nanoparticles were obtained through the emul-
sion method by using different amounts of OL@CeO,-NPs and a constant
concentration of oleic acid (OA), see Table 1. OL@CeO2-NPs are coated
with OA molecules that create a second organic layer around the NPs
whose surface is hydrophilic and allows their dispersion in a polar me-
dium such as water.

The formation of the aggregates in suspension was assessed through
DLS measurements. Hydrodynamic radius Ry values between 160 and
350 nm (Table 2) were obtained on the first day after functionalization
and remained constant for about 3 weeks (Figure S1). This result in-
dicates that the aggregates of NPs formed during the functionalization
process and not via a successive coalescence of neighboring nano-
particles. The measured size of the clusters agrees with those obtained
by a micro-emulsion method, as reported by Wei et al..[33] Among the
forces that drive the formation of aggregates, elastic and hydrophobic
ones play a key role in driving the self-assembly process for the systems.

The superlattice structures were investigated by combining SAXS,
TEM, and Cryo-TEM analyses. The choice of using a multi-methodologic
approach lies in investigating the structural and morphological prop-
erties of these aggregates both in solution and dry, to demonstrate that
the obtained superlattices are stable in water as well as in their absence.

Cryomicroscopy images collected on three samples (OA-
OL@Ce02 50, 20, and_14) revealed the simultaneous presence of
different structural motifs (Fig. 2 and S2), the relative contribution of
which is related to the amount of OL@CeO».

The ability of the decorated CeO,-NPs to adopt different structural
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Table 1

Summary of different samples of superlattice CeO,-NPs.
Sample OL@CeO,-NPs [mM] OA [mM]
OA-OL@Ce0,_80 80 0.7
OA-OL@CeO,_ 50 50 0.7
OA-OL@Ce0O,_30 30 0.7
OA-OL@Ce05_20 20 0.7
OA-OL@Ce0O,_14 14 0.7

organizations was confirmed by SAXS measurements. In particular, the
diffraction profile of OA-OL@Ce0O5 50 and OA-OL@CeO,_20 samples
differ from that of the others (Table 2, Figs. 3, 5, and S7).

3.3. C14 Frank-Kasper phase: OA-OL@CeO2 50 and OA-OLCeQO2 20

The analysis of SAXS patterns for OA-OL@CeO3 50 and OA-
OL@Ce0O,_20 samples revealed structure factor peaks typical of a hex-
agonal phase. The experimental values of Q/Q; (Table S1) are compa-
rable to that of a Frank-Kasper phase with a hexagonal unite cell (C14
phase), the values resulting very close (Table S1). The presence of the
hexagonal phase was also confirmed by electron microscopy images
which were collected both at room (Fig. 3C-E) and cryogenic tempera-
ture (Fig. 4 A-F). TEM images collected on dry samples reveal that the
ordered structure is preserved upon solvent evaporation.

In particular, the analysis of Cryo-TEM images showed traces of a
distorted compact hexagonal-type structure with lattice parameters a =
b ~9.0 nm, ¢ ~ 14.7 nm, and y ~ 115°.

NP arrangement in a honeycomb structure, typical of Frank-Kasper
phases (each nanoparticle in these structures is surrounded by 12
neighbors), was also identified in the same images, as shown in Fig. 4D,
E, and F.

3.4. Face-centered cubic (FCC) phase: OA-OL@CeO, 14

The SAXS pattern for the OA-OL@CeO5_14 sample (Fig. 5A) revealed
structure factor peaks consistent with an FCC symmetry and a unit cell
dimension a ~ 14.3 nm. Indeed, in a SAXS profile the scattering peaks
with position ratio of 1:(4/3)1/2:(8/3)1/2:(11/3)1/2.... and Miller
indices (111), (200), (220), (311).... are signatures for the FCC lattice.
The Q/Q; ratio, the characteristic peaks, as well as the interplanar dis-
tance dpy, and the size of the elementary cell @, are shown in Table S3.
The presence of an FCC phase is detectable in the TEM images of this
sample and the corresponding Fourier transform (Fig. 5B, C, and D).
Also, the Cryo-TEM image revealed features in line with the SAXS data
(Fig. 5E, F, and G). The region highlighted in Fig. 5F showed orthogonal

Fig. 1. Schematic representation of OL@CeO, NPs, TEM image of OL@CeO, NPs (scale bar: 20 nm), and hydrodynamic radius distribution of OL@CeO, NPs

in chloroform.
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Table 2
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Inorganic core radius, organic layers on NP surface, hydrodynamic radius of the aggregate, and prevalent ordered structures observed for OA-OL@CeO,_80,
OA-OL@Ce0,_50, OA-OL@Ce0,_30, OA-OL@Ce0,_20, and OA-OL@CeO,_14 samples.

Aggregate hydrodynamic radius/nm Prevalent ordered structure

Sample Inorganic core radius/nm Organic Layers

OA-OL@CeO,_80 2.5 oleylamine + oleic acid
OA-OL@Ce05_ 50 2.5 oleylamine + oleic acid
OA-OL@Ce05_30 2.5 oleylamine + oleic acid
OA-OL@Ce0O5 20 2.5 oleylamine + oleic acid
OA-OL@CeO5_ 14 2.5 oleylamine + oleic acid

430 + 70 Face-centered cubic (FCC)
166 + 4 Frank-Kasper (FK-C14)
360 + 20 Face-centered cubic (FCC)
290 + 20 Frank-Kasper (FK-C14)
350 + 20 Face-centered cubic (FCC)

Fig. 2. Cryo-TEM image. The marked regions (enlarged sections, scale bar: 20 nm) show different local organizations of OA-OL@CeO,_20 in D50 (scale bar: 100 nm).

rows with a dp, spacing of ~ 7.15 nm, consistent with the projection
along the c axis of an FCC lattice having an axis @ ~ 14.3 nm.

The small difference in the free energy of Frank-Kasper and FCC
structural organizations, with entropy marginally favoring the FCC
structure,[54] may result in phase coexistence. TEM and Cryo-TEM
images suggested that the face-centered cubic and the distorted hexag-
onal close-packed crystal structures coexisted in OA-OL@CeO2 NPs
samples. However, the hexagonal phase prevailed in the OA-
OL@CeO,_ 50 and OA-OL@CeO,_20 ones, while the FCC phase was
dominant in OA-OL@CeO5_80, OA-OL@CeO-_30, and OA-OL@CeO,_14
samples, as noted by SAXS. These findings can be explained by consid-
ering that, differently from the hard spheres, the conformational flexi-
bility provided by the soft shell of the decorated NPs can favor a greater
adaptation to the local constraints thus inducing the coexistence of two
phases with comparable thermodynamic stability.[55]

3.5. OA-OL@CeO2 NPs: Optical properties

The emission properties of OA-OL@CeO2 systems were initially
analyzed by fluorescence spectroscopy using the previously described
fluorescence (Fluoromax) system. In Fig. 6 we show the spectra obtained
for the various ordered systems at different NP concentrations (80, 50,
30, 20, and 14 mM; Fig. 6A) and compare them with the corresponding
disordered ones (Fig. 6B) as obtained by functionalizing the OL@CeO,
NPs with NaOA.

The emission of the ordered systems (Fig. 6A) is visibly higher than
that of the disordered systems (Fig. 6B). Moreover, in the case of NaOA-
OL@CeO- samples, the fluorescence intensity increases with the con-
centration of NPs forming the system (Fig. 6B). In contrast, for the
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samples with a hierarchical organization, a fluorescence intensity trend
independent of NPs concentration is observed, which could probably
depend on the relative amount of the different phases included in the
system (Fig. 6A).

Fig. 7 shows PLE maps of the investigated samples OA-OL@CeO2_50,
NaOA-OL@Ce03_ 50, OA-OL@Ce03 20, and NaOA-OL@CeO,_20
(Panels A, B, D and E, respectively), along with a comparison of the PL
spectra using comparable intensity units obtained at the same excitation
wavelength (Aexe = 380 nm). Here, by “PLE map” it means the super-
position of PL intensity spectra obtained at different values of excitation
spectra, i.e., the quantity I(Apr, Aexc), Where I is the measured PL signal
expressed in counts-per-second (cps) units, Apy, is the photoluminescence
(i.e., emission) wavelength and Aex is the excitation wavelength. No
significant tests could be performed for the samples at lower CeOq
concentrations (i.e., 14 mM) due to the almost negligible intensity of the
PL signal which led to an unfavorable signal-to-noise ratio. It is to be
noted that the short wavelength spectral tails of photoluminescence (i.
e., wavelength shorter than 420 nm) are absent from the maps and
graphs of Fig. 7, due to the need to use a longwave-pass sharp cut-off
filter to block the excitation stray light and residual Raman emission
generated by the liquid waveguide (as discussed in experimental sec-
tion). We underline that the PLE data reported in Fig. 7 are collected via
an experimental setup different from the one used for the spectra in
Fig. 6, justifying the differences in the spectral shape of the respective PL
intensities.

The top row of Fig. 7 reports data all referring to the samples of
suspension whose concentration of CeO, was 50 mM, while the bottom
row refers to 20 mM suspensions. The first two maps (Panels A and B)
allow for a comparison of the PLE intensity maps obtained for the Frank-
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Fig. 3. SAXS pattern of OA-OL@Ce0O,_50 in H;0 (A); SAXS pattern of OA-OL@CeO_20 in H,O (B); TEM image of OA-OL@CeO,_20 with a hexagonal structure,
scalebar: 20 nm (C); enlarged section of the region marked in C, scalebar: 10 nm (D); FTT calculated on the area marked in C (E); 2D schematic representation of C14

phase (F); 3D schematic representation of C14 phase (G).

Fig. 4. Cryo-TEM image of OA-OL@CeO,_20 with a hexagonal structure in D,0, scalebar: 100 nm (A); enlarged section of the region marked in A, scalebar: 10 nm
(B); FTT of the region shown in B (C); Cryo-TEM image of OA-OL@CeO,_20 with a honeycomb structure in D50, scalebar: 100 nm (D); enlarged section of the region

marked in D, scalebar: 10 nm (E); FTT of the region shown in E (F).
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Fig. 5. SAXS pattern of OA-OL@CeO-_14 in H,0 (A); TEM image of OA-OL@CeO-_14 with a FCC structure, scalebar: 20 nm (B); enlarged section of B image,
scalebar: 10 nm (C); FTT of the region shown in C (D); Cryo-TEM image of OA-OL@CeO,_14 in D,0, scalebar: 100 nm (E); enlarged section of the region marked in E,
scalebar: 10 nm (F); FTT of the region shown in F (G); 2D schematic representation of FCC phase (H); 3D schematic representation of FCC phase (I).
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Fig. 6. Fluorescence spectra of OA-OL@CeO5_80 (purple line), OA-OL@CeO,_50 (black line), and OA-OL@CeO5_30 (green line), OA-OL@CeO_20 (red line), and
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line), NaOA-OL@CeO,_20 (red line), and NaOA-OL@Ce0O;_14 (blue line) in water (B). (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

Kasper structured superlattice (Fig. 7A) vs. the one relative to a disor-
dered dispersed homogeneous suspension (Fig. 7B). It is easily notice-
able that, while the qualitative features of the excitation-emission
phenomena appear to be the same based on the similarity of the maps,
the absolute intensity of the signal differs significantly: a much larger PL
emission is detected for the ordered superlattices, as evidenced by the
difference in the intensity range used to plot Fig. 7A and 7B. This point
can be more easily visualized via the direct comparison of the PL in-
tensity spectra reported in Fig. 7C, where the black and the red curves
refer to the Frank-Kasper superlattice and disordered dispersion,
respectively (please note that the intensity units are comparable) ac-
quired under excitation at Aexe = 380 nm. The same conclusions can be
deduced from the experiments performed on samples of the 20 mM
solutions. It is to be underlined that we experimentally verified that the
differences in PL intensities exhibited by the two kinds of suspensions
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are statistically significant. The data reported in Fig. 7 are the averages
over repeated measurements on multiple samples for each suspension.
Six PLE maps were performed for each of the four suspensions reported,
finding a relative uncertainty of about 15 % (standard deviation divided
by mean) for sample-to-sample repeated measurements of intensity,
which is significantly lesser than the intensity variation (300 % — 400 %,
see Fig. 7C and 7F) determined for Frank-Kasper vs. ordinary
suspensions.

The data indicate a specific link between the enhancement of PL
intensity and the aggregation of the CeO nanoparticles in ordered ag-
gregates. Some hypotheses about the nature of such correlation can be
formulated and are discussed below.

The occurrence of amplification of luminescence intensity caused by
the aggregation of individual luminophores has been observed in some
classes of organic molecules and schematized in the so-called
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Fig. 7. The upper row (7A, 7B, and 7C) refers to the experimental data obtained for the structured (OA-OL@CeO,_50) and randomly dispersed non-structured
(NaOA-OL@CeO,_50) suspensions with 50 mM NPs concentration. (A): PLE intensity maps of OA-OL@CeO,_50, (B): PLE intensity map of NaOA-OL@CeO,_ 50,
(C) PL spectra of the two samples obtained for 380 nm excitation. The lower row (7D, 7E and 7F) represents the same quantities obtained for the suspensions of 20
mM concentrations, i.e. (D): PLE intensity maps of OA-OL@CeO-_20, €: PLE intensity map of NaOA-OL@CeO,_20, (F) PL spectra of the two samples obtained for 380
nm excitation. All the data reported are obtained by averaging the experimental results over a set of six repeated measurements.

phenomenon of AIEE (namely: “aggregation-induced emission
enhancement”), firstly reported in the case of helix-shaped organic
molecules.[56] AIEE has been described as the consequence of the
suppression of non-radiative decays of excited states of the molecules,
caused by aggregation-induced inhibition of molecular rotation.[57,58]
Obviously, this mechanism cannot be invoked in cases such as ours
where the luminophores are semiconductor nanoparticles, whose PL
emission intensity is typically regulated by the density of non-radiative
traps. However, the experimental evidence and the analogy with AIEE
suggest that some aggregation-related mechanism that quenches the
non-radiative recombination and/or enhances the radiative recombi-
nation charge carriers in CeO, shall be at work.

Interestingly, a similar phenomenon was described by Jassby and
Wiesner in their work about the aggregation-induced PL enhancement in
ZnS nanoparticles.[59] The authors found out that aggregation favored
the band-edge PL of ZnS nanoparticles, a phenomenon that they pro-
posed to be caused by the reduction of surface tension of the semi-
conductor nanocrystals determined by the increase in the van der Waals
forces caused by particle aggregation. They argued that the decrease of
surface tension in the crystal has been often associated with an increase
in PL emission due to the reduction of strain caused by point defects and
the consequent decrease in the number of electron traps acting as non-
radiative centers.[60,61] The role of electron traps is played by sulfur
vacancies in ZnS, and more in general, by oxygen vacancies in a metal
oxide. Specifically, lattice strain favors the formation of O vacancies on
CeOo, so that the mechanism observed for ZnS can be suggested to be at
work also in our case. Moreover, as also pointed out by Jassby and co-
workers,[59] NP aggregation can also determine the passivation of
surface traps and dangling bonds caused by the presence of neighboring
particles in the close-packed Frank-Kasper aggregate, again determining
a decrease in the probability of non-radiative electron-hole
recombination.

As another possible interpretation for the phenomenon, we suggest
that it might be caused by an improvement in the excitation efficiency
caused by Foster resonant energy transfer. The emission of the isolated
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CeO-, particle is of course proportional to its absorption cross-section.
Hence, isolated NPs floating in suspension will be able to convert the
excitation energy into PL emission only proportionally to the photons
absorbed by them. However, once the NPs are closely packed forming
the Frank-Kasper superlattice, with an interparticle distance of the order
1-2 nm intercalated by the amphiphilic molecules, the absorption cross-
section of this latter can also contribute indirectly to PL via Forster en-
ergy transfer. For example, this type of indirect PL excitation is well
known in cases where the emission of small luminophores, e.g. lantha-
nide ions, is amplified by the “antenna effect” operated by nearby donor
species.[62,63] In our case, we may suggest the amphiphiles act as
donor species. It is worth remembering that Forster energy transfer oc-
curs at an efficiency proportional to the inverse sixth power of the dis-
tance between donor and acceptors so that only at very close distances
(i.e., dense packings, as observed in Figs. 3-5) the amplification effect
shall be relevant.

4. Conclusions

In this work, we experimentally observed the organization of coated
cerium oxide nanoparticles in a regular superlattice. CeO, nanoparticles
of a 5 nm radius with low polydispersity and spherical shape coated with
long amphiphilic molecules, such as oleylamine, through a two-step
procedure, were assembled in a regular spatial arrangement. The 3D
organization was obtained at the nanoscale level and extends down to
200-300 nm. In all cases, the coexistence of face-centered cubic and
Frank-Kasper phases with a hexagonal unit cell was observed, although
at high concentrations the system is dominated by the second phase.
Indeed, at 14 mM NP concentration a face-centered cubic structure
prevails. On the opposite, the 20 and 50 mM NP concentrations stabilize
the Frank-Kasper phase. Photoluminescence measurements clearly show
that the intrinsic fluorescence of cerium oxide nanoparticles is amplified
by a factor of 3—4 (i.e., 300 %-400 %) when the spatial organization of
the particles is ordered. These results can be interpreted based on a
decrease in the probability of non-radiative recombination between



N. Gallucci et al.

electrons and holes or an improvement in excitation efficiency due to
Forster ‘s resonant energy transfer.

The results obtained highlight the key role of amphiphilic-mediated
strategy in driving the formation of 3D superstructures with advanced
optical properties. In particular, the chemical nature of the amphiphiles
used to coat inorganic nanoparticles is decisive in regulating the gen-
eration of ordered or disordered structures in aqueous solution. Differ-
ences in chain length or the nature of polar head groups, as well as
different concentration, could be useful in identifying the driving forces
leading to different ordered superstructures with adjustable optical
properties for technological applications. For example, quantum dots
(QDs) are interesting fluorescent materials for biological imaging due to
their spectral tuning in the visible and infrared regions. Individual QDs,
while possessing high quantum yields, are sometimes insufficiently
bright due to their small size. However, colloidal cluster structures
assembled from primary QDs can provide much stronger signals in
biological imaging[64]. In addition, colloidal cluster structures may
exhibit collective properties not present in individual nanoparticles. A
classic example is the clustering of noble metal nanoparticles for
generating “hot spots” to enhance Raman scattering. The assembly of
plasmonic nanoparticles into secondary structures can induce near-field
electromagnetic coupling of surface plasmons between adjacent parti-
cles, thus creating “hot spots” that can significantly enhance Raman
signals from analytes.[65,66]

The ability to modulate the organization of nanoparticles opens the
possibility of developing systems to be applied in different technological
fields with superior properties. In this particular case, the original op-
tical properties of cerium oxide are greatly amplified if they are ar-
ranged in an ordered system. Similarly, one is likely to have the same
result with particles with different properties such as magnetic, and
catalytic for many further technological applications.
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