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Abstract

This study presents the synthesis and characterization of sub-5 nm neodymium oxide (Nd203)
nanoparticles in methanol, utilizing trioctylphosphine oxide (TOPO) as a capping agent to achieve
high chemical purity, phase control, and colloidal stability. By optimizing the NaOH/Nd molar ratio,
monodisperse and ultrasmall nanoparticles with excellent optical transparency were produced, as
confirmed by transmission electron microscopy, X-ray diffraction, UV-visible, infrared spectroscopy,
and inductively coupled plasma analysis. The non-aqueous synthesis route effectively suppressed
hydroxide formation, ensuring phase purity and enabling precise size tuning. The resulting Nd:0Os
nanoparticle suspensions exhibited reversible aggregation and redispersibility, supporting their
suitability for high-transparency detector media. These advances address critical requirements for
neutrino detection experiments, such as those conducted at the Sudbury Neutrino Observatory
(SNO), where minimal optical absorbance and long optical path lengths are essential for optimal
performance. The findings inform future strategies for nanoparticle stabilization and integration,
paving the way for scalable production of transparent nanomaterial solutions for next-generation
neutrino detectors and other optoelectronic applications.

Keywords: neodymium oxide; nanoparticles; colloidal stabilization; optical transparency; quantum
dots; nanoparticle synthesis; trioctylphosphine oxide capping; nanomaterials

1. Introduction

Investigations of quantum dots (QDs) in solution have led to a wide range of potential
applications due to their unique, tunable optical and electronic properties, which are preserved and
easily manipulated in the liquid phase. In optoelectronics, solution-processed QDs are used to
fabricate devices such as light-emitting diodes (LEDs), photodetectors, and solar cells. The ability to
process QDs from solution enables scalable, low-cost manufacturing and integration with flexible
substrates, which is advantageous for next-generation electronic devices [1-4]. In the biomedical
field, QDs in solution are highly valuable for bioimaging, biosensing, drug delivery, and diagnostics,
due to their high photostability, tunable emission, and potential for biocompatibility (e.g., carbon and
surface-modified QDs) [4-8]. QDs in solution are also widely used in environmental and analytical
sensing. They serve as sensitive and selective fluorescent probes for detecting heavy metals, toxins,
and other analytes in environmental and clinical samples. Their high surface area and modifiable
surfaces allow for the development of sensors with high specificity and rapid response times.
Additionally, QDs in solution are being explored for photocatalysis and environmental remediation,
leveraging their strong light absorption and catalytic properties [4,7]. Another notable application is
in radiation detection and scintillation. For example, lead halide perovskite QDs in liquid scintillators
have shown promise for high-sensitivity X-ray and gamma-ray detection, with potential uses in
medical imaging and radiation monitoring [9]. The solution-phase synthesis and processing of QDs
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also facilitate rapid screening of compositions, surface chemistries, and functional properties,
accelerating research and development in all these fields [2,10].

Technological advancements in nanocomposite scintillator development have shown that QDs
can be co-dispersed with other functional nanoparticles in a matrix, such as polymers or hydrogels,
to enhance radiation detection capabilities. For example, scintillation compositions with QDs and
optional neutron-capturing isotopes have been developed for improved neutron and gamma
detection, demonstrating the feasibility of integrating multiple types of nanoparticles for synergistic
effects [11,12].

Neutrino detection is inherently challenging due to the extremely weak interaction of neutrinos
with matter, necessitating large detector volumes and underground placement to minimize
interference from cosmic rays and background radiation. The Sudbury Neutrino Observatory (SNO)
exemplifies this approach, employing 1,000 tons of ultrapure heavy water (D20) within a 12-meter
acrylic vessel, surrounded by ultrapure ordinary water and an array of photodetectors sensitive to
visible light (600-700 nm). This setup enables the detection of neutrino interactions, including the
breaking apart of deuterium nuclei, which releases free neutrons that produce detectable gamma-ray
bursts [13,14]. The ground-breaking discoveries made at SNO, culminating in the discovery of
neutrino oscillations and the conclusion that neutrinos have mass, were recognized with the 2015
Nobel Prize in Physics, awarded jointly to Takaaki Kajita and Arthur B. McDonald (representing the
SNO collaboration) [15]. The present work builds upon this foundation, aiming to advance neutrino
detection technology through the development of novel nanomaterials for next-generation
experiments.

QDs can significantly improve scintillation light yield and allow for spectral tunability, which
are both advantageous for optimizing detector performance. Neodymium, particularly the isotope
1%0Nd, is of special interest in neutrino physics for neutrinoless double-beta decay searches, so
incorporating neodymium oxide nanoparticles (Nd20s NPs) could provide a high loading of the
target isotope within the scintillator matrix. The solution-phase synthesis of QDs also allows for
scalable fabrication and surface functionalization, which could facilitate the integration of both QDs
and neodymium oxide nanoparticles into a single scintillating medium, offering modularity for
tailoring detector properties to specific experimental needs [11,12]. Key technical challenges include
ensuring compatibility between the two types of nanoparticles, maintaining optical transparency,
and optimizing energy transfer mechanisms to maximize scintillation efficiency. Practical
implementation would also need to address potential issues such as quenching effects, radiopurity,
and long-term stability.

Previous successful collaborative work was reported between the Canadian SNO headed at
Queen’s University Physics by Professors Mark Chen and Arthur McDonald, and SNO-member
McGill University Chemistry NP labs led by Prof. Christopher Barrett. In order to obtain sufficient
Nd20s3 NPs for the SNO experiments, Dorris, Barrett, McDonald et al. [16] employed two synthetic
polyelectrolytes, polystyrene sulfonate (PSS) and polyallylamine hydrochloride (PAH), as
transparent stabilization coatings to the particles. These high molecular weight (~16,000 g/mol)
polyelectrolytes act as strongly adsorbing surfactants to amplify surface charge and to disperse and
stabilize the Nd20O3 NPs. The acid-base equilibria that take place on the surface of the particles have
been investigated under different pH conditions in the absence and presence of the polyelectrolytes
to optimize particle stabilization through enhancement of the effective repulsive surface charges. This
approach has led to a 100-fold improvement in particle transparency in some parts of the visible
region in neutral and acidic pH regimes, and to a 10-fold surface-charge amplification under basic
pH conditions.

Advancements in nanoparticle stabilization techniques have broadened the potential of
polyelectrolytes as stabilizing agents for Nd20s; nanoparticles in large-scale particle physics
experiments. For example, surface coatings with polydopamine (pDA) and bovine serum albumin
(BSA) have been shown to improve biocompatibility and optical properties in lanthanide-based
nanoparticles, which could be adapted for Nd20s systems [17]. Layer-by-layer (LBL) assembly
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techniques, involving alternating biopolymer layers, provide robust structural integrity and
dispersion, making them suitable for achieving high optical transparency over long path lengths [18].
Permanently linked magnetic chains coated with polyelectrolyte layers, prepared using sol-gel or
amidation methods, offer enhanced stability and functional properties that could be relevant for
optical applications [19,20]. Additionally, aggregation-induced emission-active polyelectrolytes have
demonstrated efficient photodynamic capabilities and could potentially be tailored for optical
transparency in Nd20s nanoparticle systems [21]. Polyelectrolyte-wrapped nanometallic particles
used in Surface Enhanced Raman Scattering (SERS) applications further showcase the versatility of
polyelectrolytes in enhancing optical properties [22]. These advancements collectively highlight the
evolving role of polyelectrolytes and related stabilization techniques in optimizing Nd:0s
nanoparticles for applications such as neutrino detection, where minimal optical absorbance and long
optical path lengths are critical.

Recent advances in the synthesis and stabilization of rare-earth oxide nanoparticles, including
Nd20s, have significantly improved their colloidal stability and broadened their application
potential. While traditional synthesis methods such as chemical vapor deposition [23,24], laser
ablation [25,26], combustion [27-30], sol-gel [31], microemulsion [32], and hydrothermal techniques
[33,34] remain foundational, the field has seen substantial progress through the adoption of advanced
surface functionalization strategies. These include the use of polyelectrolyte coatings, layer-by-layer
assembly, and biopolymer coatings, which have enabled the preparation of stable colloidal
dispersions of lanthanide oxides —including Eu20s, Tb20s, and more recently, Nd2Os—in a variety of
solvents [35,36]. These surface modification approaches enhance both electrostatic and steric
stabilization, effectively preventing nanoparticle aggregation and precipitation. As a result, they lead
to improved nanoparticle dispersion, optical transparency, and long-term stability, properties that
are critical for applications in particle physics and optoelectronics. Notably, polyelectrolyte and
biopolymer coatings not only stabilize the nanoparticles but can also tune their optical properties,
making them more suitable for use in advanced devices and sensors. The successful extension of
these stabilization methods to Nd20s nanoparticles marks a significant step forward, facilitating their
use in scientific and technological applications where stable, transparent, and functional colloids are
essential [37].

The primary goal of this paper is to synthesize neodymium oxide nanoparticles with diameters
below 5 nm and to evaluate their stability in solution for potential use in high-transparency neutrino
detection experiments, such as those conducted at the Sudbury Neutrino Observatory (SNO). This
study systematically characterizes the morphologies, aggregation states, and optical transparencies
of these sub-5 nm Nd20s nanoparticles in solutions without polyelectrolyte stabilizers, thereby
elucidating their intrinsic colloidal behavior. The findings aim to inform future strategies for
nanoparticle stabilization in neutrino detector media, where achieving minimal optical absorbance
and supporting long optical path lengths are critical for optimal detector performance [38].

2. Materials and Methods

Nd:20s nanoparticle synthesis.

All the reactions were performed at room temperature. 100 mL of a 5x10° M Nd(NOs)36H20
solution in HPLC grade methanol was mixed for 10 min with 100 mL of a 5103 M trioctylphosphine
oxide (TOPO) solution in methanol. To this mixture was added dropwise 100 mL of a 5x10> M NaOH
solution in methanol to precipitate the Nd20s NPs. The solution was stirred for a further 20 min. The
resulting powders obtained after filtration were characterized by X-ray powder diffraction (XRD)
and transmission electron microscopy (TEM), coupled with X-ray energy dispersive analysis (EDX),
as well as by IR and UV-visible spectroscopic measurements. A Philips model PW1710, vertical
goniometer, X-ray powder diffractometer with a Cu K« radiation source was used for the powder
diffraction measurements. The samples were scanned over a 10-60° range using a step size (20) of
0.02°. The morphology of the particles was investigated using a TEM Philips CM200 transmission
electron microscope, operating at an acceleration voltage of 200 kV. The point-to-point and line
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resolutions of the microscope were 0.24 and 0.17 nm, respectively. The TEM was coupled to the EDS
system. The TEM samples were preserved in methanol solution. The transparency of the NP
suspensions was monitored by UV-visible spectroscopy on a Cary 500 UV-visible spectrophotometer
using 1-cm quartz cuvettes. Absorbance measurements were recorded on 2.5 mL aliquots of the
samples without any further dilution. Infrared spectra were obtained using a Perkin Elmer FTIR
(Spectrum BX model) spectrometer with a Miracle single-bounce diamond ATR cell from PIKE
Technologies. Spectra over the 4000-550 cm! range were obtained by the co-addition of 32 scans at a
resolution of 4 cm™. ICP chemical analyses were performed on a Thermo Jarrell-Ash Trace Scan Axial
Torch Sequential ICP system.

Use of GenAlL

The generative Al GEMA (Amass, accessed on 205/08/15 and 2025/09/04-05) was used for the
purposes of text editing with the help of the Al's writer assistant function. GEMA'’s scientific assistant
function was used to suggest relevant and up-to-date literature tailored to the research topics, to
synthesize and summarize scientific papers, and to generate comprehensive reviews on selected
subjects. The output was systematically reviewed and edited by the authors.

3. Results

In this section, we present results of the synthesis, chemical characterization, and colloidal
behaviour of sub-5 nm neodymium oxide (Nd20s) nanoparticles in methanol, with a focus on their
stability and optical transparency for neutrino detection applications. Specifically, we employed
electron diffraction, electron microscopy, and UV-Visible spectrophotometry to characterize the
particles, and assess the effects of synthesis variables on the transparency. These findings provide
insight into how synthesis conditions influence nanoparticle morphology, composition, and solution
stability, which are critical parameters for their use in the Sudbury Neutrino Observatory.

Nd20s NPs were synthetised by mixing equimolar 5 x 10® M solutions of Nd(NOs)s and
trioctylphosphine oxide (TOPO) in methanol, followed by drop-wise addition of NaOH in methanol.
The transmission electron microscopy (TEM) analysis, shown in Figure 1, demonstrates that the
synthesized Nd20s nanoparticles exhibit a narrow size distribution between 2 and 5 nm, which is
significantly smaller than many other oxide nanoparticles and beneficial for high surface area
applications [39,40].
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Figure 1. TEM image of Nd20s nanoparticles.

Energy-dispersive X-ray (EDX) spectroscopy (Figure 2) confirmed the presence of neodymium,
oxygen, and carbon, the latter likely arising from the capping agent, as similarly observed in other
nanomaterial systems [41,42]. The precipitation of Nd20s NPs was conducted in a non-aqueous
medium to suppress the formation of Nd(OH)s, ensuring phase purity [43]. To prevent particle
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agglomeration, TOPO was employed as a surface capping agent, which not only stabilizes the
nanoparticles but also passivates surface states, reducing non-radiative recombination via dangling
bond states and enhancing optical properties [44—47].

L2 e in in 520 2 0 LR i keV

Figure 2. Electron diffraction (ED) of Nd20s nanoparticles.

Inductively coupled plasma (ICP) analysis confirmed that the synthesized Nd20s NPs achieved
a high chemical purity of 97.5% when a NaOH/Nd molar ratio of 7.8 was employed. Reducing the
volume of 0.05 M sodium hydroxide in methanol from 100 mL to 26 mL, thereby lowering the
NaOH/Nd ratio to 2.6, resulted in a decreased Nd20s content of 89.4%, highlighting the critical role
of base concentration in ensuring complete oxide formation during synthesis.

Infrared (IR) spectroscopy of the dried nanoparticles revealed spectra identical to commercial
Nd20s, with no additional vibrational bands between 4000-400 cm!, confirming phase purity and the
absence of significant organic or hydroxide impurities. In contrast, attempts to synthesize Nd20s in
aqueous solution yielded only the hydroxide phase, emphasizing the necessity of the
methanol/NaOH system for direct oxide formation. Transmission electron microscopy (TEM)
analysis demonstrated that the NaOH/Nd ratio effectively controlled particle size: a ratio of 2.6
produced nanoparticles averaging 2-3 nm, while a ratio of 7.8 resulted in larger particles of 4-5 nm,
consistent with the established influence of base concentration on nanoparticle growth dynamics [48].

UV-visible spectroscopy showed a progressive decrease in absorbance intensity over 1, 2, and 7
days, indicative of reversible aggregation or sedimentation in suspension (Figure 3); notably,
ultrasonic stirring restored the original absorbance, confirming the colloidal stability and
redispersibility of the nanoparticles. Collectively, these findings demonstrate that the NaOH/Nd
molar ratio in methanol not only governs the chemical purity and phase of Nd20s nanoparticles but
also enables precise control over particle size, while the nanoparticles exhibit reversible aggregation
behavior in suspension.

0,11 4

0,09 1
0,07 1 A — after 1 day
— after 2 days
0.05 1 — after 7 days
—— 7 days (+ ultrasonic)

0,03

0,01

-0.012&0 310 360 410 460 510 560 610 660 710 760

Figure 3. UV-visible spectra of a set of measurements taken after 1, 2 and 7 days from the same sample at the

top of the reaction vessel. Ultrasonic stirring of the sample greatly in-creases the intensity (green curve).

The evolution of optical properties during the synthesis of Nd20s NPs was investigated using
UV-visible spectroscopy, with particular attention to the effects of pH, temperature, and precursor
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concentration. Initially, mixing equimolar 5 x 10 M solutions of Nd(NOs)s and TOPO in methanol
produced a transparent solution with no visible precipitation, exhibiting three distinct absorption
peaks at 747, 587, and 279 nm (Figure 4a). To this mixture, a solution of NaOH in methanol was added
dropwise, with no immediate affect on the absorption profile, indicating that neodymium remained
soluble and no nanoparticle formation had occurred. After the addition of 30 drops of NaOH, the
mixture remained transparent but a strong new absorption band at 271 nm appeared, overlapping
the original weak bands at 587 and 747 nm (Figure 5b). This spectral change marked the onset of
Nd20s NP formation and corresponded to the system’s maximum neodymium solubility. The
persistence of transparency at this stage suggests the formation of a colloidal dispersion of ultrasmall
nanoparticles or clusters, consistent with early nucleation phenomena observed in other nanoparticle
systems [49].

0,1 1

——0 NaOH
——2 NaOH
5 NaOH
8 NaOH
——14 NaOH
——20 NaOH

@)

——0 NaOH
——2 NaOH
5 NaOH
8 NaOH
—— 14 NaOH
——20 NaOH
——30 NaOH

(b)

Figure 4. UV-visible spectra of the reaction mixture, Nd(NOs)s and TOPO, before and after addition of NaOH
(a) UV-visible spectra of the reaction mixture, Nd(NOs)s and TOPO, before the pH threshold of precipitation
(between 21 and 30 drops); (b) UV-visible spectra of the reaction mixture, Nd(NOs)s and TOPO, including
measurement after the pH threshold of precipitation (30 drops).
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Figure 5. UV-Visible spectra of samples from different experiments.

4, Discussion

The maximum solubility of neodymium was found to be dependent on both pH and the initial
concentrations of Nd(NOs)s and TOPO. Increasing the pH by further NaOH addition promoted
spontaneous precipitation of Nd203NPs, in line with the reduced solubility of metal oxides at higher
pH [49]. UV-visible spectra of filtrates from different experiments were similar (Figure 5), indicating
comparable neodymium concentrations across samples. Some spectra retained the pre-precipitation
bands, while others showed only the 271 nm band; over time, all bands except the 271 nm band
disappeared, reflecting dynamic changes in the colloidal state and the progressive conversion of
soluble neodymium species to nanoparticulate Nd20s.

Concentration of the filtrates by slow methanol evaporation was feasible, supporting the
colloidal stability of the system prior to precipitation. Both pH and temperature influenced the
maximum achievable neodymium concentration, with higher pH and temperature accelerating the
transition from soluble species to precipitated nanoparticles. These findings are consistent with
established principles regarding the impact of pH and temperature on nanoparticle nucleation,
growth, and optical properties [49,50]. Overall, UV-visible spectroscopic monitoring revealed distinct
stages in the evolution of optical properties, closely linked to changes in neodymium speciation and
colloidal state, underscoring the dynamic interplay between pH, temperature, and precursor
concentration in governing Nd20s NP synthesis.

Upon investigating the influence of temperature and NaOH/Nd molar ratio on the optical
properties of Nd20s NPs, UV-visible spectroscopy of the supernatant after overnight reflux revealed
a distinct pink coloration (Figure 6a), indicative of neodymium-containing species or nanoparticle
formation [51]. Systematic variation of the NaOH/Nd reactant ratio from 1:2.6 to 1:5.3 and 1:7.8
demonstrated that the maximum optical absorption (pink spectrum, Figure 6b) occurred at a 1:2.6
ratio, establishing this condition as optimal for Nd20s NP synthesis. At a 1:5.3 ratio, the optical
absorption decreased (red spectrum), while a further increase to 1:7.8 resulted in a slight absorption
increase (green spectrum). These results highlight the critical role of the NaOH/Nd ratio and pH in
modulating nanoparticle formation, solubility, and optical response, with the observed spectral
changes reflecting the transition from soluble neodymium species to nanoparticulate Nd20s. Such
tunability of optical properties with synthesis parameters is consistent with trends observed in other
nanomaterial systems, where composition and reaction conditions directly impact absorption
characteristics [49-53].
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Figure 6. UV-Visible spectra Nd2Osnanoparticles solution: (a) Spectra of clear solution of nanoparticles obtained
at ambient temperature (green) and the same solution treated by reflux heating (red); (b) Spectra of transparent

solution of nanoparticles obtained at pH corresponding to ratio Nd/NaOH = 2.6 (pink), 5.2 (red), 7.8 (green).

5. Conclusions

The controlled synthesis of Nd20s nanoparticles (NPs) in a methanol/NaOH system with TOPO
as a capping agent enables the production of ultrasmall, monodisperse, and phase-pure nanoparticles
with tunable size and high chemical purity. Nd20s NPs with a sub-5 nm size were successfully
synthesized with high phase purity and excellent colloidal stability in methanol, achieved with an
optimal NaOH/Nd molar ratio of 2.6. The NaOH/Nd molar ratio is a key parameter that governs both
the chemical composition and particle size, while the non-aqueous medium is essential for
suppressing hydroxide formation and ensuring phase purity. This approach yields optically
transparent methanol solutions of Nd20s NPs, which is a critical requirement for their application in
neutrino detection, where minimizing light scattering and maximizing detector sensitivity are
essential. The comprehensive characterization of particle size distribution, phase purity, chemical
composition, and optical properties confirms the intrinsic stability and suitability of these
nanoparticles for use in high-transparency detector media. Importantly, the feasibility of producing
large volumes of these transparent solutions opens a promising pathway for their deployment in
large-scale neutrino detection experiments at the Sudbury Neutrino Observatory (SNO), directly
supporting next-generation neutrino detectors that require stable, transparent nanoparticle solutions
[54].
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Abbreviations

The following abbreviations are used in this manuscript:

Nd20s Neodymium oxide

NP Nanoparticles

TOPO Trioctylphosphine oxide

QDs Quantum dots

LEDs Light-emitting diodes

SNO Sudbury Neutrino Observatory

PSS Polystyrene sulfonate

PAH Polyallylamine hydrochloride

pDA Polydopamine

BSA Bovine serum albumin

LBL Layer-by-layer

SERS Surface Enhanced Raman Scattering
HPLC High-performance liquid chromatography
XRD X-ray powder diffraction

TEM Transmission electron microscopy
EDX X-ray energy dispersive analysis
ICP Inductively coupled plasma

IR Infrared
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