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Abstract
Background. Quantum dots
with

(QDs) are
unique optical

nanoscale

semiconductor particles and

electronic properties, making them suitable for

biomedical imaging, drug delivery, and biosensing
applications. However, controlling their size and stability
in physiological environments remains a challenge. This
study investigated the use of polymeric micelles to
and ZnS

arrays for

encapsulate QDs and synthesize ZnO

nanoparticles to form nanoparticle
biofunctionalization purposes. Methods. Micelle solutions
were prepared using polystyrene-b-poly(2-vinylpyridine)
(PS-b-P2VP)  block ZnO ZnS

nanoparticles were synthesized in situ by loading zinc

copolymers. and
precursors (ZnAc, ZnCLl) into the micelles, followed by
oxidation using tetramethylammonium hydroxide (TMA-
OH) and sodium oxide (Na:0). The nanoparticles were
Dynamic Light Scattering (DLS),

Microscopy (SEM), and UV-Vis
spectroscopy. Results. Uniform micelles with sizes ranging

characterized by

Scanning Electron
from 70-120 nm were successfully formed. ZnO
nanoparticles (50-80 nm) displayed strong UV absorption
at 370 nm, confirming the synthesis. ZnS nanoparticles (60

Significance I This study determined nanoparticle synthesis via
micelles for biofunctionalization, optimizing conditions for stable quantum
dot arrays.
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nm) were synthesized using Na:S¢9H.O, exhibiting a UV
absorption peak at 290 nm. Ex situ synthesis on silicon
substrates using oxygen plasma produced well-ordered
nanoparticle arrays. Conclusion. Polymeric micelles
effectively served as nanoreactors for ZnO and ZnS
nanoparticle synthesis. The choice of zinc precursor and
oxidizing agent influenced particle size and uniformity. Ex
situ techniques  demonstrated potential  for
nanopatterning applications. Future work could focus on
scaling up and adapting this method to other metal oxide

and sulfide systems for advanced material design.
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1. Introduction

A quantum dot (QD) is a nanoscale semiconductor particle,
typically ranging from 2 to 10 nm in size, whose excitons are
confined in all three spatial dimensions. This confinement gives
QDs unique optical and electronic properties that resemble the
behavior of individual atoms, which result from the size-dependent
quantum confinement effect (Wikipedia contributors, 2012). These
properties place QDs between bulk semiconductors and discrete
molecules, making them valuable in various applications, including
biology, bioanalytics, and optoelectronics (Gao et al., 2004). Among
these properties, QDs exhibit broad absorption spectra, narrow and
tunable emission, high luminescence, long lifetimes, and resistance
to photobleaching, making them highly desirable for biomedical

imaging, diagnostics, and therapeutic applications (Alivisatos, 2004
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; Wang et al., 2006). Quantum dots can be synthesized from various
semiconductor materials, such as cadmium selenide (CdSe),
cadmium sulfide (CdS), and zinc sulfide (ZnS), as well as from
metallic and organic nanomaterials (Hines & Guyot-Sionnest, 1996;
Murray et al.,, 1993). Each material offers distinct advantages in
terms of optical properties and stability, with CdSe QDs being
among the most studied due to their strong luminescence and ease
of synthesis (Qu & Peng, 2002; Skaff & Emrick, 2003). Advances in
synthetic methods have enabled researchers to control the size,
shape, and surface chemistry of QDs, which is critical for
optimizing their performance in specific applications (Murray et al.,
1993).

The encapsulation of QDs in polymers, particularly block
copolymers, has enabled the creation of stable, water-soluble QDs
that retain their optical properties in various environments (Wu et
al, 2009). For instance, stearyl methacrylate/methylacrylate
copolymers have been used to enhance the stability and optical
properties of CdSe/ZnS QDs, making them suitable for biological
applications (Wu et al, 2009). This approach mitigates the
challenges of QD aggregation and degradation under physiological
conditions, which is essential for their use in imaging and
therapeutic delivery systems (Song et al., 2011).

Recent research has focused on the preparation and
functionalization of QD arrays using micellar lithography and self-
assembly techniques (Tomczak et al., 2009; El-Atwani et al., 2010).
These methods allow for precise control over QD placement and
spacing, which is crucial for developing nanostructured devices and
sensors. For example, micellar lithography has been employed to
create ZnO and ZnS$ nanoparticle arrays that exhibit strong optical
useful

and electronic properties,

photocatalysis (Chen et al., 2010; Hines & Guyot-Sionnest, 1996).

in optoelectronics and

In biomedical applications, QDs have demonstrated remarkable
potential for in vivo imaging, targeted drug delivery, and biosensing
(Anikeeva et al., 2006; Gao et al, 2004). Their bright, tunable
fluorescence allows for high-resolution imaging of cellular
processes and disease markers, while their surface can be
functionalized with peptides, proteins, or DNA for specific
molecular targeting (Arnold et al., 2004). Furthermore, the ability
to conjugate QDs with biological molecules enables the
development of advanced diagnostic tools, such as biosensors that
can detect low concentrations of pathogens or biomarkers (Zhou &
Ghosh, 2006).

One of the major challenges in QD research is overcoming the
potential toxicity associated with heavy metal content, particularly
in Cd-based QDs (Farzaneh & Hamedani, 2006). Researchers have
explored alternative materials, such as ZnO and silicon-based QDs,
which offer similar optical properties without the associated health
risks (Chen et al., 2010; Wang et al., 2006). Additionally, surface

modifications and encapsulation strategies have been developed to

reduce the release of toxic ions and improve the biocompatibility of
QDs for medical applications (Zhao et al., 2001).

In conclusion, quantum dots represent a versatile and powerful tool
for a wide range of applications, from optoelectronics to
biomedicine. Advances in synthetic techniques, functionalization
strategies, and safety profiles continue to expand their potential
uses, paving the way for novel technological innovations in fields
such as bioimaging, targeted therapy, and environmental sensing
(Moffitt & Eisenberg, 1995; Skaff et al., 2002). The future of QD
research lies in addressing challenges related to toxicity, scalability,
and long-term stability, while exploring new materials and methods
to further enhance their capabilities (Nanda et al., 2000; Zhou &
Ghosh, 2006).

This research aims to form micelle solutions using polymers of
different molecular weightsto control and vary the sizes of micelles.
These micelles are used to encapsulate commercially available
CdSe/ZnS quantumdots (QDs) for array formation. Additionally, the
project involves synthesizing ZnO and ZnS nanoparticles within the
micelles using metallic precursors. The final objective is to form
nanoparticle arrays of CdSe/ZnS, ZnO, and ZnS QDs for

biofunctionalization purposes.

2. Materials and Methods

2.1 Synthesis of Polymer Micelle Solutions

Polymeric micelle solutions were prepared by dissolving two diblock
copolymers, polystyrene- b-poly(2-vinylpyridine) (PS-b-P2VP), in
selective solvents. The polymers used were PS (110,000)-b-P2VP
(52,000) and PS (52,100)-b-P2VP (31,000), each with polydispersity
indices of 1.10 and 1.05, respectively. PS-b-P2VP was dissolved in
toluene and para-xylene, solvents selective for the polystyrene (PS)
blocks, at a concentration of 5 mg/mL (25 mg polymer in 5 mL
solvent). The solutions were stirred at room temperature for at least
12 hours, exceeding the critical micelle concentration under
ambient conditions.

2.2 In Situ Synthesis of ZnO Quantum Dots (QDs)

Zinc oxide (ZnO) nanoparticles were synthesized in situ by loading
zinc salts into the prepared micelle solutions. Two zinc sources, zinc
acetate (ZnAc) and zinc chloride (ZnCl,), were tested. ZnAc was
dissolved in propanol and stirred at 65°C for 90 minutes, while ZnCl,
was dissolved in either propanol or anhydrous methanol at room
temperature. The zinc salts were loaded into the micellar solutions
at various Zn-to-pyridine unit ratios (ZnAc/VP. 0.3, 0.4, 0.5, 0.7,
and 1.0), corresponding to 4.2, 5.6, 7.0, 9.8, and 14 mg of ZnAc,
respectively. These were predissolved in 0.5 mL of propanol before
being added to the micelle solutions, followed by stirring for 30
hours to achieve complete ion loading.

2.3 Formation of ZnO Nanoparticles

To form ZnO nanoparticles, two oxidizing agents were tested.

tetramethylammonium hydroxide (TMA-OH) and sodium oxide
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Figure 1. DLS intensity distribution of PS (110000)-b- P2VP (52000) (PS P2VP D) and PS (52100)-b- P2VP (31000) (PS P2VP C)
micelle solution of xylene (5mg/ml concentration) loaded Au.

Figure 2. SEM image of Si-wafers structured with Au- loaded micelles of; (C) Polymer PS (110000)-b- P2VP (52000)in xylene and, (D)
Polymer PS (52100)-b- P2VP (31000)in xylene

Figure 4. SEM image of Si-wafers structured with Zn2+ loaded micelles and ZnO nanodots before and after oxygen plasma
treatment at two different loadings of; (1) 0.5 ZnAc in polymer PS (110000)-b- P2VP (52000) in xylene solution, (2) ZnO
nanoparticle array formed at 0.5 ZnAc loading after treatment with oxygen plasma, (3) 0.3 ZnAc in polymer PS (110000)-b- P2VP
(52000) in xylene solution, (4) ZnO nanoparticle array formed at 0.3 ZnAc loading after treatment with oxygen plasma.
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Figure 3. UV- VIS absorption spectra of elements before oxidation and sulfidation of zinc loaded micelles to form ZnO and ZnS$
particles; Cuvette. quartz cuvette, (1). is a mixture of xylene and propanol (9.1) which is the composition of the solvent in the loaded
micelle solution, (2). xylene micelle solution of polymer D with propanol (9.1) and (3). xylene micelle solution of polymer D loaded
with ZnAc in propanol.
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Figure 6. Plot of energy band of synthesized ZnO nanoparticles (at their corresponding loadings in bracket) against their wave length
compared with the bulk ZnO particle showing a blue-shift in band gap energy.

—

Figure 7. SEM image of Si-wafers structured with ZnS nanoparticles inside polymer micelles after sulfidization of 0.5 ZnAc loaded
micelle solutions with H2S. (1a) and, (1b) were synthesized at different times and imaged at different times.
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Figure 8. UV- vis absorption spectra of ZnS synthesis at various ratios of Zn2+/ VP loadings after bubbling with H2S for 40 minutes
from the reaction of Na2$ with water solution of nitric acid.
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(Na,O). TMA-OH (10 wt% in methanol) was first added to an
empty micelle solution, then combined with the ZnAc-loaded
micelles. The solution was stirred for an additional 24 hours. The
amount of TMA-OH used was in excess (40 pL/mL), calculated
based on the reaction.
2.4nZnAc2+2nTMA-OH->nZnO+2nTMA-Ac+nH20

Similarly, Na,O (5 wt% in anhydrous methanol) was tested as an
oxidizing agent, also used in excess (40 pL/mL) to ensure complete
reaction of ZnAc. The process was repeated for ZnCl,, using the
same oxidizing agents, with ZnCl,-to-oxidizer molar ratios
calculated based on the following reactions.

2.5 nZnCI2+2nTMA-OH->nZnO+2nTMA-Cl+nH20

The ZnO nanoparticles were deposited onto a silicon substrate, and
the micellar shells were removed using oxygen plasma, hydrogen
plasma, or ozone exposure, leaving behind an array of ZnO

nanoparticles.

3.Results

3.1 Micelle Formation and Characterization

The polymer micelles were successfully formed by dissolving PS-b-
P2VP in selective solvents (toluene and para-xylene). Dynamic
Light Scattering (DLS) analysis confirmed the formation of
micelles, with sizes ranging between 70 and 120 nm depending on the
polymer concentration and solvent used (Figureure 1). The
polydispersity index (PDI) of the micelles was low, indicating a
narrow size distribution. Scanning Electron Microscope (SEM)
images further validated the spherical morphology of the micelles
(Figureure 2). The unloaded micelles displayed a smooth surface,
while the zinc-loaded micelles exhibited distinct structural changes,
confirming successful Zn** encapsulation.

3.2 In Situ Synthesis of ZnO Nanoparticles

The in situ synthesis of ZnO nanoparticles within the micelles was
confirmed by SEM and UV- Vis spectroscopy (Figureure 3). SEM
images showed a well-distributed array of nanoparticles with an
average size of 50-80 nm (Figureure 4). The UV-Vis absorption
spectra revealed a strong peak at 370 nm, corresponding to the
characteristic absorbance of ZnO nanoparticles (Figureure 5). The
energy band gap, calculated from the absorption peak using the
equation E=hc/AE = hc/\lambdaE=hc/A, was approximately 3.35 eV,
consistent with the known band gap for ZnO.

The effect of different zinc precursors (ZnAc and ZnCl,) and
oxidizing agents (TMA-OH and Na,0O) on nanoparticle formation
was investigated. Zinc acetate yielded smaller and more uniform
ZnO particles compared to zinc chloride, as evidenced by the
narrower size distribution observed in both SEM images and DLS
measurements.

3.3 Ex Situ Synthesis of ZnO Nanoparticles

Ex situ synthesis using oxygen plasma on silicon substrates

produced ZnO nanoparticle arrays with a higher degree of order and

uniformity. SEM images revealed well-patterned arrays with
particle sizes ranging from 30-50 nm. The oxygen plasma treatment
not only etched away the micelle shells but also oxidized the
encapsulated zinc ions into ZnO nanoparticles, as confirmed by
energy-dispersive X-ray spectroscopy (EDS) analysis (Figureure 6).
3.4 Synthesis of ZnS Nanoparticles

The synthesis of ZnS nanoparticles using H,S gas generated from
sodium sulfide nonahydrate (Na,S¢9H,O) in a custom-designed
apparatus was successful. SEM images showed well- formed ZnS
nanoparticles with an average size of 60 nm (Figureure 7). The UV-
Vis absorption spectra exhibited a distinct peak at 290 nm, indicating
the presence of ZnS nanocrystals (Figureure 8). The use of Na,S as
the sulfur source produced more uniform ZnS particles compared

to potassium sulfide (K,S).

4.Discussion

The results demonstrate that PS-b-P2VP micelles can effectively
serve as nanoreactors for the synthesis of ZnO and ZnS
nanoparticles. The successful formation of micelles was confirmed
through DLS and SEM, which showed uniform spherical structures.
The encapsulation of Zn** ions within the micelles allowed for
controlled nanoparticle synthesis, as observed in both in situ and ex
situ ZnO formation. The choice of zinc precursor and oxidizing
agent had a significant impact on the size and uniformity of the
nanoparticles, with zinc acetate and TMA- OH producing smaller,
more uniform particles compared to zinc chloride and Na,O.

The ex situ synthesis using oxygen plasma demonstrated the
potential for patterning ZnO nanoparticles on silicon substrates.
This approach not only allowed for the precise deposition of
nanoparticles but also avoided the need for additional chemical
oxidants, making it a more environmentally friendly process. The
highly ordered arrays observed in SEM images suggest that this
method could be useful for applications requiring nanopatterned
surfaces, such as in optoelectronics and sensor technologies.

The ZnS nanoparticle synthesis using H,S gas generated from
Na,S«9H,O was successful, providing a safer alternative to handling
H,S gas directly. The resulting ZnS particles were uniform in size
and showed good optical properties, as evidenced by the UV-Vis
spectra. This method could be further optimized for the synthesis of
other metal sulfide nanoparticles by adjusting the reaction
conditions, such as the concentration of the zinc precursor or the
duration of the reaction.

Opverall, the results support the use of polymeric micelles as versatile
nanoreactors for the synthesis of metal oxide and sulfide
nanoparticles. This method offers precise control over nanoparticle
size and distribution and can be adapted for both in situ and ex situ

syntheses.
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5. Conclusion

This research highlights the successful synthesis of ZnO and ZnS
nanoparticles within micellar nanoreactors formed by PS-b-P2VP
polymers. The encapsulation of Zn** ions in these micelles
facilitated controlled nanoparticle synthesis. Zinc acetate, coupled
with TMA-OH, produced smaller and more uniform ZnO particles
compared to zinc chloride and Na,O. The ex situ method using
oxygen plasma on silicon substrates generated highly ordered ZnO
arrays, indicating the method's potential for nanostructured
applications such as optoelectronics and sensor technologies. For
ZnS synthesis, Na,Se9H, 0 provided a safer, effective alternative for
generating ZnS nanoparticles with uniformity and excellent optical
properties. These findings suggest that micelle-assisted methods
offer a scalable, environmentally friendly solution for synthesizing
metal oxide and sulfide nanoparticles. Future research could
investigate further optimization for industrial applications and
explore the integration of other nanoparticle systems within this

framework to develop advanced materials.
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