International Journal of Materials and Chemistry 2025, 15(2): 15-19
DOI: 10.5923/j.ijmc.20251502.01

Synthesis of Multi-Component Coded Quantum Dots
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Abstract In this study, a polymethyl methacrylate (PMMA) polymer doped with fluorescent nanocrystals was obtained
based for the identification of petroleum products. The components were mixed in a matrix of optically transparent PMMA
polymer. Colloidally produced CdSe, CdSe and CdSe/ZnS quantum dots were stabilized with oleic acid and their optical
properties were studied. It was observed that the intensity peaks of the quantum dots did not change after modification with
PMMA polymer. The concentration of two different quantum dots was controlled by doping. Such microspheres allow to
increase the efficiency of diagnostics of flows in wells during development of oil and gas fields. These obtained markers
serve to prevent counterfeiting of petroleum products.
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1. Introduction

Quantum dots (QDs) are small semiconductor crystals with
a size of 2-10 nanometers, containing hundreds to several
thousand atoms. QDs are attracting the interest of researchers
as a new generation of semiconducting inorganic crystals.
They are technically defined as "small crystals containing a
variable number of electrons that occupy well-defined discrete
guantum states and have electronic properties intermediate
between discrete fundamental particles" [1-3].

These are nano-sized semiconductor nanoparticles with
fluorescent characteristics whose optical properties vary
depending on their chemical composition, size, dispersion
and shape. The growing interest in quantum dots is due to
their superior photostability compared to conventional dyes
due to, narrow and intense size-dependent luminescence, and
broad light absorption [4-6].

In this work, CdSe/ZnS and CdS/ZnS nanocrystals with
high luminescence intensity were synthesized and embedded
into polymethyl methacrylate beads. Incorporating quantum
dots into monodisperse polymer microspheres can yield
materials with reproducible properties that can be used
practically in applications such as optical coding, biological
assays, optical data storage, and sensing.

In addition to serving as a matrix for the polymer quantum
dot material, it also contributes to the mechanical and
chemical stability of the material. This increases interest in
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the use of quantum dots in the polymer matrix of different
types of fluorescent materials. In addition, polymers have the
potential to process nanocomposites into technologically
important structures such as thin films to prevent adhesion.
Despite the fact that nanocomposites based on polymer and
quantum dots have been used in various fields for many years,
the mixing of these two composites leads to a destruction of
the optical and electrical properties of nanocomposites. In
order to prevent this, the inclusion of QDs in the polymer
matrix was achieved to avoid these shortcomings [7-11].

Currently, the main approach to introducing quantum dots
into polymer materials is to co-disperse nanoparticles and
other substances (liquid crystals, coordination compounds)
in a solvent and then remove it [12]. However, this method
often leads to the formation of aggregates of nanoparticles
distributed unevenly throughout the volume [13-15]. The
distribution of nanoparticles in the solution matrix, as well.
In addition, there are studies on the use of thiol-containing
substances as stabilizers in the synthesis of quantum dots
[16]. It was found that other methods can be used, which rely
on the direct coating of QDs with amphiphilic polymers
rather than the creation of polymer micelles. Amphiphilic
and alkyl-modified low molecular weight polyacrylic acids
can coat trioctylphosphinoxide-protected nanocrystals and
make quantum dots (QDs) soluble in water [17].

2. Experimental

Materials and reagents
The following reagents were used in the experimental part
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of the study: Cadmium precursor (CdO, 98%, Sigma Aldrich,
USA), selenium precursor (Se, 99%, Vekton, Russia), sulfur
powder (S, 99.99%, Lenreaktiv, Russia), zinc precursor (ZnCl,,
99%, Reahim, Russia), dodecanethiol (DDT, Sigma Aldrich,
USA), rhodamine 6G (96%, Ecos, Russia), oleic acid (90%,
Ecos, Russia), 1-octadecene (ODE, 90%, Acros, Belgium),
solvents: toluene (99%, Vekton, Russia), ethanol (96%, Ekos,
Russia), acetone (99%, Ekos, Russia), chloroform (Sigma
Aldrich, USA). All reagents were used without additives.

Absorption spectra were studied in this study on a Perkin
Elmer Instrumental LAMBDA 35 UV/VIS (ultraviolet-visible)
spectrometer.

Luminescence spectra were recorded on a computer-controlled
Varian Cary Eclipse spectrofluorimeter. Measurements were
made at room temperature, i.e. 25°C.

The hydrodynamic sizes of CdSe/ZnS and CdSe/ZnS/ZnS
QDs coated with oleic acid were determined by dynamic
light scattering on a Malvern Zetasizer Nano photon correlation
spectrometer.

Synthesis of "*core™, "'core/shell’* and **core/shell/shell**
structural nanoparticles

First, the cadmium solution was prepared as follows: after
CdO was dissolved in oleic acid at a temperature of 220°C
until the solution became clear, selenium powder was
dissolved in trioctylphosphine to a temperature of 180°C, the
synthesis temperature was heated to a temperature of 240°C,
and the selenium solution was mixed into the CdO solution
for 15 minutes. In order to remove impurities from the obtained
CdSe quantum dots, solvents toluene and ethanol were
mixed in a ratio of 1:1, CdSe nanoparticles were mixed and
centrifuged at a speed of 5000 for 15 minutes.

To obtain hybrid CdSe/ZnS quantum dots, 1 ml of synthesized
and purified CdSe nanoparticles were taken, heated to a
temperature of 200°C in TOP, zinc and sulfur solutions were
prepared [18], Zn and S solutions were slowly mixed and
added to the reaction mixture. The formation of a ZnS QD
layer occurs after adding a sulfur solution containing the zinc
precursor octadecene to the reaction mixture at 240°C for 15
min in the presence of dodecanethiol.

After synthesis, all resulting nanoparticles were purified
by triple precipitation in a toluene/ethanol mixture and
dissolved in chloroform for spectroscopic studies.

The synthesis of CdSe/ZnS/ZnS quantum dots with a
triplet core/shell/shell structure requires two steps of coating
with ZnS shells. In this case, CdSe/ZnS nanoparticles are
synthesized using the method described above [19]. After
that, a solution of "cations" was obtained by mixing 0.02 g
of cadmium acetate dihydrate and 0.44 g of zinc acetate
dihydrate in 5 ml of oleic acid at 120°C until complete
dissolution. Meanwhile, a solution of "anions" was obtained
by dissolving 6 mg of selenium and 28 mg of elemental
sulfur in a mixture of 1 ml of trioctylphosphine and 4 ml of
octadecene at 120°C. Then, the solutions of "cations" and
"anions" were mixed and the temperature of the reaction
mixture was raised to 300°C. The synthesis of nanoparticles
was carried out under a nitrogen atmosphere at a certain
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temperature for 30 minutes. At the end of the reaction, the
quantum dots were purified by triple precipitation from an
ethanol/toluene mixture.

Synthesis of PMMA

To synthesize PMMA, 40 ml of a 2% aqueous solution of
polyvinylpyrrolidone K25 was poured into a 100 ml three-neck
round-bottom flask and dissolved in 100 mg of sodium persulfate
as an initiator. A mixture of 4 ml of methyl methacrylate, 0.2
ml of acrylic acid, 0.2 ml of divinylbenzene was introduced
into the aqueous solution using a high-pressure mechanical
stirrer. Next, the mixture was heated to 65°C in an atmosphere
of inert gas argon using a glycerin bath and a magnetic stirrer.
Polymerization was carried out at 1200 rpm for 5 hours.
The resulting polymer suspension was diluted another 2
times with distilled water, separated by centrifugation into 3
fractions and washed with distilled water. The first fraction
was obtained at a speed of 2000 rpm, the second at a speed of
6000 rpm, and the third at a speed of more than 6000 rpm.

Obtained quantum dots CdSe/ZnS (size 2.8 nm) and
CdSe/CdS/ZnS (size 4.7 nm) mixed with PMMA in a ratio of
1:1, mixed with 3.6 ml of propyl alcohol and mixed for 3
hours using magnetic stirrer. For cleaning non-reactive raw
materials, use a mixture of hexane and propanol in a ratio of
1:1. Then rinse with distilled water (5ml).

The effective radius (R) was calculated from the diffusion
coefficients using the Stokes-Einstein equation based on the
first cumulant:

D = KkT/6mnR

where k is the Boltzmann constant, T is the absolute
temperature, | is the viscosity of the solvent.

3. Results and Discussion
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Figure 1. Absorption spectra of CdSe, CdSe-PMMA, CdSe/ZnS-PMMA,
and CdSe/ZnS/ZnS QDs

As we see, in the absorption spectra there is a shift of
exciton peaks to the long-wavelength (bathochromic) region,
which indicates an increase in the size of nanoparticles (Fig. 1).

Based on the obtained results, "core"”, hybrid "core/shell"
and triplet “core/shell/shell quantum dots" with different
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composition and optical properties were obtained by organic
synthesis in an inert atmosphere. The luminescence intensity
of CdSe nanoparticles showed a peak at 635 nm. It can be
observed that the spectrum of CdSe/ZnS (maximum 590 nm)
and CdSe/ZnS/ZnS (maximum 565 nm) nanoparticles shifted
in the short wavelength region after CdSe quantum dots were
grown on the surface. (Fig. 2).
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Figure 2. Luminescence spectra of yellow (CdSe/ZnS/ZnS), orange
(CdSe/znS) and red (CdSe) quantum dots and fluorescence images

In the study, we can observe that 3 different colored
fluorescent quantum dots of PMMA microspheres are all
monodisperse, high intensity.

In the course of the research, as well as after introducing 3
different quantum dots into polymethyl methacrylate, its
image was taken under a microscope (Fig. 3). It was found
that the shape of multi-code spheres is spherical.
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Figure 3. Optical microscopy image of CdSe, CdSe/ZnS and
CdSe/zZnS/ZnS quantum dots illuminated by laser light

For PMMA composite films, with increasing luminophores
concentration, the emission intensity at wavelengths Aemis =
465 nm and 545 nm for CdS/ZnS and ZnSe/CdS/ZnS quantum
dots increases unevenly. By reducing the concentration in
the PMMA matrix, the maximum content of QDs is 20%
(Fig. 4).
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Figure 4. The concentration dependence of the luminescence intensity
of PMMA composite films doped with hybrid CdSe/ZnS and triplet
CdSe/ZnS/ZnS nanoparticles at Asudying = 275 NmM and Aex = 465 nm and 545
nm, respectively
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Figure 5. Average hydrodynamic sizes of CdSe, hybrid CdSe/ZnS and
triplet CdSe/ZnS/ZnS quantum dots
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According to ultraviolet - spectroscopy (UV-VIS) data,
only CdSe, hybrid CdSe/ZnS, CdSe/ZnS/ZnS quantum dots
can be sufficiently determined, but the thickness of the Zns
shell is only indirectly determined by the amount of used
precursors. Direct determination of shell thickness can be
done using dynamic light scattering method. According to
the DLS data, the outer diameter of the nanoparticles, i.e., the
average hydrodynamic size of CdSe with oleic acid stabilizer
is 5.5 nm, CdSe/ZnS is 6.4 nm, and CdSe/ZnS/ZnS quantum
dots are 11.2 nm (Fig. 5).

The luminescence intensity spectra of hybrid CdSe/ZnS
and triplet CdSe/ZnS/ZnS quantum dots are symmetrical.
After modification with PMMA polymer (Figure 1), the
intensity peaks of the quantum dots remained unchanged. As
can be seen from the optical microscope images, the hybrid
and triplet quantum dots indicate the modification of the
PMMA polymer. Such 2- or 3-coded quantum dots are currently
widely used in tracer technologies.

4. Conclusions

As part of this research, the colloidal method of nanoparticle
synthesis was improved, as a result of which CdSe, hybrid
CdSe/znS and triplet CdSe/ZnS quantum dots with improved
luminescent properties appeared in the luminescence
maximum wavelength range of 565-635 nm. After inserting
the obtained quantum dots in the polymethyl methacrylate
matrix, it was observed that the stability of composite
materials increased.

Such microspheres allow to increase the efficiency of
diagnostics of flows in wells during development of oil and
gas fields. These obtained markers serve to prevent counterfeiting
of petroleum products.
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