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Abstract

Hybrid fluorescent polymer–inorganic nanoparticle composites have a broad set of valuable properties that allow them to be
considered promising materials for photonics and photovoltaics. The design and methods of preparation of these composites
are among the most critical topics of modern materials science. In this work, we have developed an approach to the preparation
of composite polymer films with bright fluorescence and high thermostability. These composite films are based on a porous
polyethylene (PE) matrix, the pores of which are filled by crosslinked poly(dodecylmethacrylate) and CdSe/ZnS core/shell
quantum dots (QDs). The composites obtained are transparent in the visible spectral region and are able to withstand heating
to high temperature and a considerable mechanical stress without loss of this property. These QD–PE composite films contain
QDs in a high concentration and display very bright fluorescence, while they retain the mechanical properties of the initial
porous PE film. Thus, the developed approach makes it possible to obtain composite materials combining the advantageous
properties of PE and QDs without appreciable loss of individual component characteristics. A novel approach to the preparation
of fluorescence composite polymer films, which have transparency, dimensional thermostability and resistance to mechanical
stress, has been developed.
© 2018 Society of Chemical Industry
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INTRODUCTION
Hybrid organic polymer composites containing fluorescent semi-
conductor nanocrystals, or quantum dots (QDs), are promising
materials for both academic research and practical applications.
In recent years remarkable attention has been focused on the
fabrication and study of hybrid polymer materials exhibiting the
properties of both polymer matrix and embedded plasmonic or
excitonic nanoparticles (NPs). Such systems combine the mechan-
ical properties of the polymer matrix and the functional proper-
ties of inorganic NPs. At the present time, particular attention has
been paid to polymer composite materials containing QDs. These
NPs, as a rule, consist of a fluorescent core made of cadmium or
lead chalcogenides, e.g. CdSe, CdS, PbS etc., and a protective high
band-gap semiconductor shell. QDs, due to their small size (about
1–10 nm), demonstrate unique optical and electronic properties,
among which are a strong absorbance of UV and visible light
in a broad spectral range, high photostability and size-tunable
fluorescence with a large quantum yield and narrow emission
linewidth.1–5 It should be pointed out that the optical proper-
ties of QDs are strongly size and shape dependent, which allows
materials to be obtained composed of a single chemical substance
but with different optical properties. These features of QDs make
them promising components for the development of fluorescent

hybrid polymer composites, which could serve as materials for
potential application in displays, sensors, optical amplifiers and
lasers. Therefore, such QD–polymer composite materials are of
particular interest in such fields of technology and engineering as
photonics,6–8 optoelectronics9–11 and photovoltaics.12–14

A primary issue that should be taken into consideration in the
course of the development of QD–polymer composites with effi-
cient fluorescence is the compatibility of these NPs with organic
polymer matrices. During their synthesis and after isolation of
them from the reaction medium, QDs are coated with organic
molecules, e.g. oleylamine, which act as surface ligands and pro-
tect the colloidal NPs from aggregation and oxidation. At present,
the preparation of hybrid polymer composite materials with QDs
can be realized by several approaches15 which are generally based
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on either QD ligand exchange techniques16–19 or the use of a poly-
mer that compatible with ligand molecules covering QDs.20–27

The first approach involves the synthesis of specially designed
low molecular weight or short chain polymer substances which
can act as surface ligands for QDs. This method is a good fit
between the QDs and the corresponding functionality of the
polymer matrix but it can be very time consuming.

The second approach is based on the use of commercially avail-
able monomers or polymers with a high content of aliphatic
groups that can interact with long alkyl chain QD surface ligands.
Lee et al.20 synthesized optically clear polymer composites com-
posed of densely crosslinked poly(dodecylmethacrylate) (PDMA)
and CdSe/ZnS QDs having different sizes. To synthesize these
QD–polymer composites, the QDs were dissolved in a mixture of
dodecyl methacrylate (DMA) and crosslinking agent and then rad-
ical polymerization was carried out. The QDs incorporated into the
PDMA matrix demonstrated similar values of fluorescence quan-
tum yield as their dilute chloroform solution. Having applied a
‘layered’ geometry, in which QDs of different size were located
in different polymer layers, the authors succeeded in obtaining
composites exhibiting white light emission under UV irradiation.
In addition, the application of these QD–polymer composites in a
down-conversion light-emitting diode (LED) was demonstrated. In
this device QD–polymer composites performed the conversion of
a high-energy emission of blue or UV LED to a low-energy radiation
of green and red light.

A similar application of QD–polymer composites as a converter
of high-energy UV irradiation to visible light or as a UV blocking
material has been demonstrated in another report.27 Here, the
QD/silica/polymer composites were prepared by melt-mixing of
QDs encapsulated in mesoporous silica through a microemulsion
technique with poly(ethylene-co-vinyl acetate) pellets using a
twin-screw extruder. The concentration of NPs in the polymer
composites was varied from 0.1% to 1%. According to Mumin
et al.27 encapsulation in mesoporous silica not only prevented
the agglomeration of QDs but also improved the photostability,
the quantum yield of QDs and the compatibility of NPs with the
polymer matrix.

Recently, our group has developed a novel approach for the
preparation of fluorescent QD–polymer composites based
on stretched polyethylene (PE) or polypropylene (PP) porous
films.28,29 The porous PE or PP films were obtained by a stretching
and subsequent annealing technique30 and were characterized
by high porosity (40%–50%) and different degrees of orientation.
The proposed approach involves the adsorption of QDs on the
inner surface of the film pores followed by annealing of the com-
posite above the melting point of the polymer matrix. Annealing
of the samples leads to a collapse of the porous structure to yield
an optically transparent film with encapsulated QDs. However,
heating of the samples above the melting point of PE resulted in
loss of uniaxial polymer chain orientation of the stretched PE film
and deterioration of mechanical as well as optical properties of
the composites.

In this work we propose a new method of creation of fluores-
cent polymer composites based on porous PE with a high content
of CdSe/ZnS quantum dots, characterized by high thermostability
above the PE melting point (T m). Furthermore, our method allows
the anisotropic optical properties of the composites to be pre-
served under mechanical stress and heating. To obtain this sort
of QD–PE composites, we modified the approach described by
Bobrovsky et al.28,29 and replaced the heat treatment during the
annealing stage by photopolymerization of a mixture consisting

of DMA monomer, a crosslinking agent and a radical photoinitia-
tor directly incorporated into the pores of the PE film. The tech-
nique developed allowed us to fabricate QD–polymer composites
based on porous stretched PE films having very bright fluores-
cence, a relatively uniform distribution of QDs in the PE films, good
mechanical properties typical of pure porous PE and high trans-
parency due to the matching of the refractive indices of the PE
matrix and PDMA.

EXPERIMENTAL
Materials
Porous PE films were prepared from commercially available linear
PE (Mw ≈1.4 × 105, Mw/Mn ≈6–8, T m ≈130 ∘C) by sequential extru-
sion with a subsequent annealing, uniaxial extension and thermal
fixation.30 Stretched porous PE films are characterized by the pres-
ence of large pores between stacks of lamellae with a size about
1000 nm (Fig. 1, SEM image, and Fig. S1). Pore size distribution was
measured by the filtration porometry method; the porous PE films
were characterized by asymmetric pore sizes of ca 50–500 nm30

and a film thickness of ca 10 μm. DMA and dipentaerythritol hex-
aacrylate (a crosslinker) were acquired from Aldrich (Germany).
DMA was purified by passing through a column filled with neutral
alumina oxide to remove the polymerization inhibitor. All the other
reagents were commercially available and were used without fur-
ther purification (Aldrich, China). CdSe/ZnS core/shell QDs approx-
imately 4 nm in diameter containing hydrophobic oleylamine sur-
factant on their surface were synthesized according to a previously
reported procedure.31

Instrumental measurements
Spectral measurements were performed using a Unicam UV-500
UV-Vis spectrophotometer. Fluorescence spectra were recorded
using an M266 automated monochromator/spectrograph (SOLAR
Laser Systems, Belarus) equipped with a CCD U2C-16H7317
(Ormins, Belarus), a homemade light-collecting inverted system
using a 100×/0.80 MPLAPON lens (Olympus, Japan) and a home-
made confocal unit with two 100-mm objective lenses. Exciting
light was cut off by Semrock 488-nm RazorEdge® ultrastep
long-pass edge filters (Semrock, USA). Fluorescence of the QDs
was excited by a KLM-473/h-150 laser (Plazma, Russia) operating
at 473 nm. The incident light intensity was equal to 50 mW cm–2

as measured with a LaserMate-Q (coherent) intensity meter.
Polarizing optical microscopy investigations were performed

using a LOMO P-112 polarizing microscope equipped with a Met-
tler TA-400 heating stage.

For TEM studies, thin cut films of samples (80–100 nm) in the
transverse direction to their surface were prepared at a cutting
rate of 1 mm s−1 using an ultramicrotome (Reichert-Gung) with
a diamond knife (Diatome). These films were studied using an
LEO 912 AB Omega transmission electron microscope (Carl Zeiss)
operating at an accelerating voltage of 100 kV.

Uniaxial tensile deformation was carried out using an
Instron machine (model 4301) equipped with 1 kN load cell.
Dumbbell-shaped specimens having 20 and 6 mm in gauge
length were strained at a constant crosshead speed of 5 mm min−1.
Young’s modulus (E), elongation at break (𝜀b) and tensile strength
(𝜎b) were assessed. All tests were performed at room temperature.

The contraction of the PE films on heating in a free state was
calculated from the change in dimensions of the specimen:

contraction =
[(

l0 – lcontracted

)
∕l0

]
× 100%
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Figure 1. Preparation route of QD-containing polymer composites based on porous stretched PE films.

where l0 is the initial specimen length and lcontracted is the specimen
length after contraction.

RESULT AND DISCUSSION
Preparation of QD–PE composites
First, we consider successive stages of QD–PE composite prepara-
tion. The PE films used in this work had an oriented pore structure
with pore size about 50–500 nm and polymer fibrils aligned along
the stretching direction (see SEM images, Figs 1 and S1). The ini-
tial films were strongly turbid due to light scattering at pore walls.
However, the PE films can be made transparent if their pores are
filled with a substance having refractive index equal to the refrac-
tive index of the PE film. It is well known that low molecular weight
compounds can easily penetrate inside a film with a porous struc-
ture. At the same time, high molecular weight compounds, as a
rule, lose this advantage due to the extremely high viscosity of
their melts that does not allow polymer molecules to squeeze into
film pores. However, this problem can be overcome if the polymer
is being synthesized directly in the interior of the pores.

To obtain the composite films we chose methacrylic monomer
DMA with a long aliphatic chain that has the same refractive index
as that of the PE film. Moreover, DMA can dissolve a rather large
amount of QDs (up to 25 wt%). It should be noted that the glass
transition temperature of polymer on the basis of DMA is consid-
erably below room temperature (ca −60 ∘C), which provides an
enhanced mobility of macromolecules inside the porous PE matrix.
On the other hand, in order to improve the mechanical proper-
ties of such films (tensile strength and moduli) a small amount of
a crosslinking agent (dipentaerythritol hexaacrylate) was added
to the photopolymerizable mixture deposited on the porous PE
films. A UV photoinitiator (Irgacure 651) was also included in

the photopolymerizable mixture to initiate polymerization of the
monomers. The chemical structure of all components and the
composition of the photopolymerizable mixture are shown in
Table 1. A scheme demonstrating the sequence of preparation
steps of QD–PE composite films is given in Fig. 1.

The first stage consisted in filling PE film pores with a concen-
trated (20 wt%) solution of QDs in octadecene. The octadecene
solution easily penetrates inside the pores of the PE film driven
by capillary forces, and the transparency of the film is dramatically
increased due to matching of the refractive indices of octadecene
and the PE film. Figure 1 (the first stage) schematically shows the
coloured PE film containing the solution of QDs in octadecene
arranged inside the pores. This film is rather transparent and dis-
plays birefringence.

At the second stage, the PE film was washed with acetone.
After drying the sample in vacuum at ambient temperature, the
turbidity of the film was recovered (Fig. 1, the second stage). Since
QDs are insoluble in acetone and octadecene and acetone are
completely miscible, the QDs were precipitated directly inside the
pores of the PE film while the octadecene solvent was extracted
with an excess of acetone. Thus, the initial porosity of the PE film
was restored and QDs were adsorbed on the inner surface of the
film pores, i.e. on the pore walls.

At the third stage, the porous PE film containing QDs was
dipped into the photopolymerizable mixture (Table 1) until all
pores were impregnated with the mixture. Then the film was
drawn off from the photopolymerizable mixture and excess of the
mixture was removed by wiping with filter paper. In order to induce
photopolymerization, the film was placed in a special quartz cell;
the inner space of the cell was filled with glycerin. The quartz cell
was exposed to UV illumination (𝜆 = 365 nm, I = 1 mW cm–2) for
20 min (Fig. 1, the third stage).

Polym Int 2018; 67: 1275–1281 © 2018 Society of Chemical Industry wileyonlinelibrary.com/journal/pi
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Table 1. Chemical structure of the components and composition of
the photopolymerizable mixture

Component Content (wt%)

Dodecyl methacrylate (DMA) 65

Irgacure 651 (a
photoinitiator)

3

Dipentaerythritol
hexaacrylate
(a crosslinker)

6

CdSe/ZnS QDs, 4 nm in
diameter

26

The initial PE films are highly opaque and scatter the light due to
the porous structure with submicron and micron pore dimensions.
On the other hand, the final QD–PE composite films are transpar-
ent due to the close refractive indices of PE and crosslinked PDMA
and coloured due to the presence of QDs (Fig. 2(a)). The weight
fraction of QDs in the QD–PE composite films was measured by
gravimetry and was 18 wt%.

It is well known that the QDs have a tendency to form aggregates
when they are displaced from their native medium. In order to
check if QD aggregation occurred and to reveal the distribution of
QDs within the composite films TEM measurements were carried
out. As is clearly seen from Fig. 2(a), the final QD–PE composite
film contained both individual QDs and QD aggregates. The latter
consisted of hundreds of NPs (Fig. 3(a)). However, the dimensions
of the aggregates are rather less than the wavelength of visible
light (the size of the aggregates was less than 200 nm). In other
words, the aggregates have an insignificant effect on such optical
properties of the composite films as transmittance, light scattering
etc. Moreover, oleylamine molecules, which cover the surface of
the QDs, prevent coalescence of the NPs.

We have assumed that the most likely explanation of QD aggre-
gate formation is connected with the washing process of the films
with acetone at the second stage of composite preparation (Fig. 1).
To clarify the reason for aggregate formation two additional sam-
ples of QD-containing composites were investigated (see Fig. 1,
right-hand side). The first test sample (test sample 1) was pre-
pared by filling the pores of the film with QD octadecene solution
and subsequent extraction of octadecene with acetone. In other
words, only the precipitation of QDs from octadecene solution by
acetone directly in the film pores was realized. In comparison with

Figure 2. Photographs of the final QD–PE composite films before (a) and
after (b) mechanical stretching up to fracture. The dashed arrow indicates
the initial stretching direction of the porous PE film. The solid arrow
indicates the stretching direction under tensile drawing. The letters (text)
are printed on paper and are used for demonstrating the transparency of
the composite films.

the preparation route of the final QD–PE composite film (Fig. 1),
the third stage of preparation was excluded for test sample 1.

Another sample of the QD–PE composite film (test sample 2) was
prepared by solely filling the initial porous PE with the photopoly-
merizable mixture containing a small amount of dissolved QDs and
photopolymerization under UV illumination (Fig. 1, test sample 2
preparation). Figure 3 shows TEM images of the final QD–PE com-
posite film and all test samples obtained by the various ways.

The dimensions of the aggregates are considerably smaller in
test sample 2 (Figs 3(c) and S2) compared with test sample 1 pre-
pared by the two-stage method (Figs 3(b) and S3). On the other
hand, test sample 1 contains aggregates with dimensions like the
aggregates from the QD–PE composite film prepared by a com-
plete three-stage routine (Figs 3(a) and S4). Thus, we can conclude
that the formation of aggregates takes place predominantly in the
second stage of the preparation route.

Thus, the distribution of QDs in the final QD–PE composite film is
heterogeneous, which is caused by an uncontrollable precipitation
of QDs in the second stage and the tendency of NPs to form
aggregates due to the extremely high surface area of the QDs.
On the other hand, the majority of QDs that were introduced in
the third stage of preparation of the final QD–PE composites are
distributed inside the composite in a non-aggregated manner.
However, despite the presence of QD aggregates, their dimensions
are predominantly less compared to visible wavelengths, which
does not impair the transparency of the QD–PE composite films.
It should be noted that test sample 2 (Fig. 1) contains only about
6 wt% of QDs which is three times smaller than in the final QD–PE
composites obtained by the three-stage method.

We now consider the optical and mechanical properties of a
sample of the final QD–PE composite obtained by the three-stage
method and containing 18 wt% QDs.

Optical properties of QD–PE composites
As can be seen from Fig. 4, the transmittance spectrum of the
QD–PE composite film has appreciable absorbance in the
blue spectral region, rising with decreasing wavelength, with
a pronounced peak with a maximum at 560 nm. This maximum
corresponds to the first excitonic transition of the QDs. The same
peak is observed in absorbance spectra of test sample 1 and 2
(Fig. S5). Absorbance in the blue region is primarily related to the
absorbance of QDs. In addition, minor light scattering artefacts
can be observed between 600 and 700 nm, probably occurring
due to the existence of closed pores which are inaccessible for the
photopolymerizable mixture.

wileyonlinelibrary.com/journal/pi © 2018 Society of Chemical Industry Polym Int 2018; 67: 1275–1281
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Figure 3. TEM images of (a) final QD–PE composite films (Fig. 1) obtained by the three-stage QD introduction method; (b) test sample 1 obtained by the
two-stage method; and (c) test sample 2.

Figure 4. Transmittance and fluorescence spectra under blue light illu-
mination (𝜆ex = 473 nm) of the QD–PE composite film. The inset shows a
photograph of the QD–PE composite film fluorescence.

Under blue light illumination (𝜆 = 473 nm) the QD–PE compos-
ite films demonstrate a bright fluorescence with a peak maximum
at 584 nm (Fig. 4). At the same time, the fluorescence peak of QDs
dissolved in chloroform is observed at 575 nm (Fig. S6(a)). The
noted slight shift of the peak may be associated with an aggrega-
tion of QDs32,33 Indeed, test sample 1 containing large QD aggre-
gates has a peak maximum at 583 nm. At the same time, the peak
maximum of test sample 2, which chiefly contains non-aggregated
QDs, is similar to the solution of QDs (Fig. S7). Therefore, in the case
of the final composite polymer films, the observed shift of the peak
position is due to an aggregation of QDs. The inset in Fig. 4 shows
a photograph of the QD–PE composite film under illumination by
blue light. It should be pointed out that the composite films dis-
play homogeneous strong yellow fluorescence easily visible by the
naked eye. These spectral features are typical for QDs and provide
experimental proof of the presence of a high concentration of QDs
in the composite films.

Polarizing optical microscopy reveals a birefringence of the
QD–PE composite film that is associated with the crystalline struc-
ture of the initial stretched oriented PE film. In addition, orienta-
tion of PE chains in the QD–PE composite causes a transmittance
change if this sample is observed in polarized light (Fig. 5). On
the other hand, owing to extremely high light scattering, birefrin-
gence of the initial porous PE film cannot be directly observed
using polarizing optical microscopy. Nevertheless, after filling the
pores with a substance having the appropriate refractive index

Figure 5. Optical microscopy image between crossed polarizers (scale bar
100 μm) of the QD–PE composite film before (a) and after (b) rotation
at 45∘ . The blue arrows indicate the direction of the polarizers and the
white arrow indicates the stretching direction.

Figure 6. Stress–strain curves of porous PE (curve 1) and QD–PE compos-
ite (curve 2) films (T = 20 ∘C).

(e.g. dimethylformamide), the film becomes transparent and bire-
fringence can be clearly observed.

Mechanical properties and thermal stability of QD–PE
composites
To study the possible influence of crosslinked polymer on the
mechanical properties of the composite PE films we performed
mechanical measurements of the QD–PE composite films and
compared their properties with the same mechanical characteris-
tics of the initial samples of the porous PE films.

Figure 6 presents stress–strain curves for samples of the initial
porous PE film and its composite with QDs during axial drawing.
The values of Young’s modulus, elongation at break and ultimate
strength, calculated from the typical stress–strain curves of these

Polym Int 2018; 67: 1275–1281 © 2018 Society of Chemical Industry wileyonlinelibrary.com/journal/pi
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Table 2. Mechanical properties of porous PE samples and the QD–PE composite film

Sample Young’s modulus (E), MPa Elongation at break (𝜀b), % Tensile strength (𝜎b), MPa

Porous PE film 310 ± 10 66 ± 1 150 ± 10
QD–PE composite film 280 ± 14 82 ± 1 140 ± 10

Figure 7. Changes in linear size (along the stretching direction) of porous PE (curve 1) and QD–PE composite (curve 2) films upon annealing at various
temperatures. To achieve the equilibrium state, the samples were annealed at each temperature for 20 min.

compounds, are given in Table 2. For the pure porous PE and the
QD–PE composite films deformation proceeds in a homogeneous
manner along the entire gauge length of the sample. These curves
have the typical shape inherent to oriented crystalline polymers
under deformation.34,35

The initial pure porous PE and QD–PE composite films show
similar mechanical properties in terms of Young’s modulus, elon-
gation at break and tensile strength as follows from Table 2 and
as is clearly seen by comparing curves 1 and 2 in Fig. 6. It should
be noted that, despite the high concentration of QDs in the com-
posite films, the initial mechanical properties of PE are completely
preserved. The QD–PE composite films have rather high values of
elongation at break, 82%, and approximately the same values of
tensile strength (140–150 MPa).

As described by Nwabunma and Thein36 introducing inorganic
NPs into unoriented polyolefins may lead to their embrittlement.
Typically, the content of inorganic additive sufficient for composite
embrittlement amounts to 20 wt% or less. On the other hand, the
mechanical properties of QD–PE composite films obtained in this
work are mainly determined by the initially oriented PE matrix
and are independent of the presence of both QDs and crosslinked
PDMA impregnated in PE pores.

It should be noted that QD–PE composite films do not change
their transparency during the deformation (Fig. 2). This means
that deformation of QD–PE composites is not accompanied by
processes of cavity formation. Thus, QD–PE composite films
can preserve good optical properties under mechanical load up
to their break and can be used as optical media that undergo
mechanical action.

The heating of porous PE films above the melting point of PE
may lead to collapse of the pores which in turn would stimulate
distortion of the geometrical shape of the polymer films. Figure 7
demonstrates the changes in linear size of the porous PE film

Figure 8. Optical microscopy image between crossed polarizers (scale
division 10 μm) of a QD–PE composite film annealed at 160 ∘C before (a)
and after (b) rotation at 45∘ .

along the stretching axis after heating at various temperatures.
A contraction by more than two times from the initial porous
PE film was observed for these samples. In contrast, the QD–PE
composite films in which pores were filled with crosslinked PDMA
are characterized by low contraction, which was depressed about
three times (Fig. 7). As can be seen in Figs 7 and S8, the geometrical
shape and dimensions of the composite films have changed little
after heating at 160 ∘C.

Thus, filling the pores of PE composites by crosslinked PDMA has
hampered contraction to a considerable degree and improved the
thermal stability of QD–PE composite films. It is interesting to note
that after thermal treatment of QD–PE composite films at 160 ∘C
(above the melting point of PE) the optical anisotropy of the film is
preserved but it becomes less pronounced (Fig. 8).

In addition, thermal treatment at 160 ∘C of QD–PE composite
films increased the transmittance of the sample in the visible
region (Fig. S6(b)). The light transmittance reached a value up to
70% in the visible region. This may be due to the collapse of pores
that were not filled with PDMA on heating of the PE film above
the melting point. It should be noted that annealing has slightly

wileyonlinelibrary.com/journal/pi © 2018 Society of Chemical Industry Polym Int 2018; 67: 1275–1281
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improved text readability through the QD–PE composite film
(Fig. 7).

Annealing of the QD–PE composite films led to decreasing
intensity of fluorescence as also clearly seen in Fig. S6(a). This
phenomenon can be explained by the decrease in light scattering
of the composite film that was shown above or by the change of
aggregation state of the QDs.37

CONCLUSION
A novel approach to the preparation of fluorescent com-
posite polymer films based on porous PE film, crosslinked
poly(dodecylmethacrylate) and CdSe/ZnS QDs has been devel-
oped. The composite films are characterized by a high content
of QDs (ca 18 wt%) and a relatively uniform homogeneous dis-
tribution of NPs within the samples. The QD–PE composite films
displayed very bright fluorescence in the visible region, high trans-
parency and considerably higher thermal stability in comparison
with the initial porous PE film even above the PE melting point.

It was found that the mechanical properties of the QD–PE
composite films are similar to those of pure PE film and the tension
of the QD–PE composite films leaves their optical properties
unchanged. The QD–PE composite films obtained in this work
can be used in photonics, optoelectronics, photovoltaics and as
greenhouse coverings.
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