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ABSTRACT

 Unique properties of nanohybrid composites based on different types of porous polymer 
matrices doped with fluorescent nanoparticles (quantum dots, QDs) are determined by the 
combination of the mechanical properties of the host matrix (flexibility, chemical stability, etc.) and a 
high luminescence intensity and extreme stability of QDs. Here, we report on the preparation, optical 
and microstructural characterization of a nanoporous stretched polypropylene matrix embedded 
with CdSe/ZnS QDs as fluorescent dopants at a high concentration. The microstructure and optical 
properties of two types films based on QD-polymer composites and liquid crystals are described. 
The distribution of QDs in the composite films and their morphology was determined. The annealing 
of the nanoporous composite films leads to shrinking of the pores and encapsulation of QDs, which 
results in a domain-like structure. The resulting flexible, stable and highly luminescent materials 
may be applied to obtain the highly luminescent diodes, the light converter devices and the display 
systems.
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INTRODUCTION

 Designing organic–inorganic hybrid polymer 
composites has been a remarkable challenge in 

recent decades. Such composites combine good 
mechanical properties of polymer matrices with 
unique optical, electrical, and other characteristics of 
the inorganic dopants1,2. Semiconductor fluorescent 
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quantum dots (QDs) are among the most prominent 
fluorescent dopants, attracting increasing attention 
due to their unique optical properties. QDs have 
broad light absorption bands and intense, narrow 
fluorescence bands whose spectral positions 
vary from the IR to almost the UV region. The 
wavelengths of the absorbance and fluorescence 
maximums can be easily tuned by varying the QD 
size, which is determined by the conditions of their 
synthesis3,4. These properties of QDs make them 
the most promising type of fluorescent dopants for 
the development of nanohybrid composites based 
on different types of polymer matrices. Among the 
main lines of research in this field, noteworthy are the 
development of techniques for highly homogeneous 
aligned distribution of QDs in different organic 
matrices5-9, designing of light conversion devices10-

12, and sensing approaches13,14. Significant efforts 
have been made to engineer hybrid nanophotonic 
materials from different types of liquid crystals and 
QDs15,16. Our research group has taken part in the 
development of photonic devices with photo- and 
electrically controlled fluorescent properties based 
on cholesteric liquid crystal matrices doped with 
CdSe/ZnS semiconductor fluorescent QDs17-19, 
as well as the development of the techniques for 
characterization of polymer matrix–QD hybrid 
systems20. The main difficulty with most of the 
polymer matrix doping processes is an extremely 
low concentration of the homogeneously dispersed 
QDs, which prevents the use of these systems for 
engineering of highly luminescent devices.

 In order to overcome this problem, we 
employed a new strategy based on encapsulation 
of QDs into pores of porous polymers. In our 
previous studies21,22, a simple and robust method 
of preparation of QD–polymer composite films out 
of nanoporous polypropylene (PP) or polyethylene 
(PE) and CdSe/ZnS QDs was elaborated. In the 
study16, two types of PP-based composite films were 
prepared. The first type was obtained by absorption 
of CdSe/ZnS QDs onto the porous structure of PP 
films, followed by annealing above the melting point 
of PP. The second type of composite films was 
obtained by filling porous QD–PP composites with a 
nematic liquid crystal (LC) mixture. It has been shown 
that both types of composites are characterized by 
low light scattering, which makes it possible to study 

their optical properties by means of absorbance and 
fluorescence spectroscopies.

 The present paper describes detailed 
investigation of the microstructure and optical 
properties of such QD–polymer-liquid crystal (QD-
PP-LC) composite films. For this purpose, two series 
of samples were prepared. One of them (Sample 1) 
was obtained by filling PP with liquid crystals and 
a concentrated solution of QDs in octadecene; the 
other (Sample 2), by filling PP with liquid crystals and  
a QD solution in octadecene followed by washing the 
film with acetone and annealing it at 170°C.

 Octadecene is a good solvent for QDs, with 
a very high boiling point (315°C) and a refractive 
index close to that of PP. The similarity of refractive 
indices allow transparent composite films to be 
obtained; the high boiling temperature and low vapor 
pressure ensure their stability.

 The main goal of this study was detailed 
analysis of the nanoporous structure and fluorescent 
properties of the obtained composite films using 
optical and atomic force microscopies and confocal 
fluorescence microspectroscopy. This combination of 
microscopy methods allowed us to obtain data on the 
morphology of composite films and QD distribution 
in them. Proposed approach enable controlled 
engineering of nanohybrid composites with desired 
morphology and physical, mechanical and optical 
properties.

EXPERIMENTAL

Nanoporous PP films
 Nanoporous PP films were purchased from 
Celgard (a CelgardR 2500 microporous monolayer 
membrane). The thickness of the films was 25 ìm, 
the porosity was 55%, and the average pore size 
was 0.064 µm.

Synthesis of QDs
 The procedure of the synthesis of CdSe/
ZnS core/shell QDs is described in detail in3. 
CdSe cores with a diameter of ~2.9 nm were 
synthesized by the hot-injection method, using 
n-hexadecylphosphonic acid as a capping agent. 
After isolation and purification, the CdSe cores 
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were coated with a three-monolayer ZnS shell in 
an octadecene-oleylamine solution, after which 
the native surface capping ligands were replaced 
with tri-n-octyl phosphine oxide (TOPO). The 
fluorescence quantum yield of the core/shell QDs 
was 68%, as estimated using rhodamine 6G as a 
reference dye. Prior to introducing them into the PP 
matrix, the purified CdSe/ZnS QDs were dissolved 
in 1-octadecene (20 mg/mL).

Preparation of QD–polymer-liquid crystal 
composites
 The QD-PP-LC composites (Sample 1) 
were prepared by coating nanoporous PP films 
with a concentrated QD solution in octadecene (20 
mg/mL). After complete filling of the films with the 
solutions, which took a few seconds, excess solution 
was removed using filter paper. Then, a LC based 
on MLC6816 (cyclohexane derivatives, Merck) was 
introduced into the porous structure of the PP-QD 
films. 

 Sample 2 was prepared by filling PP with 
the same QD solution and LC in octadecene followed 
by washing the film with acetone and annealing it at 
170°C.

Methods
 Fluorescence confocal images were in 
the spectral range of 583–592 nm for all samples. 
The fluorescence spectra were recorded using an 
M266 automated monochromator/spectrograph 
(SOLAR Laser Systems) with an U2C-16H7317 
CCD (Ormins) and a homemade light-collecting 
inverted system using a 100X/0.80 MPLAPON lens 
(Olympus) and a homemade confocal unit with 
two 100-mm objective lenses, a 100-µm pinhole, 
and two Semrock 488-nm RazorEdge® ultrasteep 
long-pass edge filters (Semrock). An LGN-519M 
Ar+ laser (Plazma) operating at 488 nm was used 
for fluorescence excitation at a light intensity of 0.1 
mW, as measured with a LaserMate-Q (Coherent) 
intensity meter. An integration time of 0.03 s was 
used for recording confocal images. The scan area 
was 10×10 µm (100×100 points).

 AFM and upright microscopy images 
were acquired using an SPM Nntegra base (NT-
MDT) equipped with an Optem Zoom 125C upright 
microscope (Qioptiq). This SPM base was combined 

with the aforementioned inverted microscopic 
system, allowing us to obtain AFM, inverted 
microscopic, and upright microscopic images from 
the same area of the sample. For AFM images, a 
scan area of 8×8 µm (512×512 points) and AFM 
cantilevers of the ETALON HAFM series (NT-MDT) 
were used.

RESULTS AND DISCUSSION

 Figure 1 shows the absorbance and 
fluorescence spectra of the obtained samples. As 
seen from the figure, both samples exhibit the light 
absorption and emission characteristics determined 
by the high concentration of QDs. The fluorescence 
maximum for Sample 2 (589 nm) is red-shifted 
relative to that of Sample1 (585 nm), probably, due 
to energy transfer.

 The upright and inverted optical images of 
Sample 1 (Figures 2a, 2b) and Sample 2 (Figures 
2c, 2d) are shown in Figure 2. The most distinctive 
feature of the two samples is a homogeneous 
opaque surface, which strongly scatters light in the 
upright mode in the unannealed sample (Figure 2a). 
The Sample 2 surface has a domainlike structure 
formed by tightly packed optically transparent 
“domains” separated by opaque borders and is also 
well observed in the upright mode (Figure 2c).

 Both samples are similarly and intensely 
colored due to the embedded QDs, the coloration 
being apparently uniform. They, however, significantly 
differ in transparency. The Sample 1 optical image 
obtained in the inverted mode (Figure 2b) is mostly 
a continuous dark field.

 Sample 2 is completely transparent at the 
same light intensity (Figure 2d). In this case, the inner 
radial structure of the domains converging to the 
center and the domain boundaries are clearly visible. 
However, the defective, in terms of light scattering, 
areas of Sample 1 deserve special attention. They 
are seen as dark spots in Figure 2a (area 1). A 
surprising fact is that these spots are the only light 
(transparent) areas in the optical images obtained 
in the inverted mode. The inverted image of area 1 
(Figure 2a) is shown in Figure 2b. The nature of the 
transparent areas in Sample 1 (PP CelgardR 2500) 
will be studied further, but at this point it is important 
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Fig. 1: The (a) absorbance and (b) fluorescence spectra of two samples;
The fluorescence excitation wavelength is 532 nm

to note that the reference sample is not completely 
transparent and exhibits a very high light scattering 
with no localized areas of transparency.

 The next step in investigating the properties 
of the materials obtained (PP CelgardR 2500/
QD) was to study the surface topography of these 
samples by means of AFM. The AFM images of the 
reference sample PP CelgardR 2500 (Figure 3a), 

Sample 1 (Figures 3c, 3d), and Sample 2 (Figure 3e) 
and the corresponding cross sections are shown in  
Figure 3. The AFM scanning direction of  all 
the samples coincided with the direction of the 
polypropylene matrix tension. The result of this 
location of the sample is the structure with an 
undulating “large” period (on average, about 1 
ìm) related to an almost uniform rupture of the 
polypropylene matrix along the tension direction 
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in all AFM images. Thus, relatively long (up to 
tens of micrometers) filamentary structures about 
100 nm in height and as wide as several hundred 
nanometers perpendicular to the scanning direction 
are formed (Figures 3a, 3b, upper panel). There 
are also filamentary structures with a “small” period 
(100 nm) located almost perpendicularly to those 
“large” structures. The “small” filamentary structures 
are obviously formed by the polypropylene matrix 
fragments remaining after spatial separation of 
the “large” filamentary structures (Figures 3a, 3b, 
bottom panel). Transverse parameters of the “small” 
filaments cannot be accurately measured by AFM, 
since the aspect ratio of the cantilever tip does not 

allow it to penetrate between them. However, we 
can assume that the samples have about the same 
3D network-like structure consisting of “large” and 
“small” in their bulk. The average porosity can be 
estimated at about 60%, assuming the average ratio 
of the “large” filament width to the distance between 
the filaments to be 1/3 and the same parameter for 
the “small” filaments to be 1/2. The porosity estimated 
using conventional techniques is close to 55%23. 
Good agreement of these values means that the 
bulk structure of Sample 1 generally corresponds 
to the surface morphology revealed with AFM and 
consists of mutually perpendicular “small” and 
“large” filamentary structures. This porosity value 

Fig. 2: Upright (a, c) and inverted (b, d) light microscopy images of Sample 1 (a, b) and Sample  
2 (c, d). Dark round area 1 in the upright image (panel a) is the same that in the inverted image 
(panel b). Bright spot 2 in the upright image (panel a) is the fluorescence excitation laser spot
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indicates the possibility of introducing a substantial 
amount of a dopant (in the given case, QDs) into 
the material.

 Analysis of the morphology of QD 
distribution in the matrix was the next step of this 
study. A large-scale view of the Sample 1 surface is 

Fig. 3: (a) An AFM image of the reference PP CelgardR 2500 sample. The white dotted lines 
indicate cross sections. A typical but rare defect of this structure is seen in the left bottom 

corner. (b) The profiles of the horizontal (top) and vertical (bottom) cross sections shown in panel 
a. (c) Large-scale and (d) closeup AFM images of the Sample 1 area enriched with QDs (marked 

with a white dashed circle in panel c). (e) An AFM image of Sample 2 and (f) the profile of its cross 
section indicated by the white dotted line

 a b 

c d 

e f 
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shown in Figure 3c. As seen from the figure, QDs 
are not distributed uniformly throughout the sample 
surface; instead, they form islands (marked with 
dashed circles in Figure 3c). Comparison of AFM 
images and optical images obtained in the upright 
mode shows that all regions of QD accumulation 
in AFM images coincide with dark spots in optical 
images obtained in the upright mode, such as 
those shown in Figure 2a (area 1) and areas of 
local transparency in Sample 1 shown in Figure 
2b. The AFM image of area 1 (Figure 2a) of the 
Sample 1 surface is shown in Figure 3d. Here, 
QDs form submicrometer- and micrometer-sized 
agglomerates. Probably, the formation of these large 
QD agglomerates contributes to the substantial 
change in the scattering properties of the QD-PP-

LC material without altering the overall PP matrix 
morphology.

 Annealing of these samples led to their 
contraction, with “large” filamentary structures 
moving close to one another up to a complete 
absence of intervals between them, while the 
filament sizes remained unchanged (Sample 2; 
Figures 3e, 3f). The surface structure of Sample 
2 did not allow us to use AFM for determining the 
location of QDs on its surface, but it did not detect 
any local area of QD accumulation, which agrees 
with the absence of the corresponding defects in 
optical images of Sample 2 (Figure 2). Evidently, the 
contraction of the structure as a result of annealing 
contributes to the effect of the QD “locking” in the 

Fig. 4:  Confocal fluorescence images of (a) Sample 1 and (c) Sample 2. The distributions of 
fluorescence intensity along the cross sections of (b) Sample 1 and (d) Sample 2 indicated by the 

blue dotted lines in panels a and c, respectively
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PP matrix, which results in a flexible material with 
highly stable fluorescent characteristics.

 The final step of this study was to 
evaluate the homogeneity of the distribution of QDs 
embedded in the LC and PP matrix, as well as the 
effects of the washing and annealing procedures 
on this characteristic. Confocal fluorescence 
microspectroscopy was used for this purpose. 
Confocal fluorescent images of Sample 1 and Sample 
2 are shown in Figures 4a and 4c, respectively.

 The fluorescence profiles of cross sections 
indicated by the blue dotted lines in the confocal 
images (Figures 4a, 4c) reflect the differences in 
the morphology of QD distribution in Samples 1 and 
2 (Figures 4b and 4d, respectively). As seen from 
Figures 4b and 4d, the annealing (Sample 2) made 
the QD distribution in the PP matrix substantially 
more uniform. The total difference in fluorescence 
intensity within each “domain” of the structure did 
not exceed 10% (Figure 4d.), with QDs almost 
entirely absent at the domain boundaries (the 
upper left corner of the image in Figure 4c). Before 
annealing (Sample 1), the QD distribution was 
substantially less homogeneous. The total difference 
in fluorescence intensity (more than 60%) was 
accounted for by numerous local inhomogeneities 
(Figure 4b). The locations of these inhomogeneities 
mainly coincided with the locations of dark spots in 
the optical images obtained in the upright mode. For 
example, in area 1 (Figure 2a), the QD fluorescence 
intensity was three times higher than that in area 2 
(laser spot showed) with a relatively homogeneous 
QD distribution. It should be noted that the highly 
heterogeneous distribution of QD fluorescence in 
Sample 1 (Figure 4b) is also observed in the areas 
that look homogeneous under an upright optical 
microscope.

 Thus, annealing plays an important role in 
the preparation of PP–QD materials, “locking” QDs 
in the PP matrix and substantially increasing the 
homogeneity of their distribution.

CONCLUSIONS

 A new type of nanohybrid materials 
engineered by encapsulat ing f luorescent 
semiconductor QDs into the CelgardR 2500 
polypropylene matrix has been characterized with 
the use of AFM and confocal microspectroscopy. 
It has been found that stretching of the initial 
polypropylene matrix resulted in the formation 
of mutually perpendicular “small” and “large” 
filamentary structures. The “large” filaments 
with an average period of about 1 ìm are almost 
perpendicular to the stretching direction, whereas 
the “small” filaments (with an average period of 
about 100 nm) are oriented in an almost opposite 
direction. Comparison of the values of bulk porosity 
estimated by means of the standard technique and 
surface morphology analysis suggests that this 
filamentary structure is characteristic of the bulk 
PP-QD-LC material. Such a high porosity allows 
incorporating significant amounts of QDs into the 
PP matrix. It has been found that annealing of the 
PP-QD-LC nanohybrid material leads to shrinking of 
the pores formed with crossed filaments and, as a 
result, encapsulation of the incorporated QDs and 
formation of a domain-like structure. Moreover, it 
has been shown that annealing significantly (sixfold) 
increases the homogeneity of the QD distribution 
within each domain.

 In conclusion, it should be noted that 
encapsulation of fluorescent semiconductor QDs 
into an annealed PP matrix yields a flexible and 
stable material characterized by highly intense and 
homogeneous fluorescence. The most appropriate 
areas of application of such hybrid systems are 
the development of sensors systems24-26, highly 
luminiscent diodes, including white light-emitting 
ones11,27,28, light converter devices12, and display 
systems29.
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