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Abstract

Semiconductor colloidal nanocrystals are attractive materials since they can be adapted to polymers to form
hybrid materials and are compatible with many optical applications. Here, synthesis of CdSe/CdS nanorods
(NRs) via hot injection method is carried out, followed by preparation of hybrid polymer films from
polyethylene glycol monomethyl ether-block-poly(glycidyl methacrylate)-block-poly[2-
(diethylamino)ethyl methacrylate] triblock copolymer (MPEG-b-PGMA-b-DEAEMA) at a liquid-air
interface. The optical properties of the films are finely adjusted to form optically anisotropic (i.e. dual-color
emissive) films by using dyes for the other emitter as desired. Thiazolo[5,4-d] thiazole (TTz)-based dye and
6-carboxy fluorescein were used for this purpose. Tunable emission of TTz dye from blue to green
dependent on changing pH value resulted in blue-green emissive polymer films, while red emission of
CdSe/CdS NRs caused red emissive films. Phase separation of these materials is achieved by the hexane-
insoluble nature of MPEG-b-PGMA-b-DEAEMA and the high solubility of NRs in it. These dual emissive

films are promising candidates for waveguides and optical sensors.
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1. Introduction

Colloidal nanocrystals can be described as a hybrid
material consisting of an inorganic core coated with a
layer of organic molecules (ligands). Semiconductor
nanocrystals are unique materials with extended optical
properties such as high quantum yield, narrow full-width
half maximum, and tunable emission wavelength. Such
materials are great as dopants for various matrixes to get
functional materials. Polymers are quite advantageous as
matrix materials for nanocrystals due to their low cost,
simple processability, and availability on an industrial
scale. Dielectric polymers such as polydimethylsiloxane,
polystyrene, and polyacrylates can be used as a matrix for
semiconductor nanocrystals due to their optical
transparency in the visible region, mechanical strength,
flexibility, and their well-known chemical behavior.
There are various strategies for incorporating colloidal
nanocrystals into polymer matrixes without substantially
altering their initial photophysical properties. One of the
most widely used and simplest ways is to mix
hydrophobic nanocrystals directly as-synthesized with a
polymer solution in nonpolar solvents and then evaporate
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the solvent to form the mixture to form a solid matrix.
Another approach is to disperse nanoparticles in
monomers or pre-polymerized oligomers and perform in-
situ polymerization to obtain nanocomposites with
embedded nanocrystals *. The most used polymer matrix

materials, such as polyacrylates and polystyrene
derivatives, limit the potential applications of
nanocrystals because of their solid matrixes.

Polymethylmethacrylate (PMMA) is used as a matrix for
CdsSe colloidal quantum wells, 2, a homogenous CuZnInS
(CZIS) nanocrystal-embedded polystyrene with high
quantum vyield is reported in the earlier studies * 3. In
addition to these solid matrixes, CdSe/CdS nanorods
were embedded into the flexible polymer to form a film
to orient the nanorods by stretching the film, resulting in
a higher emission intensity 4. CdS quantum dot dopped
polymers were investigated effectively for further
applications 5. Polymer / nanocrystal-based hybrid
structures with unique optical properties were also
obtained by encapsulating nanocrystals with amphiphilic
polymers ® 7. Photoluminescent polymers have been
prepared by various approaches in the early reports. In
the 1980s, Dy*", Er¥, Eu®*, Tb*, and Sm*" doped
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copolymers were prepared to prepare fluorescence
polymer materials, and their optical properties, which
vary with the thickness and dopant amount of the films
were examined &1 Combining copolymers with
fluorescent structures such as N-vinyl carbazole-
containing vinyl groups has been another strategy to
prepare fluorescent polymers in these years %2, In other
reports, fluorescence polymers were prepared by adding
dyes to polymers to investigate the effect of the polymer
matrix on the Stokes shifts of the fluorophore * 4. By
enabling the radical formation of polymers with an
initiator such as 9-fluorenyl lithium or by reacting a
polymer with a polymeric active end group such as
poly(styryl)lithium with a fluorescence monomer such as
1-phenyl-1-(1-pyrenyl)ethylene,  the  fluorescence
molecule is attached to the polymers as an end group >
18, Organic small photoluminescent dyes are well-known
materials to prepare highly emissive polymer materials
7. Thiazolo[5,4-d]thiazole (TTz)-based fluorophores are
one of the most attractive fluorophores since they have
exhibited solvatochromic effect 8, excited-state
intramolecular proton transfer (ESIPT) 1° and optical
properties varying in tautomer form. TTz-based
fluorophores consisting of two adjacent thiazole rings,
have been among the topics of interest in organic
electronics due to their planar and rigid structure and
superior optical-electronic properties. Interest in TTz
compounds has increased dramatically in the last decade,
after the reporting of effective studies on their use in
optoelectronic devices such as organic light-emitting
diodes (OLEDs) % and organic field effect transistors
(OFETs) - 22, After these initial reports, an increasing
number of small molecule compounds and polymeric
materials containing the thiazolo[5,4-d]thiazole unit have
been described in the literature. Their applications in
various fields, including photovoltaics, have been
investigated 22, Photoluminescent polymeric films
with solvatochromic memory ¥, having phosphorescence
at room temperature 3!, radiation-sensitive polymer films
as dosimeters %2, the use of in-situ SiO, synthesized
biodegradable films in food packaging %, fluorescence
films for enzyme-free H,O, detection 34, temperature
sensitive polymer films % 36, polymer films for TNT
detection ¥, erasable fluorescence imaging 3 are some
intriguing reports showing different applications of such
films.

Herein, a new approach is reported to prepare optically
anisotropic films having dual color emission in the two
sides of the films consisting of nanocrystals and
photoluminescent organic dyes. CdSe/CdS NRs were
used as orange-red emiter while the 2,5-bis(4-
hydroxyphenyl)thiazolo[5,4-d]thiazole (HPhTT)
molecule was used as blue / green emitter. The
synthesized NRs and optically anisotropic films were
characterized with TEM imaging, ATR-IR, Raman
spectroscopy, spectrofotometric / spectrofluorometric
analysis and confocal microscopy. These films are
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unique materials for various optical applications such as
waveguides or sensors.

2. Materials and Method
2.1. Materials

All chemical solvents and reagents were supplied
commercially and used without any further purification.
ethanol (96%), 2-(diethylamino)ethyl methacrylate
(DEAEMA, 98%), 4-hydroxy benzaldehyde (98%),
polyethylene glycol monomethyl ether, glycidyl
methacrylate (GMA, 97%), CuCl (99%), and KOH
(%85) were purchased from Sigma-Aldrich. CdO
(Sigma-Aldrich, 99.9%), trioctyl phosphine (TOP, abcr,
97%), ODPA (abcr, 97%), Se (Sigma-Aldrich, 99.99%),
trioctyl phosphine oxide (TOPO, Alfa Aesar, 98%), S
(Sigma-Aldrich, 90%), ethanol (Sigma-Aldrich, 99.8%),
methanol (Alfa Aesar, 99.9%), THF (Sigma-Aldrich,
99.9%), hexane (Honeywell), toluene (Merck,
anhydrous), ethylene glycol (EG, Sigma-Aldrich, 99%)
diethylene glycol (DEG, Sigma-Aldrich, 99%) were
used. Toluene (99.8%) was from Interlab. Dithiooxamide
(98%), a-bromoisobutyryl bromide (BIBB, 98%) were
purchased from Acros Organics. Pyridine (99%),
triethylamine (99%), tetrahydrofuran (THF, 99%) and
hexane (95%) were purchased from Merck. 2,2'-
Bipyridine (BPy, 99%) was from Alfa Aesar. Acetic acid
(AcOH, 100 %) and KH2PO4 (99%) was supplied from
Reidel-de Haen. Poly(ethylene glycol) methyl ether
(MPEG, 2000 g/mol) was supplied from Fluka.

2.2. Method
2.2.1. Preparation of Se precursor

0.058 g of Se powder and 1.2 g of TOP is put in a2 ml
vial and mixed for 1 hour at 80 °C till all Se powder is
dissolved. A colorless homogeneous solution formation
indicates the dissoltion of Se in TOP.

2.2.2. Synthesis of CdSe seed

Hot injection method was performed by injecting a cold
chalcogenide precursor into a high-temperature metal
precursor for CdSe quantum dots synthesis. 3.00 g of
TOPO, 0.06 g CdO and 0.28 g ODPA are put in a three
necked flask inside the glove box for further attachment
to the Schenk line in the fumehood. The mixture was
melted in N2(g) atmosphere, then the mixture was stirred
for 1 hour under vacuum (4.102 Torr) at 170 °C to
remove the oxygene and water in the environment and
the chemicals that will inhibit the reaction. Later, the
reactants are allowed to interact at 300 °C to form a
colorless solution. The temperature is increased to 380 °C
for injecting 1.5 g TOP and then Se-TOP precursor. The
heating mantle is quickly removed when the color of the
solution turns brownish red. The flask is rapidly cooled,
and 5 mL of anhydrous toluene is injected. Then, the
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quantum dot colloidal solution is precipitated by adding
2 mL of anhydrous methanol twice by centrifugating at
3000 rpm for 10 minutes.

2.2.3. Preparation of S precursor

0.12 g of S powder and 1.5 g of TOP was placed ina 2
ml vial, and stirred at 80 °C for 1 hour to dissolve all S in
the TOP. A colorless solution was obtained.

2.2.4. Synthesis of CdSe/CdS NRs

CdSe/CdS NRs were synthesized via seeded growth
approach. 0.06 g CdO, 3 g TOPO, 0.34 g ODPA were
weighted to put in a three-necked flask. The reactants
were kept under vacuum for approximately 1 hour at 170
°C. The mixture was heated to 355 °C. 1.5 g of TOP was
injected when it reached the injection temperature,
followed by injection of S-TOP and CdSe quantum dot
precursors. Crystals were allowed to grow for 6 minutes
at this temperature. Rapid cooling of the reaction flask
was achieved by water bath. 10 mL of toluene was
injected when the temperature dropped to 60 °C. The
product was transferred to vials using a syringe.
Purification was achieved by centrifugation at 3000 rpm
by adding methanol solution *.

2.2.5. Preparation of optically anisotropic films

Optically anisotropic films were prepared at liquid air
interface. Ethylene glycol (EG) containing 0.05g HPhTT
dye and 0.005g hexamethylene diamine was used as
subphase to form interface. A mixture of NRs and
polymer was prepared by dissolving 0.6 g of synthesized
MPEG-b-PGMA-b-DEAEMA block copolymer that is
described in our earlier report 2 and 200 uL. NRs in 5 mL
hydrophobic solvent (i.e. toluene). The mixture was put
on top of EG and the solvent was evaporated slowly to
form a solid film. The film was removed from the top of
the solution and washed with isopropanol to remove
unreacted dyes and EG, then they are dried at room
temperature.

3. Results and Discussions

Here hot injection method modified by seeded growth
approach was used for the synthesis of CdSe/CdS
core/shell nanorod by using CdSe QD as seed. Strong and
tunable light emission from green to red can be obtained
from these CdSe/CdS nanorods having narrow size
distributions by this method 3% “°. CdSe/CdS NRs with
red emission were synthesized by using well-defined
CdSe QDs as seed. TEM images of the CdSe QDs and
NRs are given in Figure 1-a,b, respectively.

Absorption (a.u.)
Intensity (a.u.)
Intensity (a.u.)

e
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T T T 7 T T
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Wavenumber cm™) gree (i )

Figure 1. TEM image of CdSe seed (a), CdSe/CdS NRs
(b), absorption and PL spectra (c), XRD spectrum (d) of
CdSe/CdS NRs (Reference code: 98-065-9045)

The absorption from CdS shell as the high-energy peaks
and the lowest energy peak originated from electronic
transitions from holes confined in the CdSe seed is given
in the absorption spectrum  (Figure 2c).
Photoluminescence (PL) peak of the NRs is located at
610 nm as shown in Figure 2c [37, 38].

The absorption from CdS shell as the high-energy peaks
and the lowest energy peak originated from electronic
transitions from holes confined in the CdSe seed is given
in the absorption spectrum  (Figure 2c).
Photoluminescence (PL) peak of the NRs is located at
610 nm as shown in Figure 2¢ 3% 41,

The synthesized NRs were also characterized by X-ray
diffraction analysis (Figure 1-d). Cadmium chalcogenide
peaks are observed at 20 =24.86°, 26.45°,28.21°,36.61°,
43.78°, and 51.88°, 71.03°, 83.354° which can be
assigned to the, (010), (002), (011), (012), (1 10), (112),
(121), (123) reflections, respectively 4.

The synthesized NRs were used to prepare composite
films in the liquid-air interface. In the literature,
preparation of colloidal nanocrystal doped polymer films
is performed via casting method onto a Petri dish without
any phase separation. However, the polymers are consist
of commercially available, single chain polymers & 43 44,
Even there are some reported composite examples of
colloidal semiconductor nanocrystals/block copolymers,
the films of the composites were prepared via casting
method*®. Here amphiphilic behavior of the block
copolymers is used to manage phase separation to get
dual-wavelength emission. Dual wavelength emissive
materials of colloidal nanocrystals can be prepared by
using silica nanoparticles with a sequential deposition
method as reported before “. Such dual wavelength
emissive materials have great attention due to their high
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demand in many application fields, such as photonic
circuits #’ biosensors 8, on-chip optical communication
4 and bioimaging *°. In this new method one-step
preparation of dual emissive films is achieved by
managing solution behavior of block copolymers and
nanorods. The nanorods and polymer solution in
hydrophobic solvents such as hexane and toluene was
used for further slowly evaporation of the solvent to form
a solid film on the top of liquid subphase.

HPhTT dye addition to subphase resulted in diffusion of
the dye in the polymer films. The diffusion rate is
expected to be higher in the contact layer of polymer with
the subphase (i.e. liquid interface). The diffusion of the
dye decreases at the air interface.

This difussion gradient results in a phase separated green
emission of HPhTT. On the other hand, the highly
hydrophobic ligands around the NRs and the amphiphilic
behaviour of the polymer limits the interaction of NRs
with the subphase.

NR/Polymer
solution

Ethylene
glycol

So, amphiphilic polymer molecules assemble on top of
subphase (i.e. liquid interface) similar to surfactant
behaviour resulting in the phase separation of NRs from
green emission. Digital images of the experimental set up
of optically anisotropic film preparation under dayligth
and UV-ligth excitation are given in Figure 2 (top) with
dual color emission.

The solid films obtained by this method are given in
Figure 2 (bottom). The dual color emission from both
layers of the films can be seen under UV-ligth excitation.
It is clearly seen that this method results in an anisotropy
when the z-axis (i.e. thickness) of the film is observed.
HPhTT dye and NRs distribution in the thickness of the
film cause an emission or optical anisotropy.

So the films with dual color emission are named as
“optically anisotropic films”.

NR/Polymer
solution

Figure 2. Digital images of optically anisotropic film preparation (top), and the final product films under UV-ligth

excitation (bottom).
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Figure 1. ATR-IR spectra of polymer film(black line), dye loaded film (red line) and dye/NR loaded film (purple line)
(a), Raman shift of dye loaded film (black line) and dye/NR loaded film (red line) (b).
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The films were investigated by ATR-IR and Raman
spectroscopies as given in Figure 3a and b, respectively.
Since diffused HPhTT dye amount is too less, the
vibrations of the molecule was not observed in ATR-IR
spectrum while it is interacted with polymer as observed
in the fingerprint region (green and lilac signs). ATR-IR
spectrum of the NRs containing optically anisotropic
films is given in Figure 3a (purple line). The hydrophobic
long chain ligands around the NRs can be observed with
the streching of C —H groups at 2900-3000 cm. -C=0
stretching is at 1729 cm, C-O—C and O—CHj, stretching
is at 1100-1200 cm™. The two bands at 1387 cm™and 75
cm can be attributed to the a-methyl group vibrations.

Figure 3. Three dimensional confocal micrographs of
optically anisotropic film obtained by z-axis scanning

The confocal micrographs of the dual emisive film
obtained by z-scanning of the films from both side (i.e.
dye rich or nanorod rich regions) is given in Figure 4a-b.
The NR rich region is observed by red area while dye rich
region is observed as green region. The yellow color is
seen because of overlaping of both colors. It is obviously
seen succesfully achivement of phase separation of the
colors can be obtained by this approach.

4. Conclusion

In conclude, a new method to prepare optically
anisotropic films is reported. In this study, it has been
shown that new materials can be prepared by subphase
modification at the liquid-air interface for various
nanostructures. For this purpose, colloidal nanocrystals
are synthesized and characterized by spectrophotometric,
spectroflorometric analysis, TEM imaging and X-Ray
analysis. The prepared films are also characterized by
ATR-IR and Raman spectroscopies.

The bending vibration of the C—H bonds of the —CHj3
group is at 1459 cmt. Raman shifts of the dye (black line)
and dye/NR (red line) loaded films are given in Figure
3b. The peaks between 440 - 465 cm™ are due to the
bending vibration of the carbonyl group (-C=0). The
epoxide asymmetric ring deformation of PGMA is
located at 923 cm™ as a weak band may be attributed to
C-H groups of the polymer and ligands around NRs are
observed at 2900-3000 cm 52,

The confocal micrographs are given in Figure 4a,b. The
two sides of optically anisotropic film is scanned and dye
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rich region is shown as green while NR rich region is
shown as red.

It is clearly seen that the film is divided to two region
because of the forming dye rich and NR rich areas as a
result of diffusion rate of dye, hydrophobic nature of NRs
and ampbhiphilic behavior of the polymer. This new
method and novel optically anisotropic films pave the
way for many optical applications.

Confocal microscopy is also shown to be used effectively
for three dimensional imaging of hybrid materials. This
method can be adopted for many other materials and such
optically anisotropic films are great candidate for optical
sensors and waveguides.
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