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Photoluminescent quantum dots (QDs) are a prominent example of nanomaterials used in practical
applications, especially in light-emitting and light-converting devices. Most of the current applications of
QDs require formation of thin films or their incorporation in solid matrices. The choice of an appropriate
host material capable of preventing QDs from degradation and developing a process of uniform
incorporation of QDs in the matrix have become essential scientific and technological challenges. In this
work, we developed a method of uniform incorporation of Cu-Zn-In-S (CZIS) QDs into a highly
protective cross-linked polyisobutylene (PIB) matrix with high chemical resistance and low gas
permeability. Our approach involves the synthesis of a methacrylate-terminated three-arm star-shaped
PIB oligomeric precursor capable of quick formation of a robust 3D polymer network upon exposure to
UV-light, as well as the design of a special ligand introducing short PIB chains onto the surface of the
QDs, thus providing compatibility with the matrix. The obtained cross-linked QDs-in-polymer
composites underwent a complex photostability test in air and under vacuum as well as a chemical
stability test. These tests found that CZIS QDs in a cross-linked PIB matrix demonstrated excellent
photo- and chemical stability when compared to identical QDs in widely used polyacrylate-based
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Introduction

Colloidal semiconductor nanocrystals (also known as quantum
dots (QDs)) attract immense scientific and technological
interest as promising materials for color conversion layers due
to their exceptional optoelectronic properties such as broad-
band absorption, precise size-dependent emission tunability,
spectral purity and high photoluminescence (PL) efficiency.*?
These superior properties along with excellent solution proc-
essability make QDs suitable materials for a range of
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stable and durable transparent light conversion layers.

optoelectronic devices such as light emitting diodes (LEDs),>”
laser diodes,® displays,” solar cells,® and luminescent solar
concentrators,” as well as emerging anticounterfeiting’® and
mechanoluminescence devices." All these applications require
processing of the QDs to make thin films, or their incorporation
into solid matrices. The choice of an appropriate host material
and optimization of transferring QDs from the solution to the
solid matrix have become an important scientific and techno-
logical challenge. Although a number of attempts have been
undertaken to find an optimal matrix for embedding QDs such
as ionic crystals,”*¢ silica,”” metal oxides," or inorganic-
organic hybrid materials,"** polymers remain the most
appropriate and promising matrices for this application."**
Polymers are attractive as host materials for QDs due to their
low cost, simple processing and availability on an industrial
scale. Dielectric polymers such as polydimethylsiloxane, poly-
styrene, and polyacrylates can be used as host materials for
semiconductor nanocrystals due to their optical transparency in
the visible region, high mechanical durability and extensive
knowledge of their chemistry.”***?* One of the most important
parameters determining the use of a polymer as a host material
for QDs is its flexibility. It should be noted that most popular
polymer-based materials (polyacrylates and polystyrene deriva-
tives) are rigid matrices, limiting their potential for
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applications. Hence the practical interest is shifting towards
flexible polymers, such as polyisobutylene (PIB), which exhibits
excellent flexibility at ambient temperatures.>

There are various strategies for incorporation of colloidal
QDs into polymer matrices without drastically changing their
initial photophysical properties. One of the most widely used
and simplest routes is the direct mixing of as-synthesized
hydrophobic QDs with a solution of a polymer in nonpolar
solvents, with subsequent evaporation of the solvent to create
a solid matrix.?”*® The other approach involves the dispersion of
nanoparticles in monomers or prepolymerized oligomers and in
situ polymerization for obtaining nanocomposites with
embedded QDs.***** Alternatively, nanoparticles can be
synthesized directly in a preformed polymer matrix by decom-
posing suitable precursors under thermal treatment® or light
irradiation.*"** Formation of both the nanocrystals and polymer
matrix can occur at the same time.* Nevertheless, irrespective
of the preparation method of polymer composites with
embedded QDs, there are two critical issues which should be
solved. The first problem is the inhomogeneous dispersion of
QDs within polymer matrices, especially at high concentrations
in the composite; and the second one is the insufficient stability
of the obtained materials under working conditions.

The issue of poor compatibility between colloidal nano-
particles and polymers should be solved to avoid aggregation,
which affects photophysical properties of QDs and leads to
quenching of their PL and to formation of an opaque composite
with strong turbidity. Colloidal QDs can be described as
a complex material consisting of an inorganic core capped with
a layer of organic molecules (ligands).*® The ligands play
a double role: on the one hand, they passivate dangling bonds
on the QDs surface, on the other hand, they confer the
compatibility of QDs with the surrounding media. This
compatibility is very important as otherwise the QDs would be
likely to aggregate, leading to a loss of quantum confinement
and their distinctive properties. In particular, aggregation can
greatly reduce PL efficiency. Modification of the surface through
the ligand exchange process allows compatibility of colloidal
QDs with different solvents and solid matrices to be achieved.
For instance, originally hydrophobic CdSe/ZnS core/shell QDs
were transferred to the aqueous phase by replacing initial
ligands with mercaptosuccinic acid.*® Functionalization of low-
toxic Cu-Zn-In-S (CZIS) QDs with 4-vinylaniline and zinc
methacrylate ensured their efficient copolymerization with
styrene yielding QDs-in-polystyrene bulk composites with
homogeneously distributed nanoparticles within the matrix
with preserved high PL quantum yield (QY) of the QDs after the
incorporation.*

The other serious obstacle for the commercialization of
polymer composites with QDs is their insufficient stability
under working conditions. As well known, oxygen and water can
lead to QDs degradation and to the deterioration of their optical
properties.® This is particularly relevant to Cd-free QDs, such as
CulnS, and InP which typically demonstrate lower stability than
cadmium chalcogenide-based QDs.** The most widely used
approach to enhance stability of QDs is overcoating them with
an epitaxial shell consisting of a wider band gap semiconductor
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material. In the case of CulnS, or CZIS, zinc sulfide is the most
suitable candidate for the shell growth due to its low toxicity,
high stability, and small crystal lattice mismatch.***” Despite
the fact that the shell confines excitons to the core, removes
surface defects and protects the core from interaction with the
environment,* this approach is limited since increasing the
shell thickness can lead to deterioration of their PL properties
due to crystalline mismatch at the core/shell interface inducing
significant lattice strain that in turn leads to formation of crystal
lattice defects.*® The other approach to enhance the stability of
QDs in solid composites is using host materials with low gas
permeability and high chemical stability which allow for pro-
tecting QDs from oxygen and moisture even under harsh
operating conditions.”” Among flexible polymers (elastomers)
suitable as a host material for QDs three main classes can be
distinguished: silicones, polyurethanes and rubbers with
hydrocarbon main chain. The first two classes are characterized
by a very high gas permeability (5.86 x 10™"°> m> s~ Pa~' and
8.93 x 107" m” s~ Pa~ ' respectively)*** and are unable to
protect QDs during operation. Among rubbers, butyl rubber
(copolymer of isobutylene (98-99%) and isoprene (1-2%)) has
the lowest gas permeability (4.29 x 107" m* s~ Pa ). In
addition to low gas permeability, commercial butyl rubber has
a vapor permeability 4.79 x 107" to 1.16 x 10" ** m®> s™' pa™"
lower than most plastics (0.48-3.34 x 10 '®* m* s pa ').*
Furthermore, it possesses high chemical stability and retains
high elastic properties at low temperatures (T, = —64 °C).*?
Banerjee et al. and Bag et al. recently showed that compared to
commercial butyl rubber, the cross-linked PIB-based star-
shaped polymers exhibit better barrier properties, in partic-
ular, oxygen permeability of only 4.07 x 10~ ** m*s~' Pa~" and
moisture permeability of 9.86 x 10~ m* s~' Pa~', which are
highly beneficial for encapsulation of flexible organic solar
cells.*>*

In our previous work, we developed oxygen- and moisture-
proof polymer matrices based on PIB for the encapsulation of
colloidal semiconductor nanocrystals with different composi-
tion and dimensionality.>” Since pure PIB is a soft polymer, we
synthesized a block-copolymer of isobutylene with styrene
poly(styrene-block-isobutylene-block-styrene) (SIBS) to improve
mechanical properties of the composites. The nanocrystals were
functionalized with a specially designed ligand, containing
a short-chain PIB and anchor amino group, which provides
excellent compatibility between nanocrystals and PIB-based
matrices. It was also shown that semiconductor nanocrystals
in PIB-based matrices demonstrated enhanced photo- and
chemical stability.

In this work, we report a design principle of the QDs-in-
polymer composite, which enables photoluminescent QDs to
be incorporated in a highly protective cross-linked matrix
without changing their optical properties. We synthesized
a methacrylate-terminated three-arm star-shaped PIB precursor
(PIB-MA) capable of fast hardening under the UV-light, forming
a robust cross-linked polymer network. Using this approach, we
solve the problem of the PIB softness and enhance the protec-
tive properties of the matrix. To test the encapsulation ability of
cross-linked PIB-MA we used CZIS QDs, for which a special

© 2021 The Author(s). Published by the Royal Society of Chemistry
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procedure for the modification of their surface was developed to
uniformly disperse embedded QDs in PIB-based matrices. The
mixture of CZIS QDs and PIB-MA may be considered as
a colloidal solution that can be rapidly transformed into the
transparent solid bulk composite with complete preservation of
the optical properties of the CZIS QDs after encapsulation. The
cross-linked composites obtained have excellent photo- and
chemical stability of the embedded QDs in comparison to the
composites with poly(lauryl methacrylate) (PLMA). Our results
show that cross-linked PIB is a promising material for fabrica-
tion of robust, durable and stable transparent composites
which may be used as color conversion layers in displays or
luminescent solar concentrators.

Experimental section

Chemicals

1,2-Ethanedithiol (=98%), ethanol (99.5%), n-heptane (=98%),
anhydrous Na,SO, (=99%), dichloromethane (=99.8%), n-
hexane (=95%), phenol (=99%), hydrochloric acid (37%),
indium(mr) acetate (In(OAc)s, 99.99%), 1-dodecanethiol (DDT,
=98%), chloroform (=99%), toluene (=99.8%), trioctylamine
(98%), 1-pentanethiol (98%), 1-octadecene (ODE, 90%), tetra-
hydrofuran (THF, >99.9 for HPLC), silica gel 60 (0.063-0.2 mm,
for column chromatography) and ammonia solution (25%) were
purchased from Sigma-Aldrich. Isobutylene (99%, Sigma-
Aldrich) was dried in the gaseous state by passing through in-
line gas-purifier packed with BaO/Drierite and then
condensed in a receiver flask at —40 °C. Methanol (=99.9%) and
potassium hydroxide (KOH, analytical reagent grade) were
purchased from Fisher Chemical. Polyisobutylene Glissopal®
M, = 1000 g mol " was purchased form BASF. Pyridine (=99%)
was purchased from Roth. Oleylamine (OlAm, 80-90%) was
purchased from Acros. Isopropanol (HPLC grade) and acetoni-
trile (HPLC grade) were purchased from VWR Chemicals. Zinc
2-ethylhexanoate (ca. 80% in mineral spirits (17-19% Zn)) was
purchased from Alfa Aesar. Methacryloyl chloride was
purchased from Abcr. Pyridine and methacryloyl chloride were
distilled right before using. Azobisisobutyronitrile (AIBN) (98%,
Sigma-Aldrich) was recrystallized from ethanol. All other
chemicals were used as received.

Synthesis of ((2-mercaptoethyl)thio)polyisobutylene (PIB-SH)

PIB-SH was synthesized according to the described method by
reaction of PIB (Glissopal® 1000) with 1,2-ethanedithiol.* First,
the mixture of 2 g of PIB (2 mmol) and 32.8 mg of AIBN (0.2
mmol) was degassed under vacuum and dissolved in 14 mL of n-
heptane. Afterwards, 14 mL of dry ethanol and 0.33 mL of 1,2-
ethanedithiol were added to the solution. The mixture was
again degassed by three freeze-pump-thaw cycles followed by
stirring under UV-light (365 nm) at room temperature for 8
hours. Thereafter the reaction mixture was diluted with 110 mL
of n-heptane followed by addition of 10 mL of deionized water.
n-Heptane phase was separated and washed three times with
50 mL portions of 90% ethanol and dried under anhydrous
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Na,SO,. The final product was obtained after evaporation of the
solvent under reduced pressure.

Synthesis of three-arm star-shaped PIB

5 mL of 0.22 M FeCl;-1.4i-PrOH solution in CH,Cl, were added
to a mixture of 4.1 g of isobutylene (73.2 mmol), 32.5 mL of n-
hexane, 16.5 mL of CH,Cl,, and 0.415 g of tricumyl chloride
(1.35 mmol, synthesized as described in ref. 46) at —80 °C. After
50 seconds of stirring, the reaction mixture was poured into
ethanol. The resulting precipitate of PIB was dissolved in 20 mL
of n-hexane. Then the solution was centrifuged at 3000 rpm for
5 min to remove insoluble products and filtered through silica.
The clear solution was mixed with 100 mL of methanol resulting
in flocculation of PIB with its subsequent drying in vacuum at
40 °C.

Synthesis of hydroxyl-terminated three-arm star-shaped PIB

The synthesis is based on Friedel-Crafts alkylation of phenol by
highly reactive three-arm PIB using the procedure described in
ref. 47. Briefly, a flask for the synthesis was first degassed under
vacuum and filled with argon thrice. Then 0.333 g of PIB (M,, =
3500 g mol ', 0.095 mmol) were dissolved in 2.02 mL of 1.5 M
phenol solution (3.03 mmol) in dichloromethane, followed by
cooling down the solution to 0 °C and adding 0.025 mL of 98%
sulfuric acid (0.14 mmol). Reaction was conducted at 0-20 °C
for 36 hours upon stirring and then quenched by adding 2 mL
of 25% solution of ammonia in water. Product was purified by
filtration of solution in dichloromethane and its precipitation
into ethanol. Pure polymer was dried under vacuum at 40 °C.

Synthesis of methacrylate-terminated three-arm star-shaped
PIB (PIB-MA)

PIB-MA was synthesized according to the modified method** by
acylation of hydroxyl-terminated PIB with methacryloyl chloride
in the presence of pyridine. Briefly, 0.258 g of hydroxyl-
terminated PIB (M, = 4000 g mol !, 64.5 umol) were dis-
solved in 0.7 mL of dichloromethane in thrice degassed and
filled with argon flask. After adding 22.4 pL of pyridine (0.278
mmol), the mixture was cooled to 0 °C followed by addition of
27 uL of methacryloyl chloride (0.278 mmol). Synthesis was
conducted at 0 °C for 1 hour upon stirring and then at room
temperature for 48 hours. Product was purified by consequent
washing of its solution in 50 mL of dichloromethane conse-
quently by 2 M hydrochloric acid, 3% potassium hydroxide and
distilled water. Pure sample was dried under vacuum at 20 °C.

Synthesis of CZIS gradient QDs

CZIS QDs were synthesized according to previously reported
procedure*® with slight modifications using a standard Schlenk
line technique. Briefly, 466 mg of In(OAc); (1.6 mmol), 6 mL of
OlAm and 32 mL of ODE were loaded into a 100 mL three-neck
flask and degassed under vacuum for 15 min at room temper-
ature. Then the flask was filled with argon and the mixture was
heated up to 150 °C until In(OAc); was fully dissolved forming
slightly opalescent solution. Then the mixture was cooled down
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to room temperature and 25.6 mg of sulfur powder dissolved in
1 mL of OlAm by ultrasonication was added. The reaction
system was degassed again for 15 min, filled with argon and
heated up to 160 °C (20-25 °C per min). At 120 °C a suspension
of 30.4 mg (0.16 mmol) of Cul in 2 mL of DDT was injected into
the flask. At 160 °C the heating was stopped, and the reaction
mixture cooled down to room temperature followed by the
addition of 1.52 mL of the solution of zinc 2-ethylhexanoate in
mineral spirits. The reaction mixture was degassed to remove
mineral spirits, heated up to 290 °C and kept at this tempera-
ture for 20-30 min for incorporation of Zn atoms into CulnsS,
nanocrystals that was accompanied by a blue shift of the PL
maximum to 610-620 nm. Then, the reaction mixture was
allowed to cool down to room temperature by removing the
heating mantel. The QDs were precipitated by addition of an
isopropanol-methanol (10 : 1, v/v) mixture with subsequent
centrifugation. The precipitate was dissolved in 5 mL of chlo-
roform and precipitated by acetonitrile followed by centrifuga-
tion. The last procedure was repeated thrice and then
supernatant was discarded and precipitate was dispersed in
3.5 mL of toluene.

Surface modification of CZIS QDs

To functionalize the QDs with PIB-SH, 300 pL of the stock
solution of CZIS QDs were diluted with 1.2 mL of toluene. Then
670 uL of 5% solution of PIB-SH in toluene and 300 pL of
0.045 M solution of trioctylamine in toluene were added. The
mixture was stirred overnight at room temperature. Then the
QDs were precipitated by adding acetonitrile and subsequent
centrifugation. To remove unbound ligands, QDs were addi-
tionally thoroughly purified three times using toluene and
acetonitrile as a solvent and nonsolvent, respectively. The
purified QDs were dispersed in 1.5 mL of toluene for further use
in the preparation of the composites.

For the treatment of the CZIS QDs with the mixture of 1-
pentanethiol and DDT we employed the same procedure as
described above, but 300 pL of 0.045 M solution of 1-pentane-
thiol and 300 pL of 0.045 M solution of DDT in toluene were
used instead of PIB-SH.

Films deposition

0.2 mL of the solution of surface-modified CZIS QDs obtained as
described above were mixed with 1.87 mL of 0.83% wt. solution
of the polymer (PIB-MA, SIBS, or PLMA) in toluene. The
prepared solution was sprayed on the glass substrates with the
size of 1 x 1 cm using the ultrasonic spray-coating technique
(ultrasonic spray coater ND-SP from Nadetech Innovations). The
deposition of all films was carried out in 20 layers, since using
a multilayer deposition and diluted solutions of polymer
resulted in a more homogenous coating.

Films cross-linking

PIB-MA films with embedded CZIS QDs were placed in
a nitrogen-filled glovebox and were exposed to 365 nm UV-lamp
(6 W, UVL-56 from Analytik Jena) for 1 hour at 5 cm distance.
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Characterization

Absorption spectra were acquired with a Cary 60 spectropho-
tometer (Varian). PL spectra were obtained using a Fluoromax-4
(Horiba Jobin Yvon, Inc.) spectrofluorometer with the excitation
wavelength set at 435 nm. Absolute PLQYs of liquid samples
were determined employing a Fluorolog-3 spectrofluorometer
equipped with a Quanta-¢ integrating sphere (Horiba Jobin
Yvon, Inc.). Absolute PLQYs of QDs-in-polymer composites were
measured in ambient conditions using a Hamamatsu Photonics
Absolute quantum yield integrating sphere and spectrometer
setup (C9920-02). The samples were excited with 450 nm light
from a monochromated xenon lamp source, and the PL was
collected from the integrating sphere using a fibre coupled
PMA-12 (C10027-01) spectrometer.

Fourier-transform infrared (FTIR) spectroscopy

The measurements were performed on a Nicolet 8700 FTIR
spectrometer using the attenuated total reflectance (ATR)
method. After ligand exchange CZIS QDs were purified through
precipitation and redispersion (six times) using chloroform and
acetonitrile as solvent and nonsolvent, respectively. After the
final precipitation, QDs dried under vacuum for five hours, the
obtained powder was ground and placed onto the ATR crystal.

Photostability test

The photostability of the samples was tested using a home-built
setup schematically shown in Fig. SI1 in the ESI,f where the
samples were exposed to high intensity excitation light from
a 42 mW helium-cadmium (HeCd) laser with an emission
wavelength of 442 nm and a beam diameter of 1 mm. After
ensuring that the input excitation was stable, the PL from the
sample was collected by a fiber bundle held at a fixed distance
from the sample and its spectrum and intensity measured by an
Andor CCD spectrograph. PL spectra of the sample were
repeatedly taken at 5 second intervals under constant excitation
to produce a kinetic series of the PL spectrum vs. time under
these conditions. The PL spectrum (minus the background and
scattered laser light) of each measurement was then integrated
to produce a graph of integrated PL counts vs. time, which was
then normalized to provide a measure of the relative change in
PL vs. time under the photodegradation conditions. For
samples measured under vacuum, an identical setup was used,
with the exception that the samples were placed in an Oxford
instruments cryostat kept at room temperature and pumped
down to a pressure of roughly 10°® mbar. The samples were
measured and excited through optical windows in the cryostat,
and samples were left overnight under high vacuum prior to
measurement to ensure outgassing of any adsorbed air.

Results and discussion

Methacrylate-terminated three-arm star-shaped PIB with two
different molar weights (M,, (NMR) = 4200 and 5600 g mol %,
respectively) was used as an oligomeric precursor to form
a cross-linked polymer matrix with embedded Cd-free QDs. As

© 2021 The Author(s). Published by the Royal Society of Chemistry
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illustrated in Fig. 1a, the synthesis of PIB-MA includes three
main steps. The first step consists of the living cationic poly-

merization of isobutylene in the presence of a trifunctional
initiator  (1,3,5-tris(2-chloropropan-2-yl)benzene  (tricumyl
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chloride)) and a complex of iron chloride with 1.4 equivalents of
isopropyl alcohol as a co-initiator in dried n-hexane/
dichloromethane mixture at low temperature. We demon-
strated the higher activity of the complex FeCl;-1.4i-PrOH
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Fig. 1 Scheme of the synthesis of PIB-MA including the synthesis of three arm star-shaped PIB (step 1) and its modification via consecutive
alkylation of phenol (step 2) followed by methacrylation (step 3) (a). Scheme of the preparation of cross-linked PIB with embedded QDs including
modification of the QD surface with PIB-SH, dispersion of obtained QDs in PIB-MA and its cross-linking under UV irradiation (b). Scheme of

cross-linking of PIB-MA (c).
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developed by Wu and co-workers**® in comparison with TiCl,
in the polymerization of isobutylene in the presence of tricumyl
chloride as an initiator. Addition of FeCl;-1.4i-PrOH resulted in
a complete conversion of the monomer into PIB with a low
polydispersity (My/M,, = 1.13) in less than a minute reaction
time. At the same time, employing a more traditional initiating
system based on TiCl, requires longer reaction times of up to
45 min and the presence of amines as proton traps.*> According
to the results of "H NMR spectroscopy (see Fig. SI2t), the ob-
tained oligomer is terminated with exo-olefin (35 mol%) and
tertiary chloride (65 mol%) end groups, which are active in
Friedel-Crafts alkylation. The next step was the alkylation of
phenol by synthesized three-arm star-shaped PIB in the pres-
ence of sulfuric acid. According to the "H NMR spectrum (see
Fig. SI31), the alkylation process led to conversion of tertiary
chloride and exo-olefin groups of three-arm star-shaped PIB
with formation of only para-alkylated phenol. The final step was
acylation with conversion of OH-terminal groups into methac-
rylate groups. The molecular structure of obtained PIB-MA was
confirmed by "H NMR analysis (see Fig. SI4t). PIB-MA with M,,
(NMR) = 4200 or 5600 g mol " is a viscous colorless liquid
readily soluble in organic solvents such as toluene or
chloroform.

The obtained oligomeric precursors PIB-MA with different
molecular weights of M, = 4200 and 5600 g mol " were used for
fabrication of cross-linked QDs-in-polymer composites. In
addition to the synthesis of appropriate QDs and PIB-MA, the
procedure of the composite preparation included three main
steps, which are schematically shown in Fig. 1b. First, the
surface modification of the as-synthesized CZIS QDs was per-
formed through the ligand exchange to achieve high compati-
bility between the QDs and PIB-MA. For this procedure we
synthesized ((2-mercaptoethyl)thio)PIB (PIB-SH) with a molec-
ular weight of 1000 g mol ™", which played a role of a specially
designed oligomeric ligand containing thiol anchor group and
PIB chain (see Fig. SI5t). As previously reported, the nano-
crystals capped by the ligand with hydrocarbon chains with the
same chemical structure as the polymer matrix form homoge-
neous composites.”””** On the other hand, thiols are suitable
capping agents for most semiconductor nanoparticles due to
a strong affinity of the -SH group to metal atoms on the
nanocrystal surface. Then, modified QDs were dissolved in
a toluene solution of PIB-MA and deposited on the glass
substrate using an ultrasonic spray-coater. The parameters of
the spray-coater were adjusted to realize efficient toluene
evaporation during the film deposition. In the final stage,
mixture of QDs and PIB-MA on the glass substrate was exposed
to UV-light in an inert atmosphere resulting in cross-linking of
PIB-MA through radical polymerization of methacrylate end
groups (see Fig. 1c) and in the formation of a solid polymer
network with embedded QDs. Thereafter we tested photo- and
chemical stability of the composites of CZIS QDs with the ob-
tained cross-linked polymers based on PIB-MA with two
different molecular weights, comparing them with the other
polymers such as SIBS and PLMA.

To test PIB-MA as a host material for fabrication of QDs-in-
polymer composites we synthesized CZIS QDs using the
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modified protocol described in ref. 48. This protocol includes
a multi-step approach in which In-rich CIS QDs are synthesized
first in the presence of DDT and then are treated with a large
excess of Zn-precursor at high temperature to obtain CZIS
quaternary nanocrystals with gradient core/shell structure.
Thus synthesized CZIS QDs with the size of approx. 2.6 nm (see
Fig. SI6t) demonstrated typical optical properties of I-III-VI
semiconductor nanocrystals,** such as absorption without
a distinct excitonic feature, broad PL spectrum and large Stokes
shift. They had relatively high PLQY of 52% with the PL
maximum at 617 nm (Fig. 2a). These QDs are an excellent
candidate for testing host polymer materials for a number of
reasons. First of all, the I-III-VI group-based QDs along with InP
QDs are the most promising Cd- and Pb-free materials for
fabrication of solid-state optoelectronic devices with PL in the
visible region.>**** Second, a gradient core/shell architecture of
the synthesized CZIS QDs allows conducting their purification
and surface modification without changing their optical prop-
erties. As has been shown, the photostability of CIS QDs can be
enhanced through increasing ZnS shell thickness.>® Neverthe-
less, since our main goal was to investigate the encapsulation
properties of the cross-linked PIB in comparison with other
polymers, we deliberately produced CZIS QDs with a relatively
thin shell to observe changes in their optical properties on
a short timescale.

The surface modification of CZIS QDs is necessary to provide
compatibility with PIB-MA ensuring their homogeneous
dispersion. Even though as-synthesized hydrophobic CZIS QDs
can easily be mixed with solutions of PIB-MA in toluene,
subsequent evaporation of the solvent leads to imminent
aggregation of nanocrystals resulting in a turbid composite.
Thus, to improve compatibility between PIB-MA and CZIS QDs,
as-synthesized nanoparticles underwent the surface modifica-
tion through the ligand exchange. The approach that we used
for the synthesis of CZIS QDs, like most known recipes,*®
involves the addition of an excess of DDT to adjust the relative
reactivity of copper and indium precursors that leads to the
formation of DDT-capped CZIS QDs. Since thiols were found to
have a high affinity to metal atoms on the nanocrystal surface, it
is particularly challenging to replace them with other ligands
such as carboxylates or amines.” At the same time, partial
exchange of initial thiol for the desired thiol is possible despite
low lability of the outgoing ligand. Thus, Lefrancois and co-
authors have shown that treatment of DDT-capped CulnS,
QDs with 1,2-ethylhexanethiol in chloroform at room temper-
ature resulted in the replacement of approx. 70% of DDT with
1,2-ethylhexanethiol.>”

To facilitate the replacement of DDT with PIB-SH, the ligand
exchange was performed in the presence of trioctylamine, since
the addition of a base accelerates deprotonation of thiol groups
forming thiolate anions.*®** After treatment of CZIS QDs with
PIB-SH and thorough purification of the modified QDs they
formed a homogeneous dispersion in PIB-MA without any
apparent aggregation or phase separation that evidences
a presence of PIB chains on the QDs surface. Additional
evidence provided results of the FTIR spectroscopy presented in
Fig. 2b and S17.1 To remove the unbound ligands, the QDs were

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Absorption and PL spectra of CZIS QDs in toluene before and after the treatment with thiols (a). The spectra are offset vertically for clarity.

FTIR spectra of as-synthesized and capped with PIB-SH CZIS QDs (b).

subjected to six times precipitation using chloroform and
acetonitrile as a solvent and an antisolvent, respectively. In the
FTIR spectrum of modified CZIS QDs the characteristic doublet
at 1388 and 1366 cm™ "' appeared clearly indicating PIB-SH
attached to the QDs surface. This doublet is a result of the
coupling between the symmetric bending modes of the two
methyl groups in R-C(CH3),-R moiety.*® In addition to FTIR
analysis, the 'H NMR spectrum of extensively purified CZIS QDs
unambiguously demonstrates PIB-SH resonances after the
ligand exchange (see Fig. SI8t). As one can see in Fig. 2a, after
the treatment with PIB-SH there were no changes in spectra
revealing complete preservation of optical properties of the
initial QDs. In addition, there was no remarkable change in
PLQY (52% before and 54% after the treatment).

As-synthesized CZIS QDs with DDT molecules on the surface
can be easily embedded in PLMA matrix forming transparent
composite due to a good compatibility between lauryl-chains of
PLMA and DDT. Nevertheless, for producing QDs-in-PLMA
composite the QDs were modified with a mixture of 1-penta-
nethiol and DDT in the presence of trioctylamine using the
same protocol as for the treatment of the QDs with PIB-SH. We
assumed that the presence of alkylthiols with different chain
lengths on the QDs surface may lead to the formation of a less
dense ligand shell resulting in more efficient interpenetration
of the lauryl chains of PLMA and the hydrocarbon surface
ligands. In addition, since QDs-in-PLMA composite was used as
areference sample for testing encapsulation properties of cross-
linked PIB-MA matrix, it was particularly important that QDs in
the case of all composites were prepared under the same
conditions including purification and post-synthetic treatment
steps. As expected, after the treatment of CZIS QDs with
a mixture of alkylthiols we did not observe any changes in their
PL and absorption spectra (see Fig. 2b), PLQY values (52%), and
FTIR-spectra (see Fig. SI77).

After the ligand exchange and the thorough purification,
CZIS QDs with tethered PIB-SH were dispersed in the solution of
PIB-MA in toluene. The obtained solutions were sprayed on

© 2021 The Author(s). Published by the Royal Society of Chemistry

glass substrates using an ultrasonic spray-coater. Since PIB-MA
oligomers (both M, = 4200 and 5600 g mol ') are viscous
liquids at room temperature, the mixture of PIB-SH-capped QDs
with PIB-MA on the substrate after toluene evaporation can be
considered as a colloidal solution. The resulting “liquid” films
were then converted into solid cross-linked polymer films (CL-
PIB4K and CL-PIB5K for cross-linked PIB-MA with M, 4200
and 5600 g mol ', respectively) by exposing the samples to the
UV-light in the nitrogen filled glovebox. After the polymeriza-
tion we registered disappearance of the double bond of acrylate
group in FTIR-spectrum of QDs-in-PIB-MA film (see Fig. SI9t).
The cross-linked QDs-in-polymer composites obtained were
found to be resistant to a prolonged soaking in chloroform for
at least one month (see Fig. SI107), which evidences the
formation of robust cross-linked polymer network with
embedded QDs. Moreover, we observed no traces of QDs which
could be extracted from the composite into the solvent.

As mentioned above, to test the photostability of CZIS QDs in
cross-linked PIB-MA matrices, we prepared composites of the
same QDs with two different polymers. The first reference
sample was the composite of PIB-SH-capped CZIS QDs in SIBS
(M, = 30000 ¢ mol™* and M,/M, = 1.7 (M, of PIB block =
21 000 g mol~ ! and M,,/M,, = 1.2)). As expected, we observed an
excellent compatibility between PIB-SH-modified QDs and SIBS.
The second reference sample was the composite of pentane/
dodecane thiol-treated CZIS QDs in PLMA (M, = 236 000 g
mol ™! and M,,/M, = 2.2). PLMA is a widely used polymer for
fabrication of transparent composites with hydrophobic QDs
due to interaction of lauryl-groups of the polymer with alkyl
chains of the QDs ligands.®* To correctly compare different
composites we used the same conditions for their preparation,
including the parameters of film deposition. All obtained
composites were transparent films without phase separation,
retaining bright PL under the UV-light excitation (see Fig. 3a).

In Fig. 3b the absorption and PL spectra of composites of
CZIS QDs with various polymers are displayed. Comparing the
spectra one can see that they are practically not altered after
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Fig. 3 Photographs of the composites of CZIS QDs in various polymer
matrices and corresponding values of their PLQYs (a). Absorption and
PL spectra of CZIS QDs-in-polymer composites (b). The spectra are
offset vertically for clarity.

incorporating the QDs in solid films, which reveals perfect
compatibility between the particles and the matrices achieved
by means of the surface engineering. The absorption spectra
show no scattering that is proof of the absence of large QD
aggregates in all the composites studied. Although we assume
the absence of large QD aggregates following from the results of
optical spectroscopy, we cannot exclude the formation of small
clusters containing a few particles in the film. This clustering
typically results in PL quenching due to efficient energy/charge
transfer between adjacent QDs observed in 3D networks.®>%
Our results, however, show that the whole incorporation
process of CZIS QDs into CL-PIB4K led to only a slight decrease
of PLQY from 52% to 49%, which is another indirect evidence of
a homogeneous distribution of the particles in the matrix
without formation of aggregates. Based on these observations
we may conclude that fast cross-linking of PIB-MA leads to the
formation of transparent solid films with a uniform dispersion
of QDs. According to our estimations (details are provided in
the ESIt), the cross-linked CL-PIB4K matrix has voids of size
comparable to the size of a PIB-SH-capped QD, which results in
perfect accommodation of the particles in the polymer. This is
achieved owing to a strong interaction between the PIB-capped
QDs and the matrix preventing phase separation. Furthermore,
as shown previously, the cross-linking of the polymer reduces
aggregation of QDs during the matrix formation due to
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kinetically entrapping the QDs between cross-linking polymer
chains.** In this way the polymer network surrounds nano-
crystals and prevents their aggregation. Larger cell size in the
cross-linked CL-PIB5K might be responsible for a slight
decrease of the PLQY of the composite to 42% due to formation
of small aggregates including several nanoparticles. At the same
time, in the case of PLMA, we observed a more pronounced PL
quenching (PLQY of 35%), because the linear polymer has no
possibility of efficient mechanical trapping of QDs that leads to
the formation of small aggregates in between polymer chains.
This aggregation is most probably caused by still imperfect
compatibility between the ligand shell and the polymer. The
high value of the PLQY of QDs-in-SIBS composite (48%)
comparable with that of CL-PIB4K-based composite is related to
excellent compatibility of the polymer with PIB-SH functional-
ized QDs. In this case, the van der Waals forces between olig-
omeric PIB-chains grafted on the QDs surface and PIB units of
SIBS are much stronger than in the case of QDs-in-PLMA
composite, resulting in a decreased mobility of QDs, which
prevents their aggregation. In addition to this, the presence of
a bulky ligand more efficiently protects the QDs surface from
interaction with oxygen and moisture due to steric hindrances
leading to the PLQY increase.*

To test the encapsulation properties of cross-linked PIB-MA
matrices in comparison with other polymer materials, we
have investigated the photostability, including measurements
in air and under vacuum to explore the influence of the gas
permeability and chemical stability of the matrices. To conduct
a reliable test of the sample photodegradation, we made
a specially designed setup where the samples were excited at
very high intensities using a helium cadmium laser. This
provided an accelerated aging environment where the decaying
PL output of the sample could be measured over time to ensure
a clear comparison between the degradation rates of different
samples. Samples could be measured in air or under high
vacuum (~10~° mbar) to observe the role of atmosphere in the
degradation.

Fig. 4 displays change of integrated PL signal of the
composites of CZIS QDs in various polymers as a function of
time under high intensity photoexcitation in vacuum and in air.
As one can see, CZIS QDs in PIB-based matrices demonstrate
significantly enhanced photostability in comparison with QDs
embedded in PLMA. Among PIB-based matrices, CL-PIB4K
exhibited the best photostability. We attribute this to the star-
shaped PIB-MA with smaller molecular weight having smaller
arms and therefore forming a denser cross-linked polymer
network. The higher cross-linking density decreases perme-
ability to gas and moisture and so improves the stability of the
composite. With increasing molecular weight of PIB-MA the gas
permeability of the cross-linked matrix increases until it
becomes comparable to the linear polymer. This assumption
can explain the similar behavior of QDs-in-CL-PIB5K and -SIBS
upon testing their photostability in the air. In vacuum we
observed different behavior of the PL intensity under laser
irradiation. First, as one can see from Fig. 4, the PL intensity
increased for all samples during the first minutes of the irra-
diation. We assume that this effect can be related to accelerated

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Normalized PL signal of CZIS QDs-in-polymer composites
under air and under vacuum versus irradiation time with 42 mW
helium—-cadmium laser (442 nm).

desorption of water, oxygen, and other low molecular products
from the QDs surface under high vacuum and laser treatment.
The test of photostability in vacuum allows us to estimate the
influence of chemical resistance of the matrix on the degrada-
tion of the PL signal of CZIS QDs. As a first approximation, we
associate the chemical stability of the matrix with the number of
methacrylate groups per unit volume of the polymer. It is known
that photodegradation of poly(alkyl methacrylates) results in
the photolysis of ester groups accompanied by the formation of
free radicals®**” which can damage QDs leading to PL quench-
ing. In addition, as can be seen from Fig. 4, the photostability of
PLMA-based composites in air is much worse than the PIB-
based ones. This can be understood in terms of the low air
permeability of the PIB matrices protecting the QDs from photo-
oxidation.

An additional test of encapsulating ability of the polymers
was soaking of the composites in a concentrated solution of
hydrochloric acid, the results of which are displayed in Fig. 5. As
in the case of the photostability test, composites of QDs-in-
PLMA and -SIBS were assigned as the reference samples. To
determine the chemical resistance of the composites, photos of
the samples under a UV-lamp were taken during soaking at
appropriate time intervals. As can be seen in Fig. 5, PIB-based
composites demonstrate excellent resistance of the encapsu-
lated QDs to strong acid in comparison to QDs-in-PLMA
composite. Encapsulation properties of polymer matrices are
related to their chemical stability and low molecular substance
permeability. The results obtained correlate well with the pho-
tostability test in air (see Fig. 4), where CL-PIB4K also demon-
strated the best result. Thus, the matrices with higher cross-
linking density impart better photo- and chemical stability to
embedded QDs. Among them, cross-linked PIB-based matrices
are one of the best existing options to produce flexible and
robust QDs-in-polymer composites resistant to degradation in
different media.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In this work, we developed a promising method for uniform
incorporation of colloidal Cd-free QDs into a flexible cross-linked
PIB matrix which provides excellent encapsulation to the
embedded QDs. We designed the synthesis of a methacrylate-
terminated three-arm star-shaped PIB capable of forming a cross-
linked polymer network upon UV-light treatment. Owing to the
procedure developed of grafting the PIB chains onto the CZIS QDs
we achieved uniform dispersion of the QDs in the cross-linked
matrix. This enabled the incorporation of the QDs in the polymer
matrix without losing their PLQY. Due to the low gas permeability
and high chemical stability of the designed cross-linked PIB matrix,
the embedded CZIS QDs demonstrated excellent photostability
during irradiation of the composite by a powerful 442 nm helium-
cadmium laser and high chemical resistance against concentrated
acid. The approach developed is a great step forward to creation of
durable transparent light conversion films for luminescent solar
concentrators, color-conversion LEDs, laser diodes, etc.
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