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Introduction

Tailored thermally stable functionalization
of CsPbBr; nanocrystals for polymer
nanocomposite scintillator fabrication
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CsPbBrs nanocomposites are prospective luminescent materials with great potential for many light-
emitting applications. However, embedding CsPbBrs nanocrystals into some potentially interesting
matrices proves challenging in terms of maintaining their properties and good transparency of the final
nanocomposite, e.g., high temperature polymerization of widely used and radiation-hard polystyrene or
employment of more polar polymers such as polyurethanes often leads to nanocrystal degradation.
Here, we present a functionalization strategy using ammonium hexafluorosilicate in combination with
functional organosilanes for the fabrication of CsPbBrs nanocomposites, which provides improved
thermal stability of surface passivation up to 110 °C. Moreover, it enables for the first time concomitant
surface modification to enhance compatibility between nanocrystals and the matrix, leading to improved
transparency of nanocomposites. We demonstrate that the process can be tailored by preparing
polystyrene (PS) and polyurethane (PU) nanocomposites. This opens the way for easier processability of
popular high cure temperature polymers such as polystyrene, as well as for efficient embedding of NCs
into novel matrices with the aim of exploiting crucial properties for desired applications, for example,
radiation hardness or flexibility.

glass matrix is very attractive. Sharing with plastic scintillators
the ease of processing and significantly lower cost compared to

All-inorganic lead halide perovskite nanocrystals (NCs) with
composition CsPbX; (X = Cl, Br, and I) are widely studied as
bright luminescent materials with exciting properties for vari-
ous light-emitting applications. In the past years, their narrow,
spectrally tunable excitonic emission and also high atomic
number have gained interest for radiation detection."'” Fabri-
cation of scalable nanoscintillators with tunable properties and
dimensions by embedding these NCs into a polymer of the
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inorganic single crystals, they also provide superior stopping
power and radiation hardness."” Moreover, their defect toler-
ance combined with potential quantum confinement effects
leads to unique luminescent properties which promise to over-
come the inherent limitations of traditional scintillating mate-
rials and open a way for novel performance possibilities and
concepts. Their ultrafast multiexcitonic emission has shown
prospective potential to substantially enhance the time-of-flight
performance of medical imaging detectors® with possibilities
for further exploitation of superradiant scintillation of single
nanocrystals or their superlattices™'® with the aim of meeting
the 10 ps challenge for time-of-flight positron emission tomo-
graphy.’’ Among new concepts, recently proposed chromatic
calorimetry can be named as a novel solution for high energy
physics that takes advantage of the narrow emission peak of
lead halide perovskite (LHP) NCs to construct a segmented
detector capable of performing longitudinal tomography of the
shower profile."?

However, embedding the LHP NCs into a matrix is not a
trivial task. The main challenge is maintaining transparency
while preserving the unique luminescence properties of the
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nanocrystal (NC) in the final nanocomposite (NCM); numerous
approaches and strategies have been employed for the fabrica-
tion of nanocomposites (NCMs)."**'* While glass nanocompo-
sites now provide high photoluminescence (PL) quantum yields
(QYs), homogeneous NC dispersion in the matrix and high
chemical and photo-stability, embedding synthesized NCs into
polymer matrices provides better control of NC properties
resulting from colloidal synthesis, a more easily scalable
method of nanocomposite fabrication with options of various
shapes, coatings or other adaptable structures. In this work, we
focus on the latter approach.

In addressing the polymer NCM transparency challenge, the
copolymerization strategies using covalent bonding between
the NC surface and the matrix were the most successful,
reducing agglomeration of the NCs and achieving their more
homogeneous dispersion in the matrix.">™” In terms of pre-
servation of NC properties, photopolymerization and solvent
evaporation proved to be gentler methods; however, they suffer
from limitations in terms of loading and NCM dimensions.**"
However, thermal mass polymerization promises a technologi-
cally scalable method and allows for a high NC loading in the
matrix (up to 40 wt%)."”” Moreover, thermal polymerization
significantly broadens the options for matrix choice, especially
polystyrene, which is a widely used polymer and exhibits the
highest radiation hardness among ordinary industrial poly-
mers.> However, thermal mass polymerization of styrene in
the fabrication of the CsPbBr; NCM often leads to degradation
of NC properties."”'® Temperatures at least above 60 °C are
needed for the initiation of polystyrene-based polymers,>
which can cause irreversible damage to NC properties due to
ligand detachment, causing surface trap formation and nano-
crystal aggregation.®**** Moreover, there exists a phase transi-
tion for CsPbBr; at around 88 °C> which, according to some
authors,®2°
allotropes.

Some works were successful in the preparation of CsPbBr;
polystyrene NCMs while maintaining high PL QYs above 75%.
Shi et al.*” and Cai et al.*® succeeded in producing efficient thin
films of the CsPbBr; NCM by maintaining the polymerization
temperature low at <60 °C. In addition, recently, Carulli et al.®
presented fabrication of a defect-free CsPbBr; NCM by thermal
polymerization of polyvinyl toluene at 65 °C using NCs passi-
vated with didodecyldimethylammonium fluoride (DDAF).
In all of these cases, the authors managed to preserve the
luminescent properties of the NC because surface passivation
was resistant to polymerization temperatures and prevented
the desorption of ligands. The stable temperature of the ligand
shell will become even more crucial and more difficult to

could lead to the development of nonemissive

achieve if one wishes to push the polymerization temperatures
higher in order to achieve more efficient bulk polymerization or
employ new matrices, e.g., transparent silicones.>® The improved
thermal resistance of the NC properties might also open up new
NCM processing options, such as 3D printing.*® In this regard,
fluoride surface treatment emerges as the most promising
approach. It was shown that pseudohalide anions such as ammo-
nium hexafluorosilicate (AHFS)***? or hexafluorophospate®*3*
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are prospective ligands achieving high PL QYs over 80%. More-
over, in the LED research on luminescence thermal quenching,
it has been shown that fluoride treatment helps stabilize and
suppress high temperature-induced ion migration in CsPbBr;
NCs, while effectively passivating surface defects.*’**® The
translation of the advantages of this strategy into the fabrica-
tion of NCMs was demonstrated in the mentioned work by
Carulli et al.® employing DDAF as the surface agent.

In this work, we present a novel process for the fabrication
of a bright and transparent CsPbBr; polystyrene NCM. Using
the AHFS passivation strategy,®' for the first time for the
fabrication of the NCM, we are able to reduce the thermal
degradation of the NC properties to polymerization tempera-
tures of up to 110 °C, temperatures far above previous works.
Moreover, we are able to introduce additional allyl-func-
tionalization of treated NCs to concurrently, for the first time,
tackle the other challenge for NCM fabrication, namely the
homogeneous NC dispersion in the matrix. Furthermore, we
demonstrate that the AHFS passivation strategy with the con-
sequent surface functionalization can be extended to a custo-
mized fabrication of NCMs with other polymers by preparing
an amino-functionalized CsPbBr; NC embedded into poly-
urethane. We characterize the luminescence and scintillating
properties of the prepared NCMs and assess their potential for
novel applications in radiation detection.

Experimental
Chemicals

Acetone (p.a., P-LAB), ammonium hexafluorosilicate (AHFS,
98%, Thermo Scientific), allyltrimethoxysilane (ATMOS, 95%,
Sigma-Aldrich), (3-aminopropyl)triethoxysilane (APTES, 99%,
Sigma-Aldrich), 2,2’-azobis(2-methylpropionitrile) (AIBN, 98%,
Sigma-Aldrich), Crystal Clear™ 202 EU (Smooth-On, Inc.),
Cs,CO; (99.9%, Sigma-Aldrich), ethyl acetate (p.a., PENTA), 1-octa-
decene (ODE, 90%, Sigma-Aldrich), oleic acid (OA, 90%, Sigma-
Aldrich), oleylamine (OAm, 70%, Sigma-Aldrich), PbBr, (99.999%,
Sigma-Aldrich), styrene (>99.5%, Carl Roth), tetraethylorthosili-
cate (TEOS, >99.0% (GC), Sigma-Aldrich) and toluene (anhydrous,
99.8%, Sigma-Aldrich) were used. All chemicals were used as
received without further purification unless otherwise stated.

CsPbBr; NC synthesis and modification

CsPbBr; NCs were prepared using a slightly modified original
synthesis by Protesescu et al.’’ Cesium oleate was prepared
using an increased 5:1 ratio of OA:Cs to be soluble at room
temperature.*® PbBr, was dissolved in octadecene using oleic
acid (OA) and oleylamine (OAm) and dried, then pre-prepared
cesium oleate was injected at 170 °C and subsequently the
reaction was quenched after 10 seconds in an ice bath.
The reaction mixture was then isolated by centrifugation at
10950g for 5 minutes and the sediment was redispersed in
toluene. Details about the synthesis can be found in the study
of Décka et al.*®

This journal is © The Royal Society of Chemistry 2026
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To perform ligand exchange (LE), the AHFS powder was
dissolved in water to obtain a 2 M solution. Then the AHFS
solution was added to the NCs dispersed in toluene and the
mixture was vigorously stirred for 5 minutes to increase the
contact between the phases and enhance the effectiveness of
LE. The ratio of 0.6: 1 mg of AHFS in water and CsPbBr; NCs in
toluene was used. We point out that to perform the ligand
exchange effectively, the AHFS needs to be dissolved in water
right before use, because of its hydrolysis (see the SI). The NCs
treated with AHFS were then separated by centrifugation at
18235g and redispersed again in toluene. The obtained
solution was usually stirred in a vial for around 5 days prior
to its use for the preparation of the NCM, to allow hydrolysis of
AHFS to proceed.

For further surface functionalization of the AHFS-treated
NCs, the solution of AHFS-treated NCs was stirred for one day
after LE before the addition of the functional organosilane used
for tailoring the NCs to the matrix. For allyl functionalization,
1 pL of ATMOS per 2.5 mg of CsPbBr; NCs was added under
stirring and reacted for two days. Afterwards, the functionalized
NCs were isolated by centrifugation and redispersed in a fresh
solvent, either toluene for characterization or styrene for NCM
preparation. To obtain amino-functionalized NCs for the poly-
urethane matrix, first 150 pL of TEOS was added to 7 mg of
AHFS-treated CsPbBr; NCs in 1 mL of toluene. The solution was
stirred and allowed to dry at 45 °C in a drying chamber. The
SiO, encapsulated NCs were then redispersed in toluene by
ultrasonication and 5 pL of (3-aminopropyl)triethoxysilane
(APTES) was added for functionalization. The mixture was
ultrasonicated for 5 minutes and then stirred for another
30 minutes. As-functionalized NCs in toluene were used for
NCM fabrication.

Polymer nanocomposite preparation

In the preparation of polystyrene NCMs, functionalized NCs
were dispersed in styrene to eliminate the adverse effects of
toluene on the dispersion of NCs in the matrix."” First, the
styrene monomer was purified from a polymerization inhibitor
using an alumina column. Then, a viscous polystyrene prepo-
lymer was produced by steady heating of the styrene monomer
for about 30 minutes. Subsequently, the prepolymer was mixed
with the colloidal NC solution and 0.3 wt% of the initiator
azobisisobutyronitrile (AIBN). In this way, sedimentation of the
NCs in the NCM is prevented and NC agglomeration is reduced
compared with polymerization performed using pure styrene
monomers. The polymerization reaction and hardening of the
prepolymer mixture were then thermally reinitiated. The sam-
ples were heated either for 3 hours at 80 °C or for 45 minutes at
110 °C. For reference samples without exposure to increased
temperatures, the mixture was left in the mold to harden at
laboratory temperature for 14 days.

To prepare polyurethane NCM, Crystal Clear™ 202 EU, a
commercial two-component urethane casting resin, was used.
Aminofunctionalized NCs dispersed in toluene were added to
component A containing 4,4’-methylenedicyclohexyldiiso-
cyanate and mixed for about 5 minutes, and then the mixture

This journal is © The Royal Society of Chemistry 2026
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was left at 45 °C to partially evaporate toluene and to react the
surface amino groups of the NC with the isocyanate groups.
Subsequently, component B was added in a 10A:9B weight
ratio and mixed well. The mixture was then poured into the
mold and degassed for 5 minutes. Subsequently, the mold
mixture was placed in a pressure chamber and allowed to cure
at 3 bar pressure and laboratory temperature for two days.

Characterization methods

Infrared spectrometry was performed on an FT-IR spectrometer
(NICOLET iS50, Thermo Scientific) using the attenuated total
reflectance technique on a diamond crystal. For the measure-
ment, the NCs were dropcast from the solution on an alumina
plate, which was then placed on the crystal. The spectrum
was acquired in the mid-infrared region (400-4000 cm™%;
resolution: 2 em™') and subsequently processed with SW
OMNIC 9 (Thermo Scientific). PL emission and transmittance
spectra were obtained using a FluoroMax spectrofluorometer
(Horiba Jobin Yvon). The PL emission of the NCs dispersed in
toluene was excited at 320 nm, and the PL emission of the NCM
was excited at 400 nm and collected in a reflectance configu-
ration at a 45° angle between the sample and the incident
beam. Radioluminescence (RL) spectra were obtained using a
5000 M spectrofluorometer (Horiba Jobin Yvon) with a mono-
chromator, a TBX-04 photodetector (IBH Scotland) and a Seifert
X-ray tube (40 kV, 15 mA) as the excitation source. All measure-
ments were performed at laboratory temperature and in an
ambient atmosphere.

For transmission electron microscopy (TEM), scanning
transmission electron microscopy (STEM), and energy-
dispersive X-ray (EDX) measurements, the NCs were dropcast
from the solution on a TEM carbon film supported copper grid
with standard thickness and grid size 400 mesh from Sigma-
Aldrich. STEM micrographs were acquired on a focused ion
beam/scanning electron microscope FEI Helios NanoLab 660
(HELIOS, Thermo Fisher Scientific) using an insertable STEM
3+ detector. Micrographs were recorded using high angle
annular dark field imaging (HAADF) with a primary electron
beam energy of 25 keV and a beam current of 25 pA. TEM
micrographs were acquired using a low voltage electron micro-
scope (LVEM 25E, Delong Instruments) with a primary electron
beam energy of 25 keV. EDX analysis was performed in the
STEM mode of LVEM 25E at 15 keV using the built-in Bruker
Nano GmbH EDX detector XFlash 630, Mn FWHM 123.1 eV.
The EDX spectrum was collected integrally over a rectangular
area of 2 x 2 um? (400 x 400 px®) with a pulse throughput of
60 keps using precise acquisition (250k counts, minor elements
1-10%), manual TEM background settings, Bayes deconvolution,
and the Cliff-Lorimer quantification model.

The absolute PL QY was measured using a tuneable excitation
source based on a Laser-Driven Light-Source LDLS (Energetiq)
coupled to a 15-cm monochromator (Acton SP-2150i). The detec-
tion part consisted of a 30-cm imaging spectrograph (Acton SP-
2300i) with an LN-cooled back-illuminated CCD camera (Spec-
10:400B, Princeton Instruments). Samples were placed in a 50-mm
integrating sphere (Thorlabs). Both the excitation and the
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emission signals were coupled and guided using the silica fiber
bundles. The set-up was absolutely calibrated using the sec-
ondary radiation standard (45 W tungsten-halogen lamp, New-
port Oriel), and the estimated uncertainty of QY determination
is 1-2% depending on the sample and spectral characteristics.
For more details, refer to the study of Valenta and Valenta and
Greben.**!

The photoluminescence decay kinetics measurements at
room temperature were performed using a FLUOROLOG-QM™
modular research fluorometer (Horiba Scientific). The excita-
tion by 416 nm light was provided by pulsing the DeltaDiode
laser head with a pulse duration below 100 ps. Emission at
515 nm was selected by the monochromator and registered
using the time correlated single photon counting method
(TCSPS) by the PMT R13456 (Hamamatsu). Fits of the decay
curves were obtained by performing the convolution of the
exponential function with the instrumental response and the
least-square sum fitting procedure (SpectraSolve™ TM software
package for Windows, Ames Photonics). The fast X-ray excited
spectrally unresolved scintillation decays were measured at
room temperature using a time-correlated single photon count-
ing method using the FluoroHub unit coupled with a hybrid
photomultiplier (Horiba Jobin Yvon) together with a pico-
second X-ray pulsing source at 40 kV (Hamamatsu). The instru-
mental response function of the setup was 75 ps.

Results and discussion

NCs prepared using the hot injection method underwent an LE
with AHFS (schematically depicted in Fig. 1(a)). As shown in

View Article Online
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Fig. 1(b), the FTIR spectra of the as-synthesized NCs exhibit
dominant C-H stretching vibrations at 2920 and 2850 cm ™.
This signal is significantly reduced after the first LE cycle;
meanwhile, new vibrations closely corresponding to the signal
of pure AHFS powder appear, showing successful exchange
of surface ligands. The bands at 3300-3030 and 1420 cm ™"
are attributed to NH*" stretching and bending vibrations,
respectively,’” and the bands at 710 and 475 em™" correspond
to Si-F vibrations of the silicate anion.*® To verify completeness
of LE, a second cycle was performed, and no significant changes
to the FTIR spectrum were observed, indicating complete surface
saturation by SiF,~ and NH," ions after one LE cycle.

After LE, the NCs were stirred, and the FTIR spectra were
evaluated over time. Zhang et al.®' observed the appearance
of Si—O-Si vibrations in FTIR spectra after two days and they
ascribe it to the formation of a silica layer by slow hydrolysis of
fluorosilicate, shown schematically in Fig. 1(c). From the
FTIR results, we also observed the presence and slow growth
of Si-O-Si vibrations over time, supporting the claim of silica
layer formation (see Fig. 1(d)). When observing the STEM
micrographs shown in Fig. 1(e), AHFS treated NCs with age
did not show an observable silica shell; therefore, the formed
surface silica probably exists in the form of a thin, close to the
monomolecular layer, and no larger silica particle aggregates
form. This agrees with the fact that we did not observe
significantly improved resistance of as-treated NCs to exposure
to water or other polar solvents, as the surface layer is too thin
to provide necessary protection.

However, we propose that this thin layer can act as a plat-
form for further modification of the NC surface using organo-
silane chemistry. As was shown, the surface fluorosilicate is

CstBrasnl“lC CstBr NC CstBrgNC
AHFS AHF
in toluene in water in toluene in toluene
mixing c)

=—HI OA+OAm —AHFS after LE
~—=AHFS 1x ligand exchange| —AHFS 3 days after LE|
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(a) Schematic depiction of the AHFS LE cycle. (b) FTIR spectra of NCs as produced by the hot-injection method (blue), NCs after one cycle of

AHFS LE (dark green), NCs after two cycles of AHFS LE (bright green) and pure AHFS powder (black). (c) Schematic depiction of siloxane bond formation
on the NC surface by hydrolysis of AHFS over time. (d) FTIR spectra of NCs treated with AHFS after LE (blue) and the same sample after 3 days (dark green)

and 6 days (bright green). (e) STEM micrograph of AHFS treated NCs.
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Fig. 2 (a) Schematic depiction of allyl-functionalization of AHFS treated NCs using ATMOS. (b) FTIR spectra of AHFS treated NCs after LE (blue) and the

same NCs one day after addition of ATMOS to the solution (dark green) and two days after addition of ATMOS (bright green); the inset shows the
molecular structure of ATMOS with highlighted bonds visible in the FTIR spectra. (c) STEM micrographs of allyl-functionalized AHFS treated NCs.
(d) On the right, normalized PL spectra of AHFS treated NC solutions after LE (blue) and the same sample after 6 days (dark green) and redispersed in
styrene before NCM preparation (bright green); on the left, normalized PL spectra of allyl-functionalized AHFS treated NC solutions after LE (blue) and the
same sample after 5 days (dark green) and redispersed in styrene before NCM preparation (bright green). (€) PL QY values at various excitation
wavelengths for NCs as produced by the hot-injection method (black), AHFS-treated NCs (blue) and allyl-functionalized NCs (bright green). (f) and (g) PL
decay curves of NCs as produced by the hot-injection method (black), AHFS-treated NCs (blue) and allyl-functionalized NCs (bright green), shown in the

short time scale and long time scale, respectively.

prone to hydrolysis, leading to the formation of silanol groups
and siloxane bonding, which can be exploited to bring novel
functionality to the surface by reacting it with functional
organosilanes. To demonstrate this, we chose allyltrimethoxy-
silane (ATMOS) as an agent for further functionalization. In our
previous work,"” we showed that allyl functionalization can be
used to improve NC dispersion in the polystyrene matrix,
leading to superior transparency of the resulting NCMs and
allowing high NC loadings by copolymerizing with polystyrene.
This modification is schematically depicted in Fig. 2(a).

Hence, ATMOS was added to the stirring AHFS-treated
solution, and the reaction was evaluated over time. In this
case, the Si-based network is formed faster compared to only
the AHFS-treated sample, as demonstrated by the FTIR spectra
in Fig. 2(b). Just after 2 days, the Si-O-Si band between
1000 and 1100 cm ' is dominant, while there is a significant
reduction in Si-F-based vibrations at 710 and 475 cm .
Meanwhile, the presence of C—C is evident by a narrow band
at 1480 cm ™" as well as 1180 and 991 em™" vibration bands
specific to the silicone-bound allyl group.** This suggests that
the reaction between surface bound fluorosilicate anions and
ATMOS was successful because ATMOS hydrolysis combined
with more extensive Si-F hydrolysis produced a more extensive
Si-O-Si network, and the presence of allyl vibrations shows a
strong association of the organosiloxane polymers to the sur-
face. Again, as treated NCs were observed by STEM, and no
thick silica shell was observed, showing that the surface mod-
ification is still in the form of the ligand surface modification
(see Fig. 2¢). As functionalized NCs with AHFS and ATMOS in
the work are denominated by the abbreviation AA.

This journal is © The Royal Society of Chemistry 2026

During LE and organosilane functionalization, no signifi-
cant changes to the PL profile were observed and the emission
position was maintained as seen in Fig. 2(d). Importantly, a
significant increase in PL QY was observed after LE (Fig. 2(e)),
rising from 36% to 95% for excitation at 420 nm, pointing to
nearly complete surface repassivation as the AHFS molecule
can fill surface halide vacancies and repair the surface. A peel-
off mechanism for this surface repair was proposed in the
literature.>” The subsequent allyl-functionalization led unfortu-
nately to deterioration of the PL QY value to about 60%. Here, the
decrease in surface passivation is probably due to the influence of
released methanol during the hydrolysis of ATMOS. These results
correspond well to observed PL kinetics. As seen in Fig. 2(f), the
AHFS-treated sample exhibits the slowest first decay component
corresponding to direct exciton recombination (4.24 ns, for the
fitting, see the SI); meanwhile, both as-synthesized and allyl-
functionalized NCs are influenced more extensively by non-
radiative quenching, leading to acceleration of the decay compo-
nent down to 3.69 ns and 3.04 ns, respectively. Looking at the
slowest components (see Fig. 2(g)), both of these samples, espe-
cially as-synthesized NCs with OA and OAm, show increased
presence due to the contribution of delayed recombination of
surface trapped excitons and worse surface passivation.

Before embedding into polystyrene, functionalized NCs were
transferred to styrene as a dispersion medium; the final spectra of
NCs in styrene used for NCM fabrication are also shown in Fig. 2(d).

Polystyrene CsPbBr; nanocomposites

AHFS and allyl-functionalized AA NCs were embedded into
polystyrene by thermally initiated polymerization with an AIBN
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initiator as described in the Experimental section. To evaluate
the suppression of thermal damage to the luminescent proper-
ties of NCs, a set of samples were prepared at various tempera-
tures, namely 80 °C and 110 °C, to compare high temperature
polymerization and 25 °C to have a reference sample not
exposed to elevated temperatures. All samples were treated at
respective temperatures till complete hardening, 3 hours for
the 80 °C, 45 minutes for the 110 °C and 3 weeks for the 25 °C
sample. We point out that even though it was possible to
harden our polystyrene samples without thermal heating, it is
not a scalable process, mostly limited by sample dimensions
and long duration of hardening, necessitating thermal or other
initiation of polymerization for practical sample production. In
addition to various polymerization temperatures, the loading of
NC in the matrix was varied for samples prepared at 80 °C in
the range of 0.1 wt% to 10 wt% to observe the effect of higher
NC concentrations.

However, first, the effect of allyl functionalization in AA
samples was investigated compared to only AHFS-treated samples.
As shown in Fig. 3(a), the transmittance of the A and AA samples
prepared at 80 °C is compared at two sample thicknesses. Similarly
to our previous work, significant improvement in NCM trans-
parency is observed with additional allyl-functionalization of

View Article Online
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the NCs, doubled for lower thickness at 525 nm from 5.7% to
11.4% and with its effect increasing with higher sample thickness
as expected (more than 3x improvement from 1.9% to 6.4%). The
generally low values of measured transmittance of the samples are,
in our opinion, influenced by the long optical path of the spectro-
fluorimeter used for measurement, leading to rejection of nearly all
scattered light. To provide a complete idea of the sample transpar-
ency, a photo of the sample is shown in the inset. Enhancing the
transparency of the NCMs is crucial not only for an effective
scintillating material but also generally for all light-emitting appli-
cations. Especially for prospective novel applications of cesium lead
halide NCs in radiation detection, like chromatic calorimetry, the
transmittance not only for emitted light but also to other wave-
lengths is necessary.

Showing that additional allyl-functionalization of AHFS NCs
improves the NCM properties, the effect of fluoride surface
treatment on the thermal stability of passivation is investigated
on AA samples. The high temperature treatment affects the
luminescence of CsPbBr; by ligand desorption and the conse-
quent increase in surface trap density,>® manifesting itself by a
pronounced red shift in emission due to the recombination of
shallowly trapped excitons.****> For our samples, crucially, the
spectral position and shape of the NCM samples remain
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Fig. 3

(a) Transmittance spectra of the AHFS CsPbBrs NCM with 1 wt% loading prepared at 80 °C with 250 pm (blue solid) and 500 um (blue dotted)

thickness and of the allyl-functionalized AHFS CsPbBrs NCM with 1 wt% loading prepared at 80 °C with 250 um (bright green solid) and 500 um (bright
green dotted) thickness; the inset shows a photo of the allyl-functionalized AHFS CsPbBrs NCM with 1 wt% loading prepared at 80 °C with 250 pm
thickness. (b) Normalized PL spectra of the allyl-functionalized AHFS treated NC solution in styrene (light blue) and allyl-functionalized AHFS CsPbBrs
NCM samples with 1 wt% loading prepared at 25 °C (dark blue), 80 °C (red) and 110 °C (bright green). (c) Normalized PL (solid line) and RL (dotted line)
spectra of the same NCM samples as in (b). (d) RL decay curves of the allyl-functionalized AHFS CsPbBrs NCM with 1 wt% loading prepared at 25 °C (blue
diamonds) and 110 °C (bright green triangles) and the NCM sample with NCs functionalized only with ATMOS prepared at 110 °C (grey circles). (e) Bulk
allyl-functionalized AHFS CsPbBrz; NCM with 0.03 wt% loading prepared at 80 °C. (f) Normalized PL spectra of the allyl-functionalized AHFS treated NC
solution in styrene (light blue) and the allyl-functionalized AHFS CsPbBrs NCM with 0.1 wt% (dark blue), 1 wt% (red), 5 wt% (bright green) and 10 wt%
(black) loading prepared at 80 °C. (g) Normalized PL (solid line) and RL (dotted line) spectra of the same NCM samples as in (f).
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unchanged with an increase in the polymerization temperature
from 25 °C to 110 °C. The PL spectra of the respective AA NCM
samples are shown in Fig. 3(b) alongside the AA styrene
precursor solution for NCM preparation. The emission max-
imum of all NCMs is red-shifted compared to the precursor
solution by 7 nm, probably because of enhanced reabsorption
due to the much higher concentration of NCs in the medium.
Fig. 3(c) shows a comparison of the PL spectra with the respec-
tive RL spectra, and here again we can observe the unaltered
position and shape of the emission with increasing polymer-
ization temperature, showing no red-shift due to recombina-
tion of shallow trapped excitons, pointing to the stability of the
ligand shell to high temperature polymerization. To further
investigate the suppression of thermal damage by AHFS surface
passivation, the RL decay kinetics of the samples are compared
as shown in Fig. 3(d) (the fitted data can be found in the SI)
with the sample produced with ATMOS-only treated NCs pre-
pared as in our previous work.'” The difference between the
samples is in slow components, where the acceleration of the
kinetics can be ascribed to increased luminescence quenching
from surface traps and an enhanced contribution of shallow
exciton recombination. Here, the impact of increased polymer-
ization temperature on the decay profile is observable. The
reference sample prepared at 25 °C exhibits the slowest decay.
Even though the AHFS-treated sample prepared at 110 °C shows
accelerated decay with respect to the reference, there is still
significant improvement compared to the sample not passi-
vated with fluorides featuring the fastest decay of all. This
might suggest that the ligand shell stability is improved and
stable to high temperatures, even though the trap formation is
probably not entirely prevented, and in order to fully suppress
it, the polymerization temperature might need to be lowered.
However, the red-shift due to shallow exciton recombination
was not observed in the emission spectra and the reason for
observed quenching might be instead the formation of none-
missive allotropes due to phase transition®*>?® and energy
transfer to them."® Regardless, the AHFS treatment seems to
provide improved thermal stability to the ligand shell and is
able to produce a bright sample even with preparation at
110 °C. Crucially, the perspective sub-nanosecond components
of multi-excitonic origin are produced in the samples by high
density excitation of X-rays.

In addition, the effect of increasing loading on the spectral
position and shape was investigated. In Fig. 3(e), the PL spectra
of NCMs with loading between 0.1 wt% and 10 wt% are shown,
and Fig. 3(f) shows a comparison of the PL spectra with the
corresponding RL spectra of the respective samples. In the PL
spectra, we observe a gradual red shift of the emission from the
precursor styrene solution to the NCM with 0.1 wt% loading
and to NCM with 1 wt% loading, attributable to the increasing
effect of emission reabsorption due to increasing NC concen-
tration. However, further increase of the NC loading from
1 wt% to 10 wt% leads to no additional redshift which might
be due to saturation of reabsorption at the concentration level
where all short-wavelength light gets effectively reabsorbed.
Importantly, the emission spectra of the NCs with AHFS

This journal is © The Royal Society of Chemistry 2026
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passivation are unaltered even at high concentrations. At these
levels of loading, NC aggregation at elevated temperatures
might have become more pronounced, leading to further red-
shift of the emission.”® Here, apart from the improved tem-
perature stability of the ligand shell, thanks to AHFS, the allyl-
functionalization with ATMOS is probably also essential,
improving NC dispersion in the matrix, reducing agglomera-
tion of the NCs to clusters and mitigating their aggregation as
was shown in our previous work.'” Finally, our protocol was
then scaled with success to bulk samples, and the NCM with
0.03 wt% loading and centimeter scale dimension is shown in
Fig. 3(g).

Therefore, both functionalities of our novel combination of
thermal stability enhancement fluoride treatment together with
the copolymerization strategy to improve NC dispersion were
successfully demonstrated, showing their advantage for poly-
styrene NCM preparation over only fluoride treatment using
organic ligands like DDAF® or only copolymerizable ligands like
ATMOS."” However, the advantage of AHFS treatment of NCs is
not limited only to polystyrene NCM preparation. Thanks to its
compatibility with organosilane chemistry, we suggest the
protocol can be successfully modified to suit also other polymer
matrices, where by changing the functional group of the
organosilane used, the NC modification can be tailored to the
specific chemistry of the matrix, providing again robust passi-
vation of the NC surface as well as superior NC dispersion in
the matrix. This brings an opportunity for research on different
polymers to exploit improved or novel NCM properties like
radiation hardness or flexibility. Moreover, this whole process
is post-synthetic, which means it can be easily scaled and
adapted to CsPbBr; NCs synthesized using larger-scale meth-
ods compared to the hot-injection synthesis.*” Therefore, the
process can be exploited not only in scintillation applications,
such as chromatic calorimetry, but also in other light emit-
ting applications. To demonstrate the possibility of tailoring
the process for different polymer matrices, AHFS treated NCs
were embedded into the polyurethane matrix. We chose poly-
urethane because it is another popular polymer with versatile
properties and applications*® and can be engineered to be both
flexible and radiation resistant.**>°

Polyurethane CsPbBr; nanocomposites

To embed the AHFS NCs into a polyurethane matrix, the
functionalization process was modified. First of all, solely AHFS
treated NCs could not be embedded into polyurethane since the
polar hydroxy and isocyano groups of polyurethane precursors
caused fast NC decomposition upon addition. The insufficient
protection of AHFS from polar environments again points
to mono- or nearly monomolecular surface passivation. To
increase the resistance of as passivated NCs, the surface protec-
tion layer of NCs was first enhanced by growing a larger SiO,-
based shell by adding tetraethoxysilane (TEOS) and subsequently
functionalized with (3-aminopropyl)triethoxysilane (APTES), pro-
viding an NH, functional group able to co-react with isocyanate
groups of polyurethane precursors.”® The described process is
schematically depicted in Fig. 4(a).
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(@) Scheme of AHFS treated NC functionalization for polyurethane NCMs. (b) TEM micrographs of SiO, encapsulated AHFS treated NCs. (c) FTIR

spectra of SiO, encapsulated AHFS CsPbBrs NCs before (blue) and after (light red) APTES functionalization. (d) PL QY values for AHFS-treated NCs (black),
SiO, encapsulated NCs (blue) and amino-functionalized NCs (red). (e) PL decay curves for the same samples as in (d). (f) Photos of the CsPbBrz
polyurethane NCM with 0.05 wt% loading, under ambient light (above) and under UV light (below).

The AHFS NCs encapsulated in SiO, by TEOS are observed
from the TEM micrographs shown in Fig. 4(b). We claim that
the NCs are fully or partially encapsulated in SiO,, since there
are several images indicating the presence of preserved NCs in
a thin electron beam transmissible layer (<100 nm, upper
image) attached to wider corpuscles (lower image) that are no
longer transmissible by electrons (>>100 nm). Upon close
examination by EDX, we confirm that the wider corpuscles
consist of SiO, and contain Cs, Pb, and Br as evidence of the
presence of CsPbBr; NCs. For more detailed analysis and
discussion of the measured composition of particles, see the SI.

The FTIR spectra shown in Fig. 4(c) are dominated by Si-O-
Si vibrations at 1000-1100 cm™'); however, after APTES func-
tionalization, new weak vibrations attributable to the presence
of the NH, and CH, groups of APTES are identified. The
vibrations at 1485 and 1560 cm™ " with the shoulder around
1645 cm ' correspond to characteristic vibrations of the
-NH;"-HCO; salt, which is formed by reaction of the NH,
group with carbon dioxide and water when the 3-aminopropyl
compounds are hydrolyzed in air.** Since we handled the
sample for FTIR measurements in air, this reaction was likely
to occur. In addition, two peaks at 1165 and 880 cm ™' similar to
specific ATMOS vibrations appear in the spectra and might be
attributed to the Si-(CH,);-NH, structure. Moreover, a relative
increase in CH stretching vibrations is observed, providing
further evidence of the successful functionalization of the
surface of APTES.

The advantage of SiO, shell growth from AHFS treated NCs
might be the growth of the SiO, network directly from the NC
surface, thanks to the presence of AHFS, leading to better

J. Mater. Chem. C

preserved surface passivation compared to protocols using
organic ligands® and decreased NC agglomeration in the SiO,
shell. Nevertheless, the PL QY of the encapsulated NCs did
decrease to 58% during the process (see Fig. 4(d)), the reasons
being probably the same as with the allyl-functionalization, the
release of alcohols during the hydrolysis, in this case, of ethanol.
The subsequent amino-functionalization by APTES of silica encap-
sulated NCs decreased their PL QY only mildly since they were
protected by the shell from the additional products of APTES
hydrolysis. The PL QY measurements are complemented by PL
decay curves in Fig. 4(e) showing identical presence of slower
components for both TEOS encapsulated and APTES functiona-
lized NCs, attributable to delayed recombination of trapped
excitons, pointing to minor influence of further functionalization
after encapsulation. In the future, the layer thickness and SiO,
particle size might be optimized by varying the TEOS amount and
the TEOS: APTES ratio to enable higher NC loading in the matrix
at the same transparency level.

The as prepared NCs were then embedded into polyurethane
without heating, as described in the Experimental section. The
resulting transparent 3 x 3 x 3 cm?® cubic NCM sample with a
loading of 0.05 wt% is shown in Fig. 4(f) with the corresponding
PL and RL spectra in Fig. 5(a). Both the emission maxima of
515 nm and the spectral shape are maintained for the precursor
toluene solution and the RL of the NCM. In the RL spectra,
emission of the PU matrix is also intense (a broad band
centered around 425 nm), as most of the X-ray energy is
deposited in the matrix due to the low NC concentration. With
increasing NC content, the ratio of energy deposited in NC
would grow and also more of the PU light would get reabsorbed

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 (a) Normalized PL spectra of AHFS treated NCs in the toluene precursor solution and normalized PL and RL spectra of the CsPbBrz polyurethane

NCM. (b) PL decay curves for the amino-functionalized NCs in toluene (light blue) and the same NCs embedded into PU (dark blue). (c) RL decay curve of
the CsPbBrz PU NCM, the experimental data are shown as black circles, the 4-exponential fit is shown as a red line and IRF is in blue, and the fitted

parameters are shown in the inset.

and reemitted by NCs, providing improved scintillating proper-
ties of the NCM. The decay kinetics of the embedded NCs were
well preserved as well. PL decay curves in Fig. 5(b) do not show
any additional slow components, suggesting that no new sur-
face traps were introduced during nanocomposite fabrication.
Additionally, in the RL decay curves (see Fig. 5(c)), an ultra-fast
multi-excitonic component is present even at these low levels of
loading, suggesting that there is sufficient energy deposition in
the NCs. Although not fully optimized, we were able to success-
fully adapt our fluoride passivation process to the polyurethane
matrix, showing the potential and significant advantages of our
approach of using AHFS as a platform for functionalization of
the CsPbBr; NCs, tailorable to matrix chemistry, leading to
enhanced performance of NCMs.

Summary and conclusions

We have successfully prepared polystyrene and polyurethane
CsPbBr; NCMs with preserved luminescent properties. We show
that using AHFS represents a prospective surface passivation
strategy, providing improved thermal stability of the ligand
shell as well as an option for additional functionalization to
tailor the NCs for improved NC dispersion in the polymer
matrix. The enhanced thermal resistance to 110 °C of our
passivated CsPbBr; NCs enables fast and efficient fabrication
of bright polystyrene NCMs, even though the effects of thermal
polymerization are not suppressed entirely and to produce
completely defect-free NCMs, the polymerization temperature
might need to be lowered. Anyway, this high-temperature
process opens up possibilities for the search for novel matrices
with higher processing temperatures, such as siloxanes, or new
processing methods, such as 3D printing. Moreover, it might be
used to improve the compatibility of the NCs with other
commonly used polymers through a tailored surface, thereby
leading to enhancements in their transparency. This potential
for tailoring the functionalization process was demonstrated by
preparing polyurethane CsPbBr; NCMs.

This journal is © The Royal Society of Chemistry 2026
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