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Perfluorooctanoic acid-modified CsPbBrs perovskite quantum dots (F-PQDs) are used as both lumine-
scence centers and photocatalysts to prepare organic—inorganic nanohybrid assemblies. Polymerization-
induced self-assembly (PISA) technology of poly(poly(ethylene glycol) monomethyl ether methacrylate)-
b-poly(perfluorooctyl)ethyl methacrylate copolymers (POEGMA-b-PFOEMA) via photo-induced electron/
energy transfer RAFT (PET-RAFT) simplifies the synthetic steps of hybrid nanoparticles and enables the
in situ encapsulation of PQDs through the dipole—dipole interaction based on the fluorocarbon chain on
F-PQDs’ surface and FOEMA. The insolubility of the PFOEMA block with liquid crystal properties allows for
effective modulation of the hybrid nanostructure in toluene. Modulation of the block length achieves the
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inherent fluorescence and enhanced stability. This strategy simplifies the preparation scheme of a PQD/
polymer composite and provides a new perspective for the design of organic—inorganic hybrid materials
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rsc.li/frontiers-inorganic through the photo-PISA strategy.

Introduction

Perovskite quantum dots (PQDs) have attracted increasing
attention from the materials field based on their outstanding
photophysical properties. Meanwhile, the inherent instability
of their ionic structure has limited further application."™ A
myriad of emerging approaches, including component engin-
eering, ligand engineering, surface engineering, and matrix
encapsulation, effectively enhance the stability of PQDs.*
Nevertheless, the diminishing luminescence in the long-term
storage of PQD-based materials owing to the dynamic dis-
sociation of surface ligands and the reduced dispersion by
host matrixes is disadvantageous for practical applications.
Hybrid assemblies between functional polymers and PQDs
offer an ideal solution to these problems.'™ Functional poly-
mers, such as amphiphilic polymers,® coordination polymers,’
and zwitterionic polymers,®° can effectively realize micro-
crosslinking and passivate the perovskite surface, which pre-
vents the dissociation of PQDs. To date, organic-inorganic
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hybrid materials based on PQDs have been widely used in
optoelectronic devices, solar cells, and biomedical fields."™
However, for most PQD/polymer composites, the synthesis and
purification of polymers are tedious and complicated; then, it
is difficult to construct isotropic nanomaterials, which is
adverse for the preparation of high-performance devices and
precision instruments.

Nowadays, PQDs are used as photocatalysts (PCs) for photo-
polymerization as summarized in Table S1.f PQDs also show
superb adaptability to a variety of photopolymerizations,
including  photoinduced  radical  polymerization,'® >
PET-RAFT polymerization,"*** photoinduced ATRP polymeriz-
ation,® etc. In most photopolymerizations, maintaining excel-
lent photoelectron transport properties and luminescence
seems to be a paradox, and the photoelectron transfer in the
reaction means the occurrence of polymerization and fluo-
rescence quenching. Thus, it is still challenging to strike a
balance between the luminescence and polymerization
efficiency for the PQD/polymer composite via an appropriate
strategy.

Polymerization-induced self-assembly (PISA) is one method
that can achieve high-content and scalable preparation of
block polymer nanoparticles, in which the polymerization and
self-assembly processes are highly overlapping. Most PISA pro-
cesses are realized by thermal polymerization, which may
restrict their application in some high-temperature intolerant
systems. The groups of Boyer,'®"” Cai,"® and Tan" introduced
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photo-RAFT and PET-RAFT technology into PISA, which has
effectively expanded the boundaries of PISA at room tempera-
ture. In addition, functional block polymer nanoparticles pre-
pared using PISA technology have often been used as tem-
plates,*® nanoreactors,*® or crystallization centers® to achieve
a hybrid assembly. However, the range of inorganic nano-
materials used in hybrid assembly is limited, mainly focusing
on noble metal nanoparticles and oxides, and most of them
require extra initiators. Moreover, it is difficult to achieve the
precise positioning of inorganic nanoparticles.”>*’

Here, we report an efficient strategy to fabricate organic-in-
organic hybrid nanomaterials easily by PET-RAFT mediated
PISA, achieving the compatibility of stability, polymerization
conversion, and luminescence for fabricating PQD/polymer
nanohybrids. Perfluoroalkyl chain modified CsPbBr; PQDs
(F-PQDs), which were obtained by ligand exchange between
the perfluorooctanoic acid (PFOA) and PQDs, served as both
PC and fluorescence centres of the hybrid materials
(Scheme 1A and B). The PISA process was carried out in a non-
polar solvent (toluene) with poly(poly(ethylene glycol) mono-
methyl ether methacrylate) (POEGMA) as the macromolecular
chain transfer agent (macro-CTA) and 2-(perfluorooctyl)ethyl
methacrylate (FOEMA) as the monomer (Scheme 1C).
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Scheme 1 (A) Schematic demonstration of the surface ligand exchange
strategy of PQDs and the PISA process based on PET-RAFT polymeriz-
ation, (B) the proposed PET-RAFT polymerization mechanism of
F-PQDs, and (C) a synthetic approach for producing the diblock copoly-
mer POEGMA-b-PFOEMA.
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Furthermore, the dipole-dipole interaction between FOEMA
and perfluoroalkyl chain on the F-PQD’ surface can promote
an efficient package of F-PQDs, enabling the precise position-
ing of PQDs in the core of the resultant polymer nanohybrid
assemblies. The nanohybrid assemblies showcased the trans-
formation from nanorods to spindle-like nanostructures by
regulating the degree of polymerization (DP) while maintain-
ing excellent luminescence and enhanced stability.

Results and discussion

CsPbBr; PQDs with an average size of 12.23 nm were syn-
thesized by the hot-injection method according to Kovalenko’s
report*® (Fig. 1A and Fig. S11) and the F-PQDs were prepared
through a ligand exchange method with a reduced average size
of around 10.89 nm (Fig. 1B and Fig. S2, S31). The smaller size
of F-PQDs is related to the dissociation-desorption process
that occurs during the ligand exchange. Strongly acidic PFOA
is more likely to coordinate with PQDs compared with oleic
acid (OA), which strips the weakly coordinated ions from the
surface of the perovskite.”® The X-ray diffraction (XRD) pat-
terns of F-PQDs are consistent with those of CsPbBr; PQDs
crystals (JCPDS no. 54-0752), which indicates that the addition
of PFOA causes no substantial damage to the crystal form
(Fig. S4t). X-Ray photoelectron spectroscopy (XPS) confirmed
that the PFOA was successfully archived on the PQD surface
after ligand exchange, as the F element bands at 699 eV and
880 eV were identified in the F-PQDs (Fig. 1C).%° In addition,
the appearance of the C-F peak at 291.7 eV in the high-resolu-
tion C 1s spectra of F-PQDs also justifies this conclusion
(Fig. 1D and Fig. S51).>° Enhanced fluorescence of F-PQDs was
observed at 508 nm as compared with the PQDs, and the
photoluminescence quantum yield (PLQY) of 48% for PQDs
increased to 73% for F-PQDs (Fig. 1E and Table S27}). The pas-
sivation of surface defects and the exfoliation of low-coordi-
nation lead ions may be responsible for this increased inten-
sity, due to the easier coordination interaction between PFOA
and PQDs than that of OA. Tang,?” Isobe,”® and our previous
work®® showed that the fluorocarbon chain can effectively pas-
sivate the PQD surface to improve the PLQY. Thus, compared
with the PQDs, the PL lifetime 7,,. of F-PQDs decreased,
whereas the internal reorganization lifetime 7; increased and
the surface state reorganization z, dropped, which means that
a reduced surface traps may suppress nonradiative transitions
(Fig. S6 and Table S27).>%%8

Comb-like poly-FOEMA has been widely utilized as a
surface modification material based on the low critical surface
tension of the fluorocarbon chain (7. = 8-11 mN m™").*° The
phase separation behavior between rigid perfluoroalkyl and
hydrocarbon segments can easily form a liquid crystalline (LC)
block, making PFOEMA a unique class in the PISA field.****
An’s group® and Yuan’s group®'?> achieved effective regu-
lation of multiple topological structures driven by the LC block
with the PFOEMA unit on the block copolymer through
thermal RAFT polymerization, respectively. However, there
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Fig. 1 (A) TEM and HRTEM images of PQDs, (B) TEM and HRTEM images of F-PQDs, (C) XPS spectra of PQDs and F-PQDs, (D) high-resolution C 1s
spectra of F-PQDs, and (E) UV-vis absorption spectra and PL spectra (excited at 380 nm) of PQDs and F-PQDs in toluene.

have been no reports on the PET-RAFT polymerization of
FOEMA catalyzed by PQD so far. To evaluate the photocatalytic
polymerization capability of PQDs and F-PQDs to FOEMA in
toluene, a 425 nm blue LED was utilized as the light source
and CPADB was selected as the CTA based on it being inactive
under this condition.>® The details of structural determination
and calculation of the molecular weight of PFOEMA are
described in ESI section 3.3 and Fig. S7.T During the reaction,
an increasing number of bright precipitates can be observed
(Fig. S8 and S9%). After a 12 h reaction, the conversion of
FOEMA reached 18.3% and 26.2% for F-PQDs and PQDs as the
photocatalysts (PCs), respectively (Table S3, entries 5 and 67).
Under the same conditions, only very low conversion of the
polymerization system without PC was detected, which indi-
cates that PQDs and F-PQDs can effectively catalyze the
polymerization of FOEMA, excluding the interference of
polymerization initiated by light directly. The FOEMA conver-
sions of F-PQDs and PQDs as the PCs reached 28% and 25%,
respectively (Table S3, entries 7 and 8t), when the reaction
time was extended to 18 h. Further prolonging the reaction
time did not increase the conversion, which is directly related
to the precipitation of the polymer and PC during the polymer-
ization process. After washing the precipitate three times, the
final materials still maintained bright fluorescence (Fig. S117).
Furthermore, SEM was used to characterize the morphology of
the polymerization products (PQDs/PFOEMA and F-PQDs/
PFOEMA). We found that PQDs/PFOEMA exhibited a typical
nano-microsphere structure, while F-PQD/PFOEMA hybrid
materials exhibited an elliptical and a typical nanohybrid
assembly morphology (Fig. S127). Ion-dipole interaction and
dipole-dipole interaction might be considered as the origin of
this result, which was also confirmed by the previous report of

This journal is © the Partner Organisations 2024

Wang’s group.’* The interaction between the terminated ~CF;
group and PQDs promotes polymer grafting onto the PQDs’
surface, and the entanglement between perfluoroalkyl chains
also accelerates this process.

POEGMA (DP = 78, D = 1.18) was synthesized as a macro-
CTA for constructing a di-block copolymer with FOEMA as a
monomer through PET-RAFT polymerization (Fig. S13 and
S14%). Specially designed macro-CTA with a long stabilizer
block can effectively promote the conversion of PFMOA. The
OEGMA was chosen because its electrically neutral character
can avoid interaction between the macro-CTA and PQDs.
Toluene shows good compatibility with POEGMA and PQDs.
First, we synthesized POEGMA-b-PPFOMA as a proof-of-
concept study utilizing 1 wt% PQDs as PC, where
[FOEMA]: [POEGMA-CTA] = 100 : 1. (More experimental details
are provided in ESI sections 5.3 and 5.41.) When the polymer-
ization reaction was stopped after 24 h, the conversion of
FOEMA reached 45% for PQDs as PC (Table S4}). The TEM
images confirmed that a spindle-like nanostructure was con-
structed successfully. In addition, there are many unpacked
PQDs that can be easily observed (Fig. S16Af). When the
F-PQDs were utilized as the PC, the conversion of PFOEMA
reached 52% under the same conditions, but for this polymer-
ization system, we found that the unpacked perovskite basi-
cally disappeared and the morphology also appeared as
spindle-like nanoparticles (Fig. S16Bt). The polymerization
reaction has a certain induction period and the free radical
concentration is constant within a certain period of time
(Fig. S177). The above result shows that the fluorocarbon chain
on F-PQDs’ surface can efficiently enhance their encapsulation
efficiency in polymers during the photopolymerization. The
dipole-dipole interaction between fluorocarbon chains may

Inorg. Chem. Front,, 2024, M, 2471-2478 | 2473
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promote the enrichment of monomers on the PC’s surface and
accelerated the progress of polymerization. After enrichment,
the repulsion between dipoles may further enhance the
polymerization efficiency.’*

To investigate whether higher-order nano-assembled mor-
phologies were formed within 24 h, we varied the solid
content by [FOEMA]: [POEGMA-CTA] = 200: 1. Generally, the
increase of solid content of PISA system is conducive to the
improvement of polymerization efficiency; meanwhile it also
means an increase in interparticle interactions favoring mor-
phological evolution.'” As expected, the monomer conversion
of the PISA system with 10 wt% solid content is more effective
than that of the 5 wt% solid content system. However, when
the solid content is increased to 15 wt%, the conversion of
monomer is similar to that at 10 wt%, and when the solid
content reaches 20 wt%, the conversion decreases to 16.4%
(Fig. 2A). The occurrence of this result may be related to the
interaction force between the PC, CTA, and monomer. Solid
content is positively correlated with monomer concentration.
F-PQDs play a role in both self-assembly and polymerization
reaction initiation; notably, they also generate fluorescence for
the hybrid. Polymerization may occur primarily in solution
and polymer assembly occurs dynamically, driven by dipole-
dipole interactions and solvophobic interaction under highly
dilute conditions (<1% wt%).>* In contrast, a high solid-state
system exhibited enhanced regularity between the monomer
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and the PC; polymer chains are more likely to proliferate on
the F-PQD surface, which inhibits the electron transfer
between F-PQDs and CTA, resulting in the ineffective
implementation of the PET-RAFT polymerization photocata-
lyzed by F-PQDs. Furthermore, the fluorescence intensity of
nanoparticles with low DP is higher, as demonstrated in
Fig. 2B. The TEM images show that spindle-shaped nano-
particles are formed at solid contents of 5 wt% and 10 wt%.
Increasing the solid content to 15 wt% leads to the merging of
different nanoparticles, which may account for the decrease in
fluorescence intensity. High monomer concentration leads to
better encapsulation of the catalyst, resulting in smaller ellip-
soidal nanoparticles at 20 wt% solid content (Fig. 2C-]J). Some
nanorods/nanoparticles are assembled into higher-order
microstructures to produce spindle-shaped nanostructure, as
can be observed in the samples with 5 wt% and 10 wt% solid
contents.

Nanoparticles with different DPs of PFOEMA were prepared
and the morphology was observed by TEM to further investi-
gate the nanostructure (Fig. 3, Table S5f). A pure phase of
nanorod with an average minor axis at 18.6 nm was observed
and the reaction solution was milky when the DP of FOEMA
was 34 at 10 wt% solid content (Fig. 3A, B and Fig. S18Af¥).
When the DP increased to 75, a spindle-like structure could be
observed with an average length of the short axis of 60 nm and
the reaction solution turned muddy (Fig. 3C, D and
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Fig. 2 (A) Characterization of POEGMA;g-b-PFOEMA diblock copolymers synthesized with a different total solid content, (B) PL spectra (excited at
380 nm) of self-assembled POEGMA-b-PFOEMA nanoparticles in toluene, and (C-J) TEM images of self-assembled POEGMA;g-b-PFOEMA

nanoparticles.
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Fig. 3 TEM images of (A and B) POEGMA;g-b-PFOEMAgz, (conv. = 34%), (C and D) POEGMA;g-b-PFOEMA75 (conv. = 37.5%), (E and F) POEGMAs-
b-PFOEMA 37 (conv. = 45.6%) and (G and H) POEGMAg-b-PFOEMA,;5 (conv. = 53.7%) (inset: photographs of sample solutions).

Fig. S18Bt). The spindle-shaped nanoparticles become more
uniform and the fusion phenomenon of multiple nano-
particles was observed with the increase of DP to 137, and the
reaction solution presented a gel-like state (Fig. 3E, F and
Fig. S18Ct). The fusion between different nanoparticles pro-
moted the formation of uniformly distributed spindles as the
DP increased to 215 (Fig. 3G, H and Fig. S18Dft). The for-
mation of nanorods may be related to the dipole-dipole inter-
action between the fluorocarbon chains on the surface of the
F-PQDs and the PFOEMA block occupying the dominant posi-
tion in the assembly, rather than the interfacial tension and
the repulsion of the POEGMA corona.*> Typical spindle-
shaped nanoparticles were formed as the polymer chain
segment further grew where the LC nature of polymer domi-
nated rather than the interaction between the F-PQDs and the
polymer.®® With the growth of PFOEMA chain segments, the
dipole-dipole interactions between POEGMA and PFOEMA
blocks increased as well, leading to further particle fusion. An
important factor for non-spherical nanoparticles of the assem-
blies was the formation of an LC phase, which was demon-
strated by X-ray diffraction (XRD) and differential scanning
calorimetry (DSC). Peaks at 5.65° and 17.3° represent an
ordered smectic B phase in Fig. 4A, which means the existence
of LC phases.’®*" The phase transition temperatures of four
samples (DP = 34, 75, 137, and 215) in the first heating half-
cycle are 90.25 °C, 88.45 °C, 89.72 °C, and 89.33 °C, which are
consistent with the previous literature for PFOEMA from LC to
liquid solution (Fig. $19-5221).2%*! These results indicate that
all the nanoparticles prepared by PISA possess LC properties.
Elemental mapping of nanoparticles proved the successful
embedding of the perovskite (Fig. $23-S261). All of these

This journal is © the Partner Organisations 2024

nano-assemblies showed excellent fluorescence emission, and
the longer lifetimes may be associated with the fusion of
different nanocrystals by ligand dissociation and the changed
surface environment of the nanocrystals (Fig. 4B, C and
Fig. S27, Table S67).

The above discussion confirms that nanohybrid assemblies
with different structures have been successfully synthesized via
PISA. In addition, another key factor is whether the composite
nanoparticles can maintain stable luminescence and achieve
improved stability. The aforementioned nano-assemblies (DP =
34, 75, 137, 215) with different morphologies were used for
further stability evaluation. A thermal stability test was con-
ducted by heating the solution of samples for a period of time
to 70 °C. After 8 h, the brightness of PQDs has almost dis-
appeared, while F-PQDs can still maintain 48% of their orig-
inal intensity after 12 h. The sample with DP = 34 performed
the best among the hybrid nano-assemblies, maintaining 26%
of its original brightness after heating for 12 h (Fig. 4D and
Fig. S28-S33%). The high thermal stability of F-PQDs can be
attributed to the following reasons: (i) PFOA ligands effectively
passivate the surface defects of PQDs and (ii) PFOA as a
capping ligand effectively inhibits the dissociation of the per-
ovskite structure. Furthermore, the growth of the LC block
reduced the thermal stability, which is related to the activation
of the LC in the heated state, and the interaction between the
fluorine-containing blocks and the chain segments on the
F-PQDs’ surface promoted the dissociation of the capping
ligands. Then, the photostability was studied against UV light
irradiation (365 nm, 50 mW) (Fig. 4E and Fig. S34-S39%). The
fluorescence intensity of PQDs decreased rapidly and was
almost completely quenched within 8 h, while F-PQDs could

Inorg. Chem. Front,, 2024, M, 2471-2478 | 2475
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Fig. 4 (A) XRD spectra, (B) UV-vis absorption spectra and PL spectra, and (C) photographs of different samples. The stability of hybrid nano assem-
blies: (D) thermal stability, (E) UV irradiation stability, and (F) polar solvent stability of different samples.

extend this process to 36 h. In marked contrast, all of the
nanohybrid assemblies can be maintained at 80% of the
initial intensity after 60 h of irradiation. The nano-assemblies
show higher colloidal photostability compared with PQDs and
F-PQDs and the photostability increases with the growth of the
DP of the FOEMA block, due to the dense LC core effectively
limiting ligand dissociation on the PQD surface. The long-
term stability of polar solvents was tested with reference to
Lin’s previous work by adding 10% isopropanol to the solution
and stirring vigorously (Fig. 4F and Fig. S40-S451)."> The
brightness of PQDs and F-PQDs continuously declines within
10 hours when exposed to isopropanol. The sample with DP =
34 can still maintain 55% of their original intensity after 96 h
storage, while the sample with DP = 215 performed the best,
and 97% of the initial intensity can be maintained. The hybrid
assemblies exhibited better stability than PQDs and F-PQDs
for polar solvents based on the efficient sequestration of the
perovskite QDs by the hydrophobic FOEMA block in the
copolymer.

Conclusions

In summary, an efficient strategy to construct organic-in-
organic nanohybrid isotropic nanomaterials has been demon-
strated, which achieved functional integration and precise
control of nanostructures while retaining luminescence of the
perovskite/polymer composite, via a PISA process. F-PQDs can

2476 | Inorg. Chem. Front, 2024, 1, 2471-2478

be served as a photocatalyst for PET-RAFT polymerization
mediated PISA and luminous centers for the nano-assemblies.
The dipole-dipole interaction force between fluorocarbon
chains of ligands on F-PQDs and block copolymer containing
PFOEMA block achieves in situ encapsulation of the perovskite
and the insolubility of LC block enables efficient regulation of
nanohybrid structures. The control of the LC segment realizes
the effective regulation of the nanostructure from nanorods to
ellipsoidal nanohybrid structures, which exhibit great fluo-
rescence emission with enhanced stability. This strategy avoids
the tedious steps of constructing PQD/polymer materials and
provides a new perspective for the synthesis of organic-in-
organic nanohybrid materials through the PISA technique.
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