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ABSTRACT: In stark contrast to conventional organic ligand-capped
counterparts, the ability to create stable metal halide perovskite
nanocrystals strongly tethered with conjugated polymers (CPs) represents
an important endeavor toward tailoring charge carrier dynamics at their
interface that critically underpins applications of this unique class of all
semiconducting, organic—inorganic nanomaterials for optoelectronics.
This, however, has yet to be largely explored. Herein, we report, for the
first time, the unraveling of efficient charge separation at judiciously
designed CP/perovskite quantum dot (QD) interface for photoinduced
atom transfer radical polymerization (p-ATRP). Such scrutiny is rendered
by in situ crafting an array of monodisperse, highly stable, CP-ligated
perovskite QDs with precisely controlled dimensions of each constituent
via capitalizing on unimolecular, amphiphilic starlike block copolymers as
nanoreactors. The intimate and permanent surface tethering of CPs imparts remarkable thermal, photo, and polar solvent stabilities
of CP-ligated perovskite QDs. More importantly, they manifest efficient interfacial charge separation with a profound dependence on
the length of ligated CPs and the size of perovskite QDs. The outstanding structural stabilities and charge separation characteristic
enable CP-ligated perovskite QDs as robust photocatalysts for p-ATRP of a wide selection of monomers with stable and controllable
reaction kinetics, also depending crucially on the length of CPs and the size of perovskite QDs. In principle, an exciting variety of
CP-ligated, uniform perovskite QDs with virtually unlimited material choice of both markedly improved stabilities and tunable
electronic band alignments can be readily accessed by exploiting the amphiphilic starlike block copolymer nanoreactor strategy for
use in photodetectors, sensors, and LEDs, among other areas.

Bl INTRODUCTION sequence and molecular weight (MW), narrow MW
distribution, and well-defined architectures under mild
conditions."" Surprisingly, despite advantageous characteristics
noted above, perovskite QDs have yet to be explored in p-
ATRP.

Despite small molecular organic ligands (often insulating)
generally employed to stabilize the surface and passivate
surface defects on perovskite QDs,* their long-term use in
optoelectronic materials and devices is greatly plagued by their
intrinsic instability toward external stimuli (humidity, heat, UV
irradiation, and polar solvents) due to the ionic crystal
nature.'” Moreover, to promote charge carrier transfer among
QDs for optoelectronics, recent research introduced con-
jugated small molecules with high electrical conductivity as

The past several years has witnessed rapid advances in
synthesis and utilities of metal halide perovskite nanocrystals
(hereafter referred to as quantum dots (QDs)) due to a set of
appealing attributes, including size- and composition-depend-
ent electronic band gap,' high quantum yield (QY),” and
narrow emission full width at half-maximum (FWHM),'
improved structural and phase stability over thin-film counter-
parts owing to their surface capping with organic ligands,’
ambient solution processability,” etc. They find applications in
solar cells, light-emitting diodes (LEDs), sensors, and photo-
catalysis. In the latter context, perovskite QDs have been
exploited for photocatalytic or%anic synthesis,” water splitting,®
and carbon dioxide reduction’ because of tunable band gap,
low cost, and ease of synthesis of perovskite QDs, and their
high reaction kinetics toward photocatalytic organic synthesis.”
Notably, photoinduced atom transfer radical polymerization
(p-ATRP), one form of robust living polymerization
techniques, involves the use of photocatalysts (e.g,, carbon
dots,8 conventional semiconducting QDS,9 or up-converting
nanoparticles'”) to produce functional polymers with precise
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Figure 1. Synthesis of P3HT-ligated CsPbBr; QDs. (a) Schematic representation of crafting CsPbBr; QD via capitalizing on starlike PAA-b-P3HT
block copolymer as a nanoreactor. (b—d) TEM images of P3HT-ligated CsPbBry QDs with diameters D of (b) 6.0 + 0.4 nm, (c) 7.8 + 0.7 nm, and
(d) 10.9 + 0.9 nm crafted using PAA-b-P3HT-1, PAA-b-P3HT-2, and PAA-b-P3HT-S with the fixed length of P3HT chains as nanoreactors,
respectively. (e) High-resolution TEM (HRTEM) image of a P3HT-ligated CsPbBr; QD (white cycle is a guide to the eye). (f) Statistics of size

distribution of as-synthesized QDs.

ligands during colloidal synthesis of perovskite QDs'*'* or via

postsynthesis ligand exchange.'> However, the former
approach yields perovskite QDs with low size and morphology
uniformity.">'* For the latter method, exchanging insulating
hydrocarbon ligands with conjugated small molecules may
result in damaging of QDs and incomplete substitution due to
their liability to decomposition and competitive binding of two
different ligands, respectively.'® Nonetheless, these issues may
limit the full potential of conjugated small-molecule-capped
perovskite QDs for optoelectronics. In this context, due to
both fundamental and practical importance, it is highly
desirable to develop a viable route to placing conjugated
molecules in permanent contact with perovskite QDs to
achieve enhanced optoelectronic properties, while retaining
good control over their size and morphology; this, however,
remains challenging. Particularly, the ability to stably tether
conjugated polymers on perovskite QDs, rather than
conjugated small molecules,'”'® expands the diversity of
perovskite QDs accessible and the portfolio of photophysical
properties.

12902

Herein, we report, for the first time, the tailoring of charge
separation at a series of meticulously engineered CP/
perovskite QD interfaces with staggered type-II band align-
ment via precisely regulating the length of CPs as well as the
size of perovskite QDs in CP-ligated, monodisperse perovskite
QDs. The associated rapid charge separation kinetics in turn
render their use as robust photocatalysts for effective p-ATRP
of monomers of interest. Strikingly, the length of ligated CPs
and the size of perovskite QDs are found to exert a profound
influence on charge separation kinetics and p-ATRP.
Specifically, poly(3-hexylthiophene) (P3HT) and CsPbBr,
are chosen as model CP and perovskite QD, respectively.
First, an array of P3HT-ligated, uniform CsPbBr; QDs with
varied diameters and P3HT lengths are crafted by leveraging a
gamut of unimolecular, amphiphilic starlike poly(acrylic acid)-
block-poly(3-hexylthiophene) (denoted PAA-b-P3HT) block
copolymers with tunable MWs of each block as nanoreactors.
The inner hydrophilic coil-like PAA blocks of various MWs
direct the growth of CsPbBr; QDs, thus dictating their
diameters. On the other hand, the outer hydrophobic
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conjugated P3HT blocks of different MWs function as surface
ligands that are intimately and firmly tethered on the surface of
CsPbBr; QD as a result of original covalent bonding between
PAA and P3HT blocks in starlike PAA-b-P3HT. As a result, a
host of P3HT-ligated uniform CsPbBr; QDs are formed,
displaying a set of appealing stabilities against water, heat, light,
and polar solvents, as well as yielding favorable staggered type-
II band alignment between P3HT and CsPbBr; QD for
efficient charge separation (only 0.31 versus 2.10 ns in the
physical mixture of P3HT/CsPbBr; QD, representing a 7-fold
decrease in intrinsic band-to-band photoluminescence life-
time). The remarkable stabilities in conjunction with efficient
yet tailorable charge separation characteristic make P3HT-
ligated CsPbBr; QDs effective photocatalysts for p-ATRP of a
wide range of monomers with stable and controllable reaction
kinetics. The ability to construct CP-ligated, monodisperse
perovskite QDs with conveniently tuned dimensions of both
constituents enabled by unimolecular starlike block copolymer
strategy to scrutinize optical properties and charge carrier
dynamics would underpin the advances and utilities of this
unique class of nanomaterials in catalysis, optoelectronics,
nanotechnology, and biotechnology, as it circumvents a set of
issues associated with ligand dissociation, insulating small
molecular ligand characteristic, nonuniform morphology, and
phase segregation in copious past works on perovskite QDs.

B RESULTS AND DISCUSSION

First, a set of amphiphilic starlike PAA-b-P3HT block
copolymers with varied yet well-defined MW and narrow
MW distribution of each block were synthesized via combining
ATRP with click reaction. Figure 1 depicts the route to
monodisperse, P3HT-ligated CsPbBr; QDs via capitalizing on
starlike PAA-b-P3HT as nanoreactors (see the Experimental
Section in the Supporting Information). Briefly, brominated /-
cyclodextrin (denoted Br-f-CD) was first synthesized by the
esterification of f-CD with 2-bromoisobutylbromide with
nearly 100% conversion of the hydroxyl groups on f-CD
into w-bromide terminals, as confirmed by 'H nuclear
magnetic resonance (NMR) spectroscopy (Figure S1)."” The
subsequent use of Br-f-CD as macroinitiator for ATRP of tert-
butyl acrylate (tBA) produced starlike poly(tert-butyl acrylate)
(PtBA; '"H NMR in Figure S2), followed by converting -
bromide terminals to azide functionalities (—Nj) to yield
azide-terminated starlike PtBA (denoted PtBA-N,) via the Sy2
reaction (first row; Figure 1). On the other hand, ethynyl-
terminated P3HT (denoted P3HT-=, '"H NMR in Figure S4)
was synthesized by Grignard metathesis polymerization of 2,5-
dibromo-3-hexylthiophene monomer using Ni-based metal
complexes as catalyst, followed by alkyne functionalization via
reacting with ethynylmagnesium bromide (second row; Figure
1). Afterward, P3HT-= was clicked onto starlike PtBA-N; via
copper-catalyzed azide-alkyne cycloaddition reaction, yielding
starlike PtBA-b-P3HT ('H NMR; Figure SS). The hydrolysis
of inner PtBA blocks into PAA blocks produced amphiphilic
starlike PAA-b-P3HT composed of inner coil-like hydrophilic
PAA blocks and outer rod-like hydrophobic P3HT blocks
(third row; Figure 1) with a typical yield of 100—200 mg per
batch.

Star-like PAA-b-P3HT was then used as a nanoreactor for in
situ crafting P3HT-ligated, monodisperse CsPbBr; QD (first
panel, third row; Figure 1). Typically, starlike PAA-b-P3HT
block copolymers were first dissolved in DMF, a good solvent
for inner PAA,"'® whereas it is a poor solvent for outer P3HT,*

to form stable unimolecular micelles with fully expanded PAA
chains and collapsed P3HT chains. Subsequently, perovskite
precursors (CsBr and PbBr,) were introduced into the solution
under vigorous stirring (see the Experimental Section). CsBr
and PbBr, were selectively partitioned in the compartment
occupied by inner PAA blocks, driven by strong coordination
between carboxylic groups (—COOH) of PAA blocks and
metal ions of precursors (CsBr and PbBr,), forming precursor-
loaded starlike PAA-b-P3HT DMF solution. Finally, the
solution was dropwise added into a mixture of toluene and
chlorobenzene (volume ratio = 8:2) to rapidly yield P3HT-
ligated CsPbBr; QDs. After washing with methyl acetate as a
poor solvent and toluene as a good solvent three times, the
resulting P3HT-ligated CsPbBr; QDs were dispersed in
toluene to form a stable colloidal solution without precipitant.

Notably, CsPbBr; QDs are intimately and firmly ligated with
P3HT chains due to the original covalent bonding between
PAA and P3HT blocks. In other words, our nanoreactor
strategy offers easy access to stable CP-ligated PQDs at a
single-particle level that would otherwise be difficult to achieve.
Consequently, P3HT-ligated CsPbBr; QDs with varied lengths
of P3HT and diameters of QDs can be readily accessed by
tuning the MWs of P3HT and PAA blocks via controlling the
Grignard metathesis polymerization time of 2,5-dibromo-3-
hexylthiophene monomers and ATRP time of tBA monomers,
respectively.

Figure 1b—d shows representative transmittance electron
microscopy (TEM) images of P3HT-ligated CsPbBr; QDs of
different diameters templated by three respective starlike PAA-
b-P3HT nanoreactors (i.e., PAA-b-P3HT-1, PAA-b-P3HT-2,
and PAA-b-P3HT-S; Table 1). The average diameters D of

Table 1. Summary of MWs and PDIs of Starlike PAA-b-
P3HT Block Copolymer Nanoreactors, and the
Corresponding Dimension of P3HT-Ligated CsPbBr; QDs

M, pan” M g diameter of CsPbBr;

n,PAA. 1, P3HT . g
samples (g/mol) (g/mol)  PDI QDs“ (nm)

PAA-b-P3HT-1 4900 5000 1.13 6.0 + 0.4

PAA-b-P3HT-2 6700 5000 1.10 7.8 + 0.7
(P3HT-5K)

PAA-b-P3HT-3 6700 9800 1.12 8.0 + 0.6
(P3HT-10K)

PAA-b-P3HT-4 6700 15,200 1.16 7.7 + 0.7
(P3HT-15K)

PAA-b-P3HT-S 8900 5000 1.17 109 + 0.9

“M, pa is the MW of single-arm PAA calculated by 'H NMR spectra

from the MW difference between single-arm PtBA (before hydrolysis)

and PAA (after hydrolysis) following the below equation:

72.06 7206  A,/9
X Myppa = - X

128.17 128.17 A,/6

npAL = X 128.17

where Ay and A, are the integral areas of the methyl protons in the
tert-butyl group of PtBA chain and at the a-end of PtBA chain in the
"H NMR spectra, respectively, and 128.17 and 72.06 are the MWs of

tBA monomer and AA repeat unit, respectively.

CsPbBr; QDs are 6.0 + 0.4 nm (from PAA-b-P3HT-1, Figure
1b), 7.8 £ 0.7 nm (from PAA-b-P3HT-2, Figure 1c), and 10.9
+ 0.9 nm (from PAA-b-P3HT-S, Figure 1d), respectively,
suggesting their high size uniformity (hereafter referred to as 6,
8, and 11 nm QDs). Notably, the MWs of outer P3HT blocks
of the three nanoreactors are identical (Table 1), indicating
that the diameter of CsPbBry QDs is dictated by the MW (i.e.,
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Figure 2. Molecular interaction between 3HT and CsPbBr; QD. Schematic diagram of part of the simulated slab of (a) bare CsPbBr;, (b) CsPbBr;,
with Pb interstitials, and (c) 3HT-modified CsPbBr; with Pb interstitials. (d—f) Electronic projected density of states (pDOS) of (d) bare CsPbBr;,
(e) CsPbBr; with Pb interstitials, and (f) 3HT-modified CsPbBr; with Pb interstitials.

chain length) of inner PAA blocks as noted above. On the
other hand, as shown in Figure S8, with the fixed MW of inner
PAA blocks, increasing the MW of P3HT did not lead to the
increase of D of the resulting QDs due likely to the weak
coordination ability of thiophene groups of P3HT to
perovskite precursors.”’ Figure le shows the high-resolution
TEM (HRTEM) image of a P3HT-ligated CsPbBr; QD with a
lattice spacing of 0.59 nm corresponding to the (001) plane of
CsPbBr,.”

For comparison, polystyrene (PS)-ligated CsPbBr; QDs and
oleic acid (OA) & oleic amine (OAm)-co-capped CsPbBr;
QDs (D = ~8 nm; Figure S10) were synthesized via a modified
ligand-assisted reprecipitation (LARP) method by employing
amphiphilic starlike PAA-b-PS block copolymers as nano-
reactors”> and conventional colloidal synthesis with OA and
OAm as ligands,” respectively. Furthermore, physically mixed
P3HT/OA-&OAm-co-capped CsPbBr; QD composites (here-
after referred to as P3HT/CsPbBr; QD) was also prepared by
physically mixing P3BHT (MW = 5000 g/mol) and OA-
&OAm-co-capped CsPbBry QDs (D = ~8 nm) in toluene.

To confirm the ligation of P3HT on CsPbBr; QDs, a set of
studies (i.e., Fourier transform infrared spectroscopy (FT-IR),
X-ray photoelectron spectroscopy (XPS), and high-resolution
TEM with spherical-aberration correction under reduced
electron beam voltage) were conducted (Figures S12—S14).
A thin layer of P3HT with a light contrast can be seen outside
the 8 nm CsPbBr; QD core with a dark contrast in Figure S14,
substantiating the intimate coverage of CsPbBr; QD by the
P3HT chains. Moreover, density functional theory (DFT)

simulation was performed on a 3HT monomer-modified
CsPbBr; slab with Pb interstitials to further understand the
interaction between P3HT and CsPbBr; QD. To save
computation time, the 3HT monomer was used to replace
P3HT in the simulation. The projected density of states
(PDOS) values of bare CsPbBr;, CsPbBr; with Pb interstitials,
and 3HT monomer-modified CsPbBr; with Pb interstitials
were compared with the Fermi level being set to zero (Figure
2). Notably, in comparison to bare CsPbBr;, the Fermi level of
CsPbBr; with Pb interstitials shifts to the conduction band
(CB) (Figure 2e). Moreover, a notable peak near the Fermi
level in the curve of Pb p orbital (E — Epepy = ~ —0.1 €V;
Figure 2e) signifies the formation of shallow levels near the CB
edge,”> which impedes charge transfer and increases the
unfavorable nonradiative recombination of photogenerated
charge carriers.” In sharp contrast, when the 3HT monomer is
adsorbed at the location of Pb interstitials, the electron-
donating characteristic of the S atom on the thiophene ring
renders the 3HT as a Lewis base to coordinate with an
additional Pb atom on the surface of CsPbBr; (a Lewis acid).”
Specifically, the calculated absorption energy and Pb—S bond
length are —0.36 eV and 3.350 A, respectively. More
importantly, the simulated PDOS of 3HT-modified CsPbBr;
with Pb interstitials (Figure 2f) demonstrated that the
adsorption of 3HT significantly increases the PDOS at the
CB edge as evidenced by the enlarged intensity of curves
shown in Figure 2f, which would improve the electrical
conductivity of the 3HT-adsorbed CsPbBr; because of the
passivation of Pb interstitials, thereby benefiting the charge
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Figure 3. Optical properties of P3HT-ligated CsPbBr; QDs. (a) UV—vis absorption spectra of P3HT-ligated CsPbBr; QDs with different MWs of
P3HT (SK, 10K, and 15K) and two control samples. (b) Stead-state photoluminescence (PL) spectra of three control samples and P3HT-ligated
CsPbBr; QDs with different MWs of P3HT (SK, 10K, and 15K) at the same concentration. (c) UV—vis absorption spectra and (d) PL spectra of
P3HT-ligated CsPbBr; QDs with different diameters (6, 8, and 11 nm) yet the same MW of P3HT (SK). Toluene was used as a solvent.
Normalized time-resolved photoluminescence (TRPL) spectra of (e) P3HT-ligated CsPbBr; QDs with different chain lengths of P3HT and (f)
P3HT-ligated CsPbBr; QDs with different diameters of QDs. Note that the higher background in the decay trace of the P3HT-10K sample (green

dot) in (b) is due to different data collection time.

carrier transfer from perovskite to P3HT.** In addition, due to
the incorporation (i.e, adsorption) of 3HT, the Fermi level
was lifted about 0.1 eV in CB, as shown in Figure 2f, compared
to that Figure 2e, indicating enhanced electrical conductivity as
well as charge carrier mobility and strengthened electronic
interaction between CsPbBry and P3HT.” On the other hand,
the C p orbitals of 3HT are well aligned to the CB of CsPbBr;
and thus capable of injecting photogenerated electrons into
CsPbBr; (Figure 2f), suggesting potential electron transfer
from P3HT to CsPbBr; after excitation.”’ On the basis of the
simulation and discussion above, the ligating of P3HT on
CsPbBr; QD carries a set of advantageous effects, including
defect passivation of Pb interstitials, increasing charge carrier
mobility, and imparting efficient electron transfer at P3HT/
CsPbBr; interface.

Steady-state UV—vis absorption spectroscopy and photo-
luminescence (PL) spectroscopy were then conducted to
scrutinize the photophysical properties of P3HT-ligated
CsPbBr; QDs (Figure 3). The band gap energies of CsPbBr;,
QDs were acquired via the Tauc method from steady-state
UV-—vis absorption spectra, while the valence bands of
CsPbBr; QDs were obtained from XPS spectra (Figure S15)
by following the previously reported method.””*” All of the
CsPbBr; QDs possess the CB minimum energy and valence
band (VB) maximum energy around —3.35 and —5.82 eV,
respectively. On the other hand, P3HT possesses the lowest
unoccupied molecular orbital (LUMO) and highest occupied
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molecular orbital (HOMO) at —2.6 and —4.7 eV,
respectively.”® Thus, with the electronic band levels of CsPbBr;,
QD shown in Figure S16, a type-II band alignment is yielded
between P3HT and CsPbBr; QD in which electrons transfer
from P3HT to CsPbBr; and holes transfer from CsPbBr; to
P3HT. First, the effect of MWs of P3HT on the optical
properties of P3HT-ligated CsPbBr; QDs was elucidated. The
MWs of P3HT ligated on the surface of CsPbBr; QD are 5000,
9800, and 15,200 g/mol (hereafter referred to as SK, 10K, and
1SK; Figures 1 and S8), corresponding to approximately 30,
60, and 90 repeat units of thiophene, which is much longer
than the effective conjugation length of P3HT (9—10 repeat
units).”’ As a result, increasing the chain length of P3HT
would not alter the position of its HOMO and LUMO.
With same diameter (i.e, D = ~8 nm), the UV—vis
absorption peak positions of OA-&OAm-co-capped CsPbBr;
QDs, P3HT/CsPbBr; QD, and PH3T-ligated CsPbBr; QDs
with MW of P3HT as SK crafted by starlike block copolymer
nanoreactors blue-shift from 512 to 509 and 506 nm,
respectively. This can be possibly attributed to the passivation
of emitting trap states at the band edge of CsPbBr; in PH3T-
ligated CsPbBr; QDs rendered by the intimately tethered
thiophene rings,”" as revealed by the DFT calculation (Figure
2). After surface passivation with P3HT, the trap states near
the band edge of CsPbBr; QDs are eliminated. This results in
the occupancy of states situated further apart by the
photogenerated charge carriers at the band edges, thereby
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leading to a slight elevation of CB minimum energy (i.e., —3.37
to —3.32 eV; Figure S16a) and band gap (ie., from 2.46 to
249 eV; Figure S6b) and thus a blueshift of the absorption
peak position. Intriguingly, with the fixed number of P3HT
chains outside CsPbBr; QD (ie, 21 chains; due to the
conversion of 21 —OH sites on $-CD into Br— terminals for
ATRP of tBA and then click reaction with P3HT-=), the
grafting density was calculated to be 0.10 P3HT chain per nm”
for 8 nm (i.e., 7.8 = 0.7 nm) QDs, which is significantly lower
than that of conventional OA-&OAm-co-capped CsPbBr; QDs
(e, 3.9 oleyl species per nm?*).*’ However, compared to
chloroform or chlorobenzene, P3HT has relatively poorer
solubility in toluene,”® causing the potential collapse of P3HT
chains on CsPbBr; QD to passivate defects via these additional
thiophene rings interacting with QD surface. Thus, even
though P3HT-ligated CsPbBr; QDs have low P3HT grafting
density, the collapse of P3HT chains in toluene on the surface
of CsPbBr; QD in conjunction with the beneficial electron-
donating nature of the S atom in thiophene ring concurrently
contribute to the enhanced surface passivation of P3HT-
ligated CsPbBr; QDs. As a result, further increasing the MWs
of surface P3HT chains to 10K and 15K leads to a continuous
blueshift to 502 and 498 nm, respectively (Figure 3a),
potentially because of the increased amount of thiophene
rings outside CsPbBr; QD and thus enhanced surface
passivation effect.

Similar phenomena were seen in the steady-state PL spectra
with an excitation wavelength of 380 nm in Figure 3b (a close-
up is shown in Figure S18). The PL peak position of CsPbBr;
QDs progressively blue-shifts from 517 nm in OA-&OAm-co-
capped CsPbBr; QDs to 512 nm in P3HT/CsPbBr; QD, and
507 nm in P3HT-ligated CsPbBry; QDs (MW of P3HT = SK).
Notably, compared to OA-&OAm-co-capped CsPbBr; QDs
and pure starlike PAA-b-P3HT under the same concentration,
both P3HT/CsPbBr; QD and P3HT-ligated CsPbBr; QDs
display markedly decreased PL intensities of CsPbBr; around
510 nm and of P3HT around 590 nm (Figure 3b). As noted
above, P3HT and CsPbBr; form a staggered type-II band
alignment. Thus, for P3HT-ligated CsPbBr; QDs, efficient
separation of photogenerated charge carriers at the P3HT/
CsPbBr; QD interface occurred, leading to quenching of PL of
both P3HT and CsPbBr,.*"*

Furthermore, increasing the MWs of P3HT from 5K to 10K
and 15K in P3HT-ligated CsPbBr; QDs continuously blue-
shifts the PL peak position and decreases the PL intensity of
CsPbBr; QDs. In addition to the improved surface passivation
by P3HT as discussed above, this phenomenon can be ascribed
to more efficient charge carrier separation in CsPbBr; QDs
with longer ligated P3HT chains. Specifically, the photo-
generated electrons transferred from P3HT to CsPbBr; QD
would increase the concentration of electrons in the QD CB
and then populate in energy states higher than the CB edge
due to the band filling of CB,>’ thereby blue-shifting the peak
position of PL and increasing the CB minimum energy from
—3.37 to —3.32 eV (Figure S16a), which is commonly known
as the Moss—Burstein effect.”* Due to the intimate contact of
P3HT and CsPbBr; QD and the absence of phase segregation,
P3HT-ligated CsPbBr; QDs exhibit more efficient electron
transfer than P3HT/CsPbBr; QD composites, representing
more obvious blueshift of the PL peak (Figure S18). As
discussed above, the electronic band position of P3HT and its
band alignment against CsPbBr; QD would not be changed by
further increasing the MW of P3HT because of the

conjugation length effect. Yet, the charge carrier mobility of
P3HT has been found to be proportional to its MW owing to
the increase of regioregularity in high-molecular-weight
P3HT.*® Therefore, in addition to more efficient surface
passivation, the additional blueshift of the absorption peak of
CsPbBr; QDs is also due likely to the more eflicient electron
transfer from P3HT to CsPbBr; QD with a longer length of
P3HT chains. It is noteworthy that P3HT-ligated CsPbBr;
QDs with a higher MW of P3HT (10K and 15K) displayed a
broad PL emission of P3HT around 590 nm, corroborating the
collapse and aggregation of P3HT on the CsPbBr; QD and
due possibly to a relatively less efficient carrier separation in
P3HT itself compared to that of CsPbBr; QDs.

The size effect of CsPbBr; QDs on the optical properties of
P3HT-ligated CsPbBr; QDs was then explored. At the fixed
chain length of P3HT (MW = SK), decreasing the diameter of
CsPbBr; QDs from 11 to 8 and 6 nm (Figure 1) yielded blue-
shifted peaks in UV—vis absorption spectra (i.e., from 512 to
506 and 482 nm, respectively; Figure 3c) and PL spectra (i.e.,
from 514 to 507 and 493 nm, respectively; Figure 3d). It is
important to note that CsPbBr; has an effective Bohr diameter
of 7 nm,’® experiencing the quantum confinement effect on its
optical properties when the size is close to or below 7 nm.'
Therefore, continuously downsizing from 11 to 6 nm leads to
the increase of electronic band gap energy from 2.41 to 2.46
and 2.50 eV due to the quantum confinement effect (Figure
S16b), which is comparable with the literature."

As shown in Table S2, the 8 nm P3HT-ligated CsPbBr; QDs
possessed the lowest PLQY (1.1%) compared to that of 6 nm
(1.6%) and 11 nm (6.2%) P3HT-ligated CsPbBr; QDs.
Notably, the quantum confinement effect in CsPbBr; QDs
yields enlarged band-gap energy via upward and downward
shifting of CB edge and VB edge (Figure S16), respectively,”
and a high PLQY of CsPbBr; QDs owing to enhanced exciton
binding energy.37 Therefore, from 11 to 8 nm, the energy
difference between the VB edge of CsPbBr; QDs and the
HOMO of P3HT was increased, leading to an enhanced
driving force for the transfer of photogenerated holes from
CsPbBr; QDs to P3HT and thus decreased PLQY (1.1%).
However, further decreasing the size of CsPbBr; QDs from 8
to 6 nm introduced a strong quantum confinement on 6 nm
CsPbBr; QDs,"*® which may slightly overwhelm the enhanced
charge separation resulting from further VB edge down-
shifting, thereby yielding a higher PLQY of 6 nm P3HT-ligated
CsPbBr; QDs than 8 nm P3HT-ligated CsPbBr; QDs.

To further scrutinize the charge separation process in
P3HT-ligated CsPbBr; QDs, time-resolved PL (TRPL)
measurements were performed at the detecting wavelength
of 505 nm (Figure 3ef). For comparison, TRPL spectra of
OA-&OAm-co-capped CsPbBr; QDs and physically mixed
P3HT/CsPbBr; QD composites were also recorded (Figure
S19). The TRPL data were fitted with a biexponential decay
model containing a fast decay time component 7, (intrinsic
band-to-band recombination of photogenerated charge car-
riers) and a slow decay time component 7, (trap-assisted
recombination)”” (see the Supporting Information for more
details). As shown in Tables S1 and S2, all P3HT-ligated
CsPbBr; QDs manifested shorter PL lifetimes than those of
OA-&OAm-co-capped CsPbBr; QDs and physically mixed
P3HT/CsPbBr; QD composites. Specifically, the intimate
contact between P3HT and CsPbBr; in P3HT-ligated CsPbBr;
QDs led to a significantly decreased 7; (e.g,, 0.31 ns for 8 nm
QDs with P3HT-5K) compared to OA-&OAm-co-capped
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Figure 4. Stability of P3HT-ligated CsPbBr; QDs. (a) Thermal stability, (b) UV irradiation stability, and (c) polar solvent stability of P3HT-ligated
CsPbBr; QDs with varied sizes of QDs (6, 8, and 11 nm) and chain lengths of P3HT (SK, 10K, and 15K). Control samples of OA-&OAm-co-
capped CsPbBr; QDs, physically mixed P3HT/CsPbBr; QD composites, and PS-ligated CsPbBr; QDs are also included for comparison.

CsPbBry; QDs (7; = 1.67 ns) and physically mixed P3HT/
CsPbBr; QD composites (7; = 2.10 ns). On the basis of the
DFT calculation (Figure 2) and UV—vis spectra and PL
spectra (Figure 3), the ligating of P3HT did not introduce
additional surface defects and instead rendered effective
surface passivation. Therefore, the decrease in PL decay
lifetimes can be attributed to the presence of new decay
pathways for photogenerated charge carriers,” ie. hole
transfer to the HOMO of P3HT, further substantiating the
effective charge carrier separation at the P3HT/CsPbBr; QD
interfaces.”> Notably, similar fast transfers of charge carriers of
CsPbBr; QDs interfaced with either molecular donor or
acceptor have been reported in the literature.”” With the
presence of potential phase segregation and absence of
intimate contact, P3HT/CsPbBr; QD composites exhibited a
similar 7, compared to that of OA-&OAm-co-capped CsPbBr;
QDs, possibly owing to insufficient charge carrier transfer at
their interface. As a result, directly tethering P3HT outside
individual CsPbBr; QD for constructing homogeneous nano-
composites is of critical importance to impart efficient charge
carrier transfer. On the other hand, increasing the MW of
ligated P3HT chains led to even faster PL decay (Figure 3e
and Table S1), suggesting improved charge carrier mobility in
high-MW P3HT chains indeed contributes to more efficient
charge carrier separation at the P3HT/CsPbBr; QD interfaces
as discussed above.

The PL decay of CsPbBr; QDs with different QD sizes at
the same length of ligated P3HT chains was also investigated
(Figure 3f and Table S2). Similar to the findings from the

steady-state UV—vis and PL spectra (Figure 3c,d), the decrease
in the diameter of CsPbBr; QDs resulted in faster PL decay,
signifying the strong quantum confinement effect’” and
efficient charge carrier separation in smaller-size P3HT-ligated
CsPbBr; QDs.”® This is not surprising as the stronger quantum
confinement effect in smaller QDs shifts the VB edge of
CsPbBr; to more positive potentials (Figure S16a), increasing
the driving force for hole transfer to P3HT, and increases the
coupling strength for hole transfer.*®

As discussed above, in addition to efficient separation of
photogenerated charge carriers, the other key characteristic is
the stability of perovskite QDs. This is because the ability to
reliably improve it while retaining their single nanoparticle
aspect without aggregation represents a crucial step for their
practical applications in optoelectronics and photocatalysis. In
this context, the stabilities of P3HT-ligated CsPbBr; QDs
under different conditions were examined, including exposing
to elevated temperature to evaluate thermal stability, mixing
with a small portion of isopropanol to inspect polar solvent
stability, and UV irradiation to assess photostability (Figure 4).

First, the thermal stability of as-crafted CsPbBr; QDs was
explored via heating the QD toluene solution to 70 °C and
keeping it for a certain period of time (Figure 4a). Typically,
conventional OA-&OAm-co-capped CsPbBr; QDs exhibited a
considerable PL intensity drop after maintaining the solution at
70 °C for S h, possibly owing to pronounced trapping of
charge carriers’” as well as aggregation of QDs caused by
dissociation of small molecular ligands (OA and OAm) at high
temperatures.””*® A physical mixture of P3HT/CsPbBr; QDs
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Figure S. P3HT-ligated CsPbBr; QDs for photocatalyzing ATRP. (a) Semilogarithmic kinetic plot of photoinduced ATRP (p-ATRP) catalyzed by
P3HT-ligated CsPbBr; QDs. (b) Evolution of number-average MW (M,,) and polydispersity index (PDI) of p-ATRP of MMA monomers. (c)
GPC traces of the resulting PMMA with time. (d) Temporal control of the M, of PMMA in p-ATRP catalyzed by P3HT-ligated CsPbBr; QDs. (e)
Comparisons of evolution of M, of p-ATRP of MMA catalyzed by different photocatalysts.

yielded improved stability due to the protection of the P3HT
matrix over CsPbBr; QDs, yet still presented a significant loss
of PL in less than 10 h. In stark contrast, all P3HT-ligated
CsPbBr; QDs rendered remarkably enhanced retention of PL
at 70 °C for 48 h (i.e, PL retention of 69% for 8 nm QDs
ligated with P3HT of SK per arm and of 85% for 8 nm
CsPbBr; QDs ligated with P3HT of 1SK per arm). The
capability of introducing intimate and permanent P3HT
ligation ensures the creation of a stable protective polymer
shell over CsPbBr; QD at the single-particle level, thereby
eliminating the issues associated with the dissociation of
ligands and thus incomplete surface ligand coverage. As such,
the PL loss of CsPbBr; QDs was clearly retarded.
Subsequently, the photostability of CsPbBr; QDs against
UV light irradiation (wavelength of 365 nm and intensity of SO
mW) was studied. Conventional OA-&OAm-co-capped
CsPbBr; QDs were found to undergo a rapid drop of PL
intensity to 20% in 4 h and complete quenching of PL in 32 h
due to UV-induced decomposition of CsPbBry; QDs (Figure
4b). In marked contrast, 8 nm CsPbBr; QDs ligated with long
P3HT chains (MW = 15K) retained 63% of original PL
intensity after 48 h illumination, suggesting superior photo-
stability of P3HT-ligated CsPbBr; QDs under intensive UV
irradiation. Moreover, compared to PS-ligated CsPbBr; QDs
where PS chains have no absorption at 365 nm, P3HT chains
in P3HT-ligated CsPbBry; QDs absorb the 365 nm UV’ and
thus was able to attenuate the UV light intensity that reached
CsPbBr; QDs. Therefore, the remanence PL of CsPbBry; QDs
was increased from 21% in PS-ligated CsPbBr; QDs to 37% in
P3HT-ligated CsPbBr; QDs with the same MW of PS and
P3HT. With the fixed number of P3HT chains ligated (i.e., 21
chains as noted above), the photostability of P3HT-ligated
CsPbBr; QDs was seen to be further enhanced by either
increasing the chain length of P3HT or increasing the grafting
density of P3HT via decreasing the size of QDs (e.g,, from
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0.067 P3HT chain per nm” in 11 nm CsPbBr; QDs to 0.186
P3HT chain per nm” in 6 nm CsPbBr; QDs) (Figure 4b),
demonstrating the great potential of capitalizing on this unique
class of nanomaterials as stable photocatalysts, as discussed
below.

The polar solvent stability of as-prepared CsPbBr; QDs was
then appraised via injecting isopropanol into the QDs toluene
solution at 10% volume ratio under vigorous stirring. It is well
known that perovskites are prone to structurally disintegrate in
high-polarity solvents (e.g., water, methanol, isopropanol, etc.)
due to their ionic crystal nature, resulting in degradation of
QDs and quenching of PL.”> As shown in Figure 4c,
conventional OA-&OAm-co-capped CsPbBr; QDs manifested
continuous diminishing of PL after exposing to isopropanol
within a few hours and complete loss of PL after 8 h. A
physical mixture of P3HT/CsPbBr; QDs yielded improved
polar solvent stability over that of OA-&OAm-co-capped
CsPbBr; QDs, indicating the presence of polymer matrix
limited the direct contact of CsPbBr; QDs with polar solvent.
Nevertheless, the much worse polar solvent stability of
physically mixed P3HT/CsPbBr; QD composites than that
of P3HT-ligated CsPbBr; QDs signifies that the potentially
incomplete and loose surface capping of P3HT on QD and
possible aggregation of QDs in the P3HT matrix for the
physically mixed P3HT/CsPbBr; QD composites could afford
only limited protection of CsPbBr; QDs against polar solvent.
In stark contrast, all P3HT-ligated CsPbBr; QDs survived in
such deleterious polar environment with a maximum 87.5%
retention of PL intensity (i.e., for 8 nm P3HT-ligated CsPbBr,
QDs with the MW of P3HT of 15K) after 48 h. Interestingly,
the 8 nm P3HT-ligated CsPbBr; QDs displayed a similar
remanence of PL intensity to PS-ligated CsPbBr; QDs,
possibly owing to the poor solubility of both P3HT and PS
(having the same MW) in isopropanol.””** The immiscibility
of P3HT and PS in isopropanol leads to the collapse of
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polymer chains on the surface of QD, thereby forming a
densely packed protective shell on the single-particle level to
effectively hinder the diffusion of isopropanol to reach
CsPbBr; QDs. It is worth noting that increasing the MW of
P3HT from SK to 10K and 15K imparts denser hydrophobic
P3HT shell situated on the CsPbBr; QD, thus more
adequately blocking the penetration of isopropanol and leading
to enhanced retention of PL from 81 to 86.1 and 89.3%,
respectively. On the other hand, decreasing the size of QDs at
the fixed length of P3HT manifested markedly enhanced
remanence of PL from 69.3% in 11 nm CsPbBr; QDs to 86.7%
in 6 nm CsPbBry; QDs, which is likely due to the increased
grafting density of P3HT chains as discussed above.

The appealing set of attributes of P3HT-ligated CsPbBr;
QDs (i, tunable optical properties, efficient charge carriers
separation, and outstanding stabilities), all depending heavily
on the size of CsPbBr; QDs and the length of P3HT chains,
which can be conveniently tailored via starlike block copolymer
nanoreactor strategy, may poise them as promising candidates
for p-ATRP reaction of a wide range of monomers to yield
polymers with narrow MW distribution. In this context, such
p-ATRP was first demonstrated using P3HT-ligated CsPbBr;
QDs as the photocatalyst, ethyl a-bromoisobutyrate (EBiB) as
the initiator, 4,4’-dinonyl-2,2’-dipyridyl (dNBpy) as the ligand,
CuBr, as the co-catalyst, and methyl methacrylate (MAA) as
the monomer under the irradiation of UV light (1 = 385 nm)
(Figure S). As shown in entry 1 (Table S3), the p-ATRP of
MAA in toluene yielded a monomer conversion of 28%
(comparable to other p-ATRP*'®'"), a predictable number-
average MW (M, = 5400 g/mol), and a low polydispersity
index (PDI = 1.21) after 24 h of 20 mW/cm* UV light
irradiation at room temperature, exemplifying the effectiveness
of P3HT-ligated CsPbBr; QDs as photocatalysts for well-
controlled p-ATRP. Moreover, a set of control experiments
(entries 2—7, Table S3) were carried out to reveal that the
Cu(II)Br, co-catalyst, dNBpy ligand, P3HT-ligated CsPbBr;
QDs, and UV light irradiation were indispensable for successful
p-ATRP of MMA. The absence of any one of them led to no
polymerization of MMA at room temperature after 24 h,
substantiating that the p-ATRP was unambiguously photo-
catalyzed by P3HT-ligated CsPbBr; QDs. In addition, heating
the reaction mixture at an elevated temperature (S0 °C)
without light irradiation (entry 7, Table S3) did not produce
any PMMA, suggesting the successful polymerization in entry
1 was not thermally initiated by irradiation-induced heating.

Notably, in addition to toluene (a relative polarity of 0.099),
anisole (a relative polarity of 0.198) and tetrahydrofuran
(THF) (a relative polarity of 0.21) were also used as the
solvents for p-ATRP (entries 14 and 1S, respectively; Table
S3). Nonetheless, due to the poorer solubility of P3HT in
anisole than in toluene and the higher polarity of anisole than
toluene,”” the potential degradation of QDs and insufficient
contact between QDs and Cu(II)Br, co-catalyst led to a slower
reaction kinetics and a decreased monomer conversion in
anisole. On the other hand, even though polar solvents were
found to be beneficial for p-ATRP,"" THF with high polarity
and good solubility of P3HT may result in severe degradation
of QDs, thereby invoking much lower monomer conversion
and significantly large PDI (1.53). Additionally, several
monomers (ie, tBA, methyl acrylate (MA), and styrene
(St)) other than MMA were successfully polymerized as well
(entries 16—19, Table S3), revealing the versatility and
effectiveness of p-ATRP by capitalizing on P3HT-ligated

CsPbBr; QDs as photocatalysts. Remarkably, even under
elevated temperature, due to enhanced thermal stability as
discussed above, P3HT-ligated CsPbBr; QDs were still capable
of p-ATRP of St, yielding a monomer conversion of 17% and
low PDI of 1.20 (entry 19, Table S3).

Afterward, the reaction kinetics of p-ATRP of MMA was
explored by taking a small amount of the reaction mixture at a
specific time period under the same conditions as entry 9 in
Table S3. Figure Sa depicts the semilogarithmic plot of
monomer concentration versus reaction time with a linear
behavior. This suggests a constant concentration of prop-
agation radicals in p-ATRP, a characteristic of ATRP as
controlled radical polymerization,”” and the absence of
deleterious side reactions (e.g., chain termination and
intermolecular coupling). Moreover, the M, of PMMA also
underwent a linear increase with reaction time upon light
irradiation (Figure Sb), in good agreement with theoretical
expectations based on the calculation of monomer conversion
from '"H NMR, demonstrating the fine control of polymer-
ization. However, it is worth noting that the initial PDIs of as-
synthesized PMMA are relatively broad (i.e., 1.42 after 4 h and
1.35 after 6 h p-ATRP). The monomodal peaks in the GPC
traces manifest the absence of intermolecular coupling of as-
synthesized PMMA, indicating that the limited initiation
efficiency may account for the broadening of PDI at the
beginning of p-ATRP.” Moreover, the appearance of tails in
the GPC traces of the initial three samples (Figure Sc)
corroborated the occurrence of slow initiation of p-ATRP as
well. The reasons causing this phenomenon can probably be
attributed to the low amount of active Cu(I)Br catalyst present
and a small value of the Cu(I)/initiator (i.e., EBiB) ratio at the
early stage of the reaction due to insufficient charge transfer
from P3HT-ligated CsPbBr; QDs to dormant Cu(II)Br,
species, which is commonly seen in other p-ATRPs.'” By
exposing the reaction mixture to light irradiation of higher
intensity (i.e., entries 1 and 13 versus entries 11 and 12; Table
S3) or adding more P3HT-ligated CsPbBr; QDs (i.e., entries 1
and 8 versus entries 9 and 10; Table S3), the drop of PDI for
the final products clearly demonstrated their abilities to
expedite initiation via generating extra charge carriers at the
beginning of polymerization for the photoreduction of
Cu(II)Br,. Furthermore, at low monomer conversion, the
variation in the number of monomer addition per the
activation/deactivation cycle in ATRP would be more
pronounced as predicted by both theoretical modeling and
prior experiments, resulting in broad PDI at the initial stage of
the polymerization, followed by low PDI at the later
propagation-dominant stages.”” As a result, similar to typical
ATRP reactions, the PDI of as-prepared PMMA decreased as
the monomer conversion increased (Figure Sb), and the GPC
traces became more symmetrical and continuously shifted
toward higher MW as the polymerization progressed (Figure
Sc), providing further evidence of well-controlled p-ATRP.

It is also noteworthy that the p-ATRP catalyzed by P3HT-
ligated CsPbBr; QDs exerted excellent temporal control over
MW (Figure Sd). Typically, the MW of PMMA increased
linearly under the exposure to UV light and ceased to grow
after switching off the irradiation. Upon restarting the
irradiation, the polymer chain propagation continued and
yielded higher MW of PMMA, signifying a high degree of
temporal control in p-ATRP for reversible activation/
deactivation cycle” conveniently rendered by P3HT-ligated
CsPbBr; QDs photocatalysts.
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Table 2. Results of Photoinduced ATRP (p-ATRP) of MMA with Various CsPbBr; QDs as Photocatalysts under the Same

Reaction Conditions”

entry CsPbBr; QDsb pure P3HT homopolymer (wt %)° RhB (wt %)° conv. (%)d M, 4" ManPCf PDY
1 OA-&OAm-co-capped QD-8 nm <5 1200 900 1.51
2 physically mixed QD-8 nm 10 2200 1900 1.43
3 PS-5K; QD-8 nm 19 4000 4100 1.28
4 P3HT-SK; QD-8 nm 28 5800 5400 1.21
S P3HT-10K; QD-8 nm 39 8000 9300 1.19
6 P3HT-15K; QD-8 nm 57 11,600 12,100 1.22
7 P3HT-5K; QD-6 nm 51 10,400 11,300 115
8 P3HT-5K; QD-10 nm 22 4600 3900 1.21
9 0.05 <1
10 P3HT-SK; QD-8 nm 0.05 39 8000 8700 1.17
11 0.5 <1

“General reaction condition: [MMA] (monomer)/[EBiB] (initiator)/[CuBr,] (co-catalyst)/[dNBpy] (ligand)/[Solvent] = 200:1:0.5:1:400
(molar ratio) under irradiation of 385 nm UV light at room temperature for 24 h. bThe amount of CsPbBr; QDs added into the reaction was fixed
at 0.5% by weight of monomers. “wt % represents the weight percentage to monomers. 4Conversion was determined by '"H NMR in CDCl,.
“Theoretical number-average molecular weight of polymer calculated on the basis of conversion (i.e, M, = Mgy + 200 X conversion X
Mmonomer).fMeasured number-average molecular weight of polymer from GPC with THF as mobile phase and linear PS as calibration standard.

We then turn our attention to unravel the effects of QD
stability, charge carrier separation, and QD size on p-ATRP by
employing various P3HT-ligated CsPbBr; QDs to p-ATRP of
MMA under identical conditions (Table 2). First, the use of
conventional OA-&OAm-co-capped CsPbBr; QDs as photo-
catalysts showed a limited MMA monomer conversion of less
than 5% after 24 h of polymerization and a large PDI of 1.51
(entry 1, Table 2). The M, of PMMA remained unchanged
after 4 h of polymerization with OA-&OAm-co-capped
CsPbBr; QD photocatalysts (Figure Se), suggesting that the
decomposition of QDs inhibited the further polymerization of
MMA. Similarly, despite better UV stability as discussed above,
physically mixed P3HT/CsPbBr; QD composites only had a
slightly improved lifetime of CsPbBry QDs, thus allowing for
continuous polymerization for approximately 6 h and a
relatively higher monomer conversion of 10%. In sharp
contrast, linear growth of M, and higher monomer conversion
of PMMA in Figure Se (red and yellow curves) and Table 2
(entries 3—8), respectively, signify the viability of polymer-
ligated CsPbBr; QDs (both PS-ligated and P3HT-ligated) in
the reaction mixture under continuous irradiation for 24 h.
Clearly, crafting highly stable CsPbBr; QDs with permanently
ligated, protective polymer shell at the single-particle level is of
key importance and highly beneficial for the application of
CsPbBr; QDs in photocatalysis.

Subsequently, the effect of charge carrier separation on the
efficiency of p-ATRP was explored. As OA-&OAm-co-capped
CsPbBr; QDs were prone to be degraded under strong UV
light irradiation, both PS-ligated and P3HT-ligated CsPbBr;
QDs with the same MW of PS and P3HT (SK per arm) were
chosen as photocatalysts. For PS-ligated CsPbBr; QDs, charge
carriers can be generated in CsPbBr; QDs and used for p-
ATRP. Interestingly, despite the inability to impart charge
separation at the PS/CsPbBr; QD interfaces due to the
insulating nature of PS, PS was capable of withstanding
continuous light irradiation as indicated in the linear MW
increase (yellow curve, Figure Se), endowing relatively slow
kinetics and low monomer conversion after 24 h reaction
(entry 3, Table 2). By contrast, the efficient charge carrier
separation at the P3HT/CsPbBr; QD interfaces markedly
promoted the polymerization kinetics, as evidenced by the red
curve in Figure Se, and yielded a higher monomer conversion

under identical condition, corroborating the advantageous
attributes of ligating semiconducting CPs as ligands on the
CsPbBr; QD surface. Moreover, in comparison to physically
mixed P3HT/CsPbBr; QD composites, the synergy of
outstanding stabilities and enhanced charge carrier separation
of P3HT-ligated CsPbBr; QDs due to the intimate and firm
tethering of P3HT chains rendered several beneficial out-
comes, including the longer lifetime of the resulting CsPbBr;
QD photocatalysts, more efficient p-ATRP, and better control
over the PDI of the as-prepared polymer via p-ATRP. Further
boosting charge carrier separation efficiency via increasing the
P3HT chain length as discussed above enabled even higher
monomer conversions after 24 h (entries S and 6 versus entry
4, Table 2) in p-ATRP, verifying that the charge carrier
dynamics of CsPbBr; QDs can be meticulously tailored via
surface engineering of conjugated ligands of different MW for
robust photocatalysis. Notably, pure P3HT homopolymer with
MW of 5000 g/mol was also utilized in p-ATRP as the control
sample. As shown in entry 11 (Table 2), no polymerization of
MMA can be seen, thereby excluding the potential photo-
catalytic polymerization induced via photoreduction of Cu-
(II)Br, by P3HT. Thus, the enhanced kinetics and monomer
conversion of p-ATRP of MMA was not due to the presence of
an additional light harvester (i.e,, P3HT) but a set of favorable
characteristics of P3HT-ligated CsPbBr; QDs noted above.

The influence of the size of P3HT-ligated CsPbBr; QDs on
p-ATRP was then examined. The change of QD size was found
to alter its photocatalytic reactivity. Specifically, the 6 nm
P3HT-ligated CsPbBr; QDs possessed the highest charge
carrier separation efficiency as evidenced by the lowest 7,,, and
the highest k, (Table S2), and thus yielded the highest
monomer conversion (51%; see entry 7 in Table 2) in p-ATRP
after 24 h. On the other hand, the 11 nm P3HT-ligated
CsPbBr; QDs with relatively less efficient charge carrier
separation and possibly larger light scattering of QD'" than
those of 8 and 6 nm QDs due to the increased size only
produced 22% of monomer conversion in p-ATRP (entry 8,
Table 2), further reinforcing the importance of efficient charge
carrier separation in photocatalytic polymerization.

To demonstrate the effectiveness of exploiting P3HT-ligated
CsPbBr; QDs as photocatalyst in p-ATRP, 8 nm CdSe QDs
were also synthesized by employing starlike PAA-b-P3HT-2
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block copolymer as nanoreactor as well as by using small
molecular organic ligands (i.e., tri-n-octylphosphine oxide
(TOPO))* (see the Supporting Information). The typical
TEM images of TOPO-capped and P3HT-ligated CdSe QDs
with uniform morphology and similar dimension of approx-
imately 8 nm are shown in Figure S20. Subsequently, these two
types of CdSe QDs were applied as photocatalysts in the p-
ATRP of MMA under the same conditions as entry 1 in Table
S3. The results of p-ATRP of MMA and the corresponding
evolution of M, of p-ATRP of PMMA can be seen in Table S4
and Figure S21. For comparison, the evolution of M, of p-
ATRP of MMA from 8 nm P3HT-5K-ligated CsPbBr; QDs
(entry 4 in Table 2) and 8 nm PS-SK-ligated CsPbBr; QDs
(entry 3) shown in Figure Se was also included in Figure S21.

Specifically, both TOPO-capped and P3HT-ligated CdSe
QDs function as photocatalysts in p-ATRP of MMA.
Compared to OA-&OAm-ligated CsPbBr; QDs, conventional
TOPO-capped CdSe QDs with improved intrinsic stability
under UV irradiation could continuously photocatalyze the p-
ATRP of MMA for 24 h. However, TOPO-capped CdSe QDs
rendered a lower conversion (11%) than that of P3HT-ligated
CsPbBr; QDs (28%) and CdSe QDs (22%) after the same
period of reaction time, due likely to the absence of efficient
charge carriers separation at the TOPO/CdSe interface. On
the other hand, the evolution of M, of PMMA catalyzed by
TOPO-capped CdSe QDs (i.e.,, blue squares in Figure S21)
did not follow a linear growth that is commonly seen in ATRP.
As reported in a previous study,"’ TOPO ligands may undergo
the ligand dissociation from the QD surface in solution,
thereby creating defects on the CdSe surface and leading to
inevitable aggregation of QDs. As a result, charge carrier
transfer from TOPO-capped CdSe QDs to Cu(II)Br, was
retarded, resulting in declined reaction kinetics and relatively
low conversion of monomer of p-ATRP, which is similar to the
case of p-ATRP using OA-&OAm-co-capped CsPbBr; QDs.

In contrast, QDs with permanent ligation of polymer chains
(i.e., PS-ligated CsPbBry QDs in yellow, P3HT-ligated CdSe
QDs in green, and P3HT-ligated CsPbBr; QDs in red; Figure
S21) imparted linear growth of M,, suggesting that the QDs
with perpetual tethering of polymer shell rendered the
enhanced stability and stable interaction with Cu(II)Br,.
Compared to PS-ligated CsPbBr; QDs, P3HT-ligated CdSe
QDs afforded a higher monomer conversion and faster
reaction kinetics. As previously reported, the formation of
type-II electronic band alignment between P3HT and CdSe
also produces charge carrier separation at their interface,’!
thereby promoting the kinetics of p-ATRP. However, the
reaction kinetics and monomer conversion of p-ATRP
catalyzed by P3HT-ligated CdSe QDs are slower than that
of P3HT-ligated CsPbBr; QDs (Figure S21), which may be
attributed to a distinctive band alignment between CdSe QDs
and P3HT.

The 8 nm CdSe QDs possess a CB minimum energy of —3.6
eV and a VB maximum energy of —5.9 eV.*>** Based on the
electronic band alignment, P3HT-ligated CsPbBr; QDs
exhibited a smaller offset (ie, 0.75 eV) between the CB
minimum energy of CsPbBr; and the LUMO of P3HT than
that of P3HT-ligated CdSe QDs (i.e., 1.0 eV) between the CB
minimum energy of CdSe and the LUMO of P3HT. In this
context, the larger offset of the latter may yield a slower
electron transfer from P3HT to CdSe than that of the former
(from P3HT to CsPbBr;), thereby leading to a relatively lower
monomer conversion and slower kinetics of p-ATRP. Clearly,

the major advantages of P3HT-ligated CsPbBr; QDs over
conventional CdSe QDs manifested in their improved stability
and stabile electronic interaction with Cu(II)Br, due to the
absence of ligand dissociation, as well as higher efficiency in p-
ATRP as a result of more effective charge carrier separation at
the P3BHT/CsPbBr; interface.

Notably, the mechanism of QD-enabled p-ATRP has been
explored both experimentally and theoretically*** and
considered to be driven by either electron transfer or energy
transfer process. Typically, QDs function as a light harvester to
absorb incident irradiation and generate charge carriers that
can be directly transferred to Cu(II)Br, to induce reduction
and formation of Cu(I)Br (electron transfer process), or
undergo radiative decay to emit light with proper wavelength,
which can be absorbed by Cu(Il)Br,/ligand complex to
generate Cu(I)Br (energy transfer process). As shown in
Figure S22, the PL spectra of P3HT-ligated CsPbBr; QDs
exhibited no overlapping with the absorption peak of the
Cu(II)Br,/dNBpy complex in toluene, excluding the potential
energy transfer-based mechanism for p-ATRP investigated
above. To scrutinize whether photogenerated holes or
electrons play as active species in p-ATRP, rhodamine B
(RhB), a commercially available organic dye, that normally acts
as an electron acceptor was added into the reaction mixture
containing P3HT-ligated CsPbBr; QDs. The energy-level
diagram of P3HT, CsPbBr; QDs, and RhB as well as the
standard redox potential of Cu®*/Cu* reaction (—4.6 eV) is
illustrated in Figure $23.7%°%** Specifically, as the HOMO of
P3HT located at —4.7 eV and is less negative than the VB edge
of CsPbBr; QDs (i.e., —5.82 eV from averaging VB of all QDs
in Figure S16a), P3HT functions as the hole acceptor in
P3HT-ligated CsPbBr; QDs. On the other hand, the LUMO of
P3HT (—2.6 eV) is less negative than the CB edge of CsPbBr;
QDs (i.e., —3.35 eV from averaging CB of all QDs in Figure
S16a), suggesting a potential electron injection from P3HT to
CsPbBr;. Moreover, in the P3HT-ligated CsPbBr; QDs/RhB
mixture, RhB with negligible absorption at 385 nm and its
LUMO located at —3.9 eV produces no additional photo-
generated charge carriers under UV light irradiation, yet acts as
an electron acceptor to obtain photogenerated electrons from
CsPbBr; QDs. Therefore, if the addition of RhB alters the p-
ATRP reaction kinetics, the electron is then substantiated to be
the active species that drives the entire reaction. Furthermore,
in the absence of P3HT-CsPbBr; QDs, pure RhB was utilized
for p-ATRP under identical conditions as discussed above
(control experiment). As shown in entry 9 in Table 2, no
polymerization can be detected, indicating RhB alone cannot
induce ATRP under UV light irradiation and thus excluding
the potential RhB-induced photocatalytic ATRP.

Intriguingly, the addition of a trace amount of RhB in the
reaction mixture containing 8 nm P3HT-ligated CsPbBr; QDs
(MW of P3HT per arm = SK) yielded faster reaction kinetics
and higher monomer conversion after 24 h (purple curve in
Figure Se and entry 10 in Table 2, respectively) than that of
pure P3HT-ligated CsPbBr; QDs (red curve in Figure Se and
entry 4 in Table 2, respectively), thereby providing compelling
evidence for the hypothesis mentioned above and concurring
to previous electron transfer-driven mechanism in p-
ATRPs.*** Clearly, the incorporation of RhB as an electron
acceptor afforded an additional electron-transport pathway for
electrons situated at the CB edge of CsPbBr; QDs, leading to
more efficient charge carrier separation and suppressed
radiative recombination.
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On the basis of the discussion above, the mechanism of
P3HT-ligated CsPbBr; QD-catalyzed p-ATRP can be ration-
alized as follows (Figure S24). Typically, P3HT-ligated
CsPbBr; QDs experience photoexcitation under UV light
irradiation and generate charge carriers on both P3HT and
CsPbBr; QDs. Afterward, charge separation efficiently occurs
at the P3HT/CsPbBr; QD interfaces to populate electrons at
the CB of CsPbBr; QDs and holes at the HOMO of P3HT.
Subsequently, electron transfer from CsPbBr; QDs to the
Cu(II)Br,/ligand complex reduces the dormant Cu(Il) to
active Cu(I), thus initiating living radical polymerization from
alkyl bromide initiator (EBiB). On the other hand, bromine
anion from Cu(II)Br, is first donated to P3HT-ligated
CsPbBr; QDs, followed by transferring to the chain end of
polymer, leading to the regeneration of P3HT-ligated CsPbBr;
QDs, similar to the previous reports of employing other types
QDs for p-ATRP.®

B CONCLUSIONS

In summary, we demonstrated the robustness of tailoring the
dimension of P3HT-ligated CsPbBr; (D¢gpppe; = 6, 8, and 10
nm; MWpyyr = 5K, 10K, and 1SK) via unimolecular,
amphiphilic starlike block copolymer nanoreactors to effec-
tively regulate their optical properties, and more importantly,
charge separation dynamics at the P3HT/CsPbBr; QD
interfaces, which have yet to be accessible by other approaches
in the literature. Notably, placing semiconducting P3HT
chains in intimate and permanent connection to CsPbBr; QDs
extends the scope of the latter by yielding all semiconducting
organic—inorganic nanomaterials with versatile structural
complexity and functionalities over conventional small
molecular organic ligand-capped perovskite QDs. Remarkably,
as-crafted P3HT-ligated CsPbBr; QDs at the single-particle
level display outstanding solubility in nonpolar organic solvent
and long-term stabilities against high temperature, intense UV
light irradiation, and polar solvents. In addition, DFT
calculation substantiates the advantageous surface passivation
of CsPbBr; QD with P3HT chains. In sharp contrast to the
physical mixture of P3HT and CsPbBr; QDs, the intimate
surface ligating of P3HT affords favorable type-II electronic
band alignment with CsPbBr; QD, resulting in well-defined
P3HT/CsPbBr; interfaces without phase segregation, more
effective electronic interaction between them, and thus efficient
charge carriers separation at the interfaces. More importantly,
the interfacial charge separation efficiency is found to be
influenced heavily by the MW of surface P3HT chains and
diameter of CsPbBr; QDs due to MW-dependent charge
carrier mobility of P3HT and size-related charge carriers
transfer kinetics of CsPbBr; QDs, respectively. Taken the
markedly enhanced stabilities and beneficial charge carrier
separation together, such judiciously synthesized P3HT-ligated
CsPbBr; could readily function as robust photocatalysts to
render stable and controllable p-ATRP of a series of
monomers, suggesting their enticing prospects for use in
solar energy conversion. The reaction kinetics of p-ATRP are
also seen to depend greatly on the MW of P3HT and the size
of CsPbBr; QDs.

Conceptually, due to diverse CPs and precursors of
perovskite QDs (or other semiconductors) that are amenable
to the unimolecular starlike block copolymer nanoreactor
strategy, an assortment of monodisperse, CP-ligated QDs with
the desired band gap of each constituent and electronic band
alignments between them can be conveniently accessed,

thereby yielding peculiar electronic interaction and thus charge
carriers dynamics in CP-ligated QDs. Due to the absence of
phase segregation, incomplete surface coverage, or ambiguous
surface chemistry of QDs widely encountered in conventional
approaches (e.g., physically mixing, ligand exchange, or in situ
synthesis of perovskite QDs with small-molecule ligands), the
resulting uniform, CP-ligated QDs offer unique opportunity to
elucidate the size- and surface chemistry-dependent photo-
physics of all semiconducting hybrid nanomaterials that
underscore their potentials for use in optoelectronic devices,
catalysis, sustainability, nanotechnology, etc.
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B ADDITIONAL NOTES
an'P3HT is the MW of single-arm P3HT that is calculated
based on 'H NMR spectra following the below equation:

A
M, pyur = Xa X 168.30

C

where M, p;ur is the MW of single-arm P3HT, A, and A_ are
the integral areas of thiophenyl protons on P3HT chain and
alkynyl protons at the end of single chain, respectively, and
168.30 is the molecular weight of 3-hexylthiophene monomer.
“PDI of polymers was recorded by DMF GPC.

“The dimensions of CsPbBr; QDs were determined by
performing image analysis on TEM images.
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