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Room-temperature synthesis of highly
luminescent methylammonium lead bromide
nanocubes encapsulated in block copolymer
micelles: impact of solvent choice on
crystallization and stability†

Belda Amelia Junisu, Ya-Sen Sun * and Bo-Cheng Zhao

Herein, we demonstrate a facile, room-temperature method for synthesizing highly luminescent

methylammonium lead bromide (MAPbBr3) nanocubes encapsulated within colloidal polystyrene-block-

poly(2-vinylpyridine) (PS-b-P2VP) micelles in a non-polar 1,3,5-trimethylbenzene (TMB) solvent. The

synthesis involves five distinct stages: micellization of the PS-b-P2VP block copolymer, dissolution and

complexation of PbBr2 precursors, coordination between bromoplumbate complexes and P2VP

segments within the micelle core, multiple emulsion, and confined crystallization of perovskite

nanocubes. Unlike conventional ligand-assisted methods, the colloidal micelles act as soft nanoreactors

by controlling the nucleation and growth of the nanocubes through multiple emulsion. Moreover, the

micelles serve as colloidal templates, preserving a significant concentration of [PbBr3]� ions formed

during the complexation stage. We also demonstrate that the choice of solvent for transporting MA+

and Br� ions from the TMB phase to the micelle core significantly influences the dimensions of the

resulting MAPbBr3 perovskite. Utilizing methanol as the transport medium yields encapsulated cubic

MAPbBr3 nanocubes with a high photoluminescence quantum yield (PLQY) of B77%, and these

encapsulated nanocubes exhibit long-term stability with a superior PLQY of B88%. In contrast,

employing dimethylformamide (DMF) to solvate MA+ cations mainly yields MAPbBr3 microcrystals with

reduced PLQY, as the formation of encapsulated MAPbBr3 nanocubes is hindered. This hindrance is

attributed to the high entropic penalty associated with the diffusion and penetration of DMF-solvated

MA+ cations through the PS shells. We believe that this versatile approach can be extended to

synthesize a wide range of nanomaterials with well-defined morphologies, monodisperse sizes and

long-term stability.

Introduction

Perovskites have received significant attention in recent years
as promising materials across various fields. Their unique and
flexible compositions enable precise tuning of optoelectronic
properties, making them attractive for applications such as
photovoltaics,1,2 light-emitting devices,3,4 and photodetectors.5

The desirable optical and electronic properties of hybrid per-
ovskites can be attributed to their ABX3 crystal structure, where
‘‘A’’ represents a monovalent cation, ‘‘B’’ is a bivalent cation,
and ‘‘X’’ represents halide ions.6,7 While inorganic perovskites
(e.g., CsPbBr3, CsPbI3) offer superior thermal and environmen-
tal stability along with excellent optoelectronic properties,8–11

hybrid organic–inorganic perovskites (HOIPs) (e.g., MAPbBr3,
MAPbI3) provide a balance of good performance, easier proces-
sing, and greater flexibility at a lower capital cost.12,13
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Despite the promising properties of perovskite materials,
challenges remain in their synthesis and processing. The
most critical challenge is their stability under ambient
conditions.14,15 In particular, the stability of perovskite nano-
crystals (NCs) can be influenced by intrinsic factors such as
morphology and size distribution. Numerous studies has
shown the difficulty to obtain perovskite NCs with well-
defined morphologies and monodisperse size distribution
via solution processing.16,17 Perovskite NCs with different
morphologies (such as nanocubes, nanoplatelets, and irregular
shapes) and sizes, exhibit varying degrees of stability.18,19

Moreover, the size of the perovskite NCs is also crucial. Smaller
nanocrystals (e.g. 4 nm) tend to be less stable compared to
larger ones due to increased surface chemistry and
reactivity.20,21

Many bottom-up approaches for the synthesis of perovskite
NCs employ ligands to control growth kinetics and prevent
agglomeration.22–24 However, these ligands (e.g., oleic acid,
octylamine) mainly act as stabilizers without controlling mor-
phology. Block copolymers (BCPs) represent a compelling alter-
native, capable of providing both stabilization and morphology
control. In particular, BCP self-assembly can generate well-
defined nanostructures that serve as templates or nano-
reactors for the growth of perovskite NCs.25 The thermody-
namic incompatibility of the constituent polymer blocks drives
microphase separation, leading to the formation of myriad
ordered nanostructures.

By controlling the BCP composition, molecular weight, and
solution processing conditions, a diverse array of morphologies
can be obtained and offer soft colloidal templates to mediate
the synthesis of inorganic nanomaterials.26–28 Polystyrene-
block-poly(2-vinylpyridine) (PS-b-P2VP) BCPs have emerged as
promising templates for enhancing the stability of perovskite
NCs in both colloidal solutions29–32 and thin films.33–35 The
efficient coordination between the P2VP block and metal pre-
cursor species promotes selective nucleation within the P2VP
cores. For instance, Hou et al.30 and Lee et al.31 successfully
demonstrated the encapsulation of CsPbBr3 perovskite NCs
within PS-b-P2VP core–shell micelles, achieving remarkable
stability against degradation in various polar solvents. Simi-
larly, Hui et al.29 utilized PS-b-P2VP micelles to synthesize
MAPbX3 nanoparticles exhibiting enhanced thermal stability,
while Nah et al.32 further corroborated the efficacy of micelle
encapsulation in producing stable MAPbX3 perovskite NCs.
However, a recurring limitation in these studies is the for-
mation of micelles with less compact architectures, often
accompanied by limited control over nanocrystal shape. Such
non-uniformity increases the prevalence of defects and lattice
distortions, ultimately leading to non-radiative recombination
and reduced photoluminescence quantum yield (PLQY). There-
fore, achieving monodisperse perovskite NCs with uniform
shape is crucial for enhancing its PLQY.

Ligand-assisted re-precipitation (LARP) methods has been
known as a more cost-effective alternative to produce perovskite
NCs at room temperature.13,21 LARP leverages the principle
of supersaturated recrystallization, whereby the solubility of a

highly saturated precursor solution is rapidly decreased—either
by cooling, solvent evaporation, or the addition of a poor
solvent (i.e., an antisolvent, usually polar solvents).36 This
non-equilibrium condition induces rapid precipitation and
crystallization until equilibrium is re-established. BCP colloidal
templates function analogously to LARP by providing physical
and chemical confinement for perovskite NCs. However, unlike
LARP, BCP colloidal templates do not necessitate polar solvents
for nanocrystal purification, thereby circumventing potential
degradation and emission quenching associated with such
polar solvents.25

The growth of perovskite nanocrystals within BCPs is a
multifaceted process involving several key steps: micellization
of the BCP, solvation and salt complexation of precursors,
coordination interactions between precursor species and BCP
segments, and crystallization.29–31 Solvent quality significantly
influences each of these steps. Notably, poor solvent quality can
lead to collapsed or less organized BCP conformations. Further-
more, sufficient solvation is critical to ensure the formation of
precursor salt complexes. For example, precursor complexes are
typically produced by solvating PbX2 precursors in an octade-
cene (ODE)37–39 or dimethylformamide (DMF) solvent.40 In the
initial stage of synthesis, precursor complexes should selec-
tively interact with BCP active groups. For instance, coordina-
tion interactions between precursor species and pyridine
groups in P2VP blocks are often driven by Lewis acid–base
interactions. The lone pair of electrons on the nitrogen atoms
of quarternized P2VP blocks can delocalize to the empty 6p-
orbital of Pb-complex species.41 As the concentration of coor-
dinated precursors increases, supersaturation conditions are
eventually reached.42 Under such condition, rapid crystal-
lization produces perovskite NCs encapsulated within micelle
templates.29–31

Despite the potential of BCP colloidal micelles for templated
synthesis of hybrid organic–inorganic perovskite NCs, a com-
prehensive understanding of the underlying mechanisms
remains elusive. This study aims to systematically understand
how soft colloidal templating of using PS-b-P2VP micelles
mediated the synthesis of encapsulated methylammonium lead
bromide (MAPbBr3) perovskite nanocrystals (NCs) in a non-
polar solvent (1,3,5-trimethylbenzene). The synthesis of encap-
sulated perovskite NCs involved PS-b-P2VP micellization, for-
mation of hierarchical emulsion, solvation and complexation of
precursor salts, coordination interactions between PS-b-P2VP
and salt ions, and nucleation and growth of perovskite crystals
in a confined space. Furthermore, the influence of two different
polar solvents (methanol and DMF) on MABr solvation and
crystallization kinetics of the resulting MAPbBr3 perovskite NCs
were further examined.

Experimental section
Materials

Two polystyrene-block-poly(2-vinylpyridine) block copolymers,
PS48.5-b-P2VP70 (Mn,PS = 48.5 kg mol�1, Mn,P2VP = 70 kg mol�1,
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Mw/Mn = 1.13) and PS49-b-P2VP75 (Mn,PS = 49 kg mol�1, Mn,P2VP =
75 kg mol�1, Mw/Mn = 1.03), were purchased from Polymer
Source Inc. PS49-b-P2VP75 was used as ligands for Fig. 1–7
and Fig. S2–S9 (ESI†). PS48.5-b-P2VP70 was used as ligands for
Fig. S1 (ESI†). These two block copolymers have similar
molecular weights and compositions. Therefore, they have the
same micellization behavior in TMB. Lead bromide (PbBr2)
and methylammonium bromide (MABr) precursor were pur-
chased from Sigma Aldrich and used as received. 1,3,5-
Trimethylbenzene (TMB, C6H3(CH3)3) was purchased from
Thermo Scientific. Methanol (CH3OH) was purchased from
Honeywell. Dimethyl formamide (DMF) was purchased from
Sigma Aldrich.

Preparation of precursor solutions

The experimental procedures used in this study are depicted in
Scheme 1. Perovskite NCs within BCP micelles were synthesized
through three steps: micellization, precursor complexation,
and confined crystallization. First, 0.5 wt% BCP colloidal solu-
tions were prepared by dissolving 4.3 mg of PS-b-P2VP powder
in 1 mL of 1,3,5-trimethylbenzene (TMB). The solutions were
sonicated at 70 1C for 30 minutes and then cooled to room
temperature. To ensure complete micellization, the BCP colloi-
dal solutions were aged overnight. Next, precursor solutions
were prepared by dissolving 10 mg of PbBr2 in the block
copolymer solutions. These precursor solutions were stirred
at 800 rpm for 24 hours using a magnetic stirrer. The resulting
turbid lead-halide precursor solutions were labeled as t-LHP
solutions (Scheme 1B).

Preparation of MABr solutions

Due to MABr low solubility in TMB, MABr solutions were
separately prepared in either methanol or DMF. These two
solvents were selected for two reasons. First, MABr is highly
soluble in methanol and DMF, ensuring complete ionization to
produce MA+ and Br� ions. Second, the high polarity index of
both solvents (methanol = 5.1, DMF = 6.4)43 facilitates the
effective transport of ions from the polar solvent (methanol
or DMF) to the P2VP core through the non-polar TMB phase.
Specifically, 60 mg of MABr powder was dissolved in 200 mL of
either methanol or DMF to produce 300 mg mL�1 MABr
solutions. The mixtures were then stirred for 30 minutes at
50 1C to ensure complete dissolution.

Synthesis of perovskite NCs

The final step involved the confined crystallization of MAPbBr3

perovskite NCs within the BCP micelles. To initiate crystal-
lization, aliquots (5–20 mL) of the MABr solutions were added
dropwise to the t-LHP solutions. The mixtures were stirred
continuously at 800 rpm for 30 minutes for the nucleation
and growth of MAPbBr3 nanocubes within the P2VP cores. The
formation of MAPbBr3 NCs was evidenced by a color change
from white in the precursor solutions to yellow in the perovs-
kite solutions (Scheme 1C). The resulting perovskite solutions
were then centrifuged at 7000 rpm to separate the encapsulated
MAPbBr3 nanocubes from microstructures. The encapsulated
MAPbBr3 nanocubes were dispersed in supernatants (c-PER,
Scheme 1D), while the microparticles existed as precipitates.
The clear supernatants (briefly denoted as c-PERM5, c-PERM10

Fig. 1 (A)–(C) TEM images and corresponding (D) SAXS (symbols: experimental data and cyan lines: fitted data), (E) WAXD, and (F) absorbance profiles of
BCP, t-LHP and c-LHP solutions. In (D), red lines at low-q and high-q regions that represent slope are plotted as a visual guide. Micelle size distributions
from images (A)–(C) are shown in the upper panels. Inset in images (A)–(C) show photographs of the BCP, t-LHP and c-LHP solutions, respectively.
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and c-PERM20) and precipitates were collected separately for
further structural characterization. The same procedures were
performed on c-PERD5, c-PERD10 and c-PERD20 solutions that
were prepared by adding 5, 10 or 20 mL of MABr aliquots in
DMF to the t-LHP solutions, followed by centrifugation. The
subscripts denote the used solvents (M: methanol; D: DMF) and
the amount of added MABr aliquots. All solutions were pre-
pared at room temperature.

We also prepared an additional set of BCP colloidal solu-
tions to investigate the effect of prior centrifugation of the t-
LHP solutions on the complexation and crystallization of
perovskite NCs. The procedures for preparing the t-LHP
solutions were identical to those described above, except
that these solutions were stirred continuously for 7 days to
produce t-LHP7 solutions, where the subscript denotes the
stirring time in days if specified (Scheme 1B0). After prolonged

stirring, the t-LHP7 solutions were centrifuged at 7000 rpm for
10 minutes to remove undissolved PbBr2 crystals, producing
clear supernatant precursor solutions (denoted as c-LHP7,
Scheme 1C0).

The centrifuged c-LHP7 solutions were used for the synthesis
of perovskite NCs. Specifically, 20 mL of either the MABr/
methanol or MABr/DMF precursor solution was added drop-
wise to the stirred c-LHP7 solutions. After stirring for 30
minutes at 800 rpm, the resulting solutions were labelled as
t-PERc7 (Scheme 1D0). Here, the subscript ‘‘c’’ indicates prior
centrifugation of the t-LHP7 solution. These solutions were
then centrifuged to separate the encapsulated perovskite NCs
from unreacted precursors and by-products. The supernatants
(c-PERc7) and precipitates were collected separately for further
characterization. A list of abbreviations in this study is shown
in Table 1.

Fig. 2 Photos of ((A) and (B)) t-PER and ((C) and (D)) c-PER solutions. The solutions were prepared by adding different aliquots [(i, iv) 5 mL, (ii, v) 10 mL, and
(iii, vi) 20 mL] of methanol-solvated (left panel) or DMF-solvated (right panel) MABr solutions into t-LHP solutions. Photos in (B) and (D) were taken under
UV light exposure at l = 365 nm.

Fig. 3 UV-vis absorbance (solid lines) and PL (dashed lines) spectra of (A) c-PERMx and (B) c-PERDx solutions (x: 5, 10, and 20). (C) PLQY of the
corresponding solutions described in (A) and (B). For UV-vis and PL measurements, the original solutions were diluted to a ratio of 1 : 10. For PLQY
measurements, the dilution factor was 1 : 30.
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Material characterization and instruments

UV-vis absorption spectra were measured with a JASCO V-770
UV-vis/near-IR spectrophotometer (JASCO Analytical Instru-
ments), equipped with both a halogen and deuterium lamp.
The fluorescence of the perovskite solutions was probed using a
UV lamp (UVGL-25 4W compact UV lamp, l = 365 nm). Photo-
luminescence (PL) spectra at room temperature were measured
using an F-2500 FL Spectrophotometer (Hitachi), equipped with
an Xe lamp (lexc: 375 nm). Prior to UV-vis and PL measure-
ments, all perovskite solutions were diluted to a ratio of 1 : 10 in
TMB to accommodate detector resolution. PLQY were deter-
mined using an absolute PLQY measurement system (Fluoro-
Maxs spectrometer, HORIBA Scientific). Prior to the PLQY

measurements, all samples were diluted to a ratio of 1 : 30
in TMB.

Ten microliters of solutions were deposited on a carbon
film-coated Cu grid. The grids were dried in an oven at 50 1C
overnight before imaging. Morphologies of encapsulated per-
ovskite nanocubes were characterized by low-resolution trans-
mission electron microscopy (TEM) (H-7500) at National Cheng
Kung University (NCKU), Taiwan. The low-resolution TEM was
operated at 80 kV. High-resolution TEM (HR-TEM) was per-
formed with a JEOL JEM-1400 (120 kV) at the NCKU Instrument
Center, Taiwan. The analysis of elemental composition in
perovskite nanocubes was performed using energy dispersive
X-ray spectroscopy (EDS) attached to the HR-TEM. The elemen-
tal composition of N, Pb, and Br was quantified in each point
scan. X-ray diffraction of precipitates was performed using
CuKa1 radiation (l = 0.154 nm) on a Rigaku Ultima IV-
9407F701 X-ray diffractometer at 40 kV. Precipitates were care-
fully transferred from centrifuge tubes to glass substrates,
which were then dried in an oven at 70 1C overnight. The 2y
scanning range was from 101 to 601 with a step size of 0.021 and
a scan rate of 51 min�1.

Simultaneous small-angle X-ray scattering (SAXS) and wide-
angle X-ray diffraction (WAXD) measurements of the BCP/
perovskite solutions were conducted at the TPS 13A end station
of the National Synchrotron Radiation Research Center
(NSRRC, Hsinchu, Taiwan).44 Data were collected at an energy
of 15 keV (l = 0.827 Å) using two detectors: Eiger X 9 M for SAXS
and Eiger X 1 M for WAXD. Silver behenate and polyethylene
standards were used to calibrate the sample-to-detector dis-
tance and absolute SAXS intensity, respectively. Solutions were
sealed in capillary tubes (F = 2 mm) and mounted on a
modified Linkam force stage for measurements. Background
subtraction was performed using scattering data from
empty capillary tubes and tubes containing neat solvents or

Fig. 4 (A) WAXD and (B) SAXS (symbols: experimental data; lines: fits)
profiles of the c-PERMx and c-PERDx solutions (x: 10 and 20). Stick pattern
in (A): cubic MAPbBr3 crystals (ICSD#26785). The WAXD and SAXS curves
were vertically shifted for better visualization.

Fig. 5 TEM images collected in a dried state for the (A) c-PERM5, (B) c-PERM10, (C) c-PERM20, (E) c-PERD5, (F) c-PERD10 and (G) c-PERD20 solutions,
respectively. Images (D) and (H) are the HR-TEM images of selected nanocube in c-PERM10 and nanocrystal in c-PERD20, respectively. Yellow dashed lines
in (D) indicate the periphery of micelles.
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solvent/methanol mixtures. An exposure time of 10 s was used
for all measurements. One-dimensional SAXS profiles were
obtained from data reduction. Absolute intensity (I(q)), as a
function of the scattering vector (q), was used to describe

scattering features. q is defined as q ¼ 4
p
l
sin y, where l is the

X-ray wavelength and 2y is the scattering angle. Structural
parameters were determined by fitting the SAXS data using
SASview software.45 Two models were used: the two-level Beauc-
age model and the polydisperse core–shell sphere model.46–48

Based on the Beaucage model,46 SAXS fitting quantifies hier-
archical structures, with each level having structural para-
meters defined by the radius of gyration (Rg,i) and power-law
exponent (df,i), where the subscript ‘‘i’’ represents the i-th level
structure. Rg,i indicates the size of the irregular structure, while
df,i reflects its dimensionality. For the polydisperse core–shell
sphere model, SAXS fitting provides structural parameters,
including core radius (rc), shell thickness (rs), size dispersity,
and the scattering length density (rc, rs, and rsol) of the core,
shell, and solvent, respectively. Of the structural parameters,
size dispersity is based on the Schultz size distribution
function.45

Results and discussion
Characterization of the BCP, t-LHP and c-LHP solutions

The synthesis of encapsulated perovskite nanocrystals (NCs)
involves three stages in sequence: (1) PS-b-P2VP micellization,
(2) precursor complexation in multiple emulsion, and (3) con-
fined crystallization. The micellization of block copolymers
(BCP) is governed by the interplay between the solubility
parameters of the solvent and the constituent blocks. PS-b-
P2VP exhibits strong micellization in TMB due to the selective
solvation of the PS blocks. This selectivity arises because the
solubility parameter of TMB (dTMB = 18 MPa1/2)49 is lower than

Fig. 6 ((A) and (D)) HR-TEM and ((B) and (C), (E) and (F)) EDS elemental analysis of dried c-PERM10 and c-PERD20 solutions. EDS spectra were selectively
collected on two different positions of each specimen by scanning N, Pb, and Br elements. The positions are labelled with 1 and 2 in images (A) and (D),
respectively.

Fig. 7 ((A) and (B)) Photos and ((C) and (D)) WAXD profiles of dried
precipitates separated from the (i) t-PERM10, (ii) t-PERM20, (iii) t-PERD10,
and (iv) t-PERD20 solutions after centrifugation at 7000 rpm for 10 min.
Photos in (B) were taken under UV light exposure at l = 365 nm. In (C) and
(D), red and black arrows indicate the diffraction from the glass substrate.
Stick patterns represent standard WAXD profiles of orthorhombic PbBr2

crystals (PDF#031-0679) and cubic MAPbBr3 crystals (ICSD#268785).
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those of both PS (dPS = 18.6 MPa1/2)50 and P2VP (dP2VP =
19.8 MPa1/2).51

To quantitatively analyze the micellar structure, TEM and
SAXS measurements were performed on dry films and original
BCP solutions in TMB, respectively. The neat BCP solution
appeared bluish due to the Rayleigh scattering of micellar
nanostructures52 (inset of Fig. 1A). TEM image and size dis-
tribution analysis in Fig. 1A reveals well-defined dark spheres
with an average diameter of 47 nm. The SAXS profile (the black
curve in Fig. 1D) of the neat BCP solution exhibits a Guinier
regime in the low-q region (q o 0.008 Å�1), followed by form
factor oscillations in the intermediate-q region (0.008–0.08 Å�1).
The oscillations locate at 0.0287, 0.0456, 0.0614 and 0.0794 Å�1,
respectively. In the high-q region (q 4 0.08 Å�1), a power-law
intensity decay of I B q�2 is observed. This intensity decay
indicates polymer brushes forming within the micelle corona.48

The black SAXS curve was fitted using the polydisperse core–
shell spherical model to extract structural parameters for
micelles in the BCP solution. The structural parameters are
summarized in Table 2. A core radius of 19.59 nm and a shell
thickness of 10.74 � 0.09 nm were obtained from the fitting.
The WAXD profile of the neat BCP solution shows a broad
amorphous halo due to inter-chain or intra-chain correlations
(the black curve in Fig. 1E).

Next, we characterized a t-LHP solution with visual exam-
ination and TEM. The t-LHP solution appeared turbid (the
insert in Fig. 1B). The turbidity is attributed to Mie scattering
from microstructures with dimensions comparable to the
wavelength of visible light.53 Fig. 1B shows a representative
morphology of a microparticle surrounded by a collection of
BCP micelles with an average diameter of B45 nm. This
morphology is similar to that observed in Fig. S1A and E (ESI†),

Scheme 1 Procedures of colloidal templated synthesis of perovskite nanoparticles in a solution added with PS-b-P2VP micelles. First set of samples
were divided by four stages: (A) BCP solutions, (B) t-LHP solutions, (C) t-PER solutions and (D) c-PER solutions. Second set of samples were divided by five
stages: (A0) BCP solutions, (B0) t-LHP7 solutions, (C0) c-LHP7 solutions, (D0) t-PERc7 solutions, and (E0) c-PERc7 solutions. Note that white objects in (B), (C),
(B0), and (D 0) represent the magnetic stirrer.

Table 1 List of abbreviations

Abbreviation Description

t-LHP Turbid lead halide precursor solution (consists of BCP colloidal micelles and PbBr2) after 1 day of stirring
t-PER Turbid perovskite solution after the addition of MABr aliquots
c-PERMx Clear perovskite solution after subsequent centrifugation of t-PER solution synthesized by the addition of MABr/methanol aliquots to

the t-LHP solution (x = 5, 10, 20)
c-PERDx Clear perovskite solution after subsequent centrifugation of t-PER solution synthesized by the addition of MABr/DMF aliquots to the

t-LHP solution (x = 5, 10, 20)
t-LHP7 Turbid lead halide precursor solution after 7 days of stirring
c-LHP7 Clear lead halide precursor solution after 7 days of stirring and subsequent centrifugation
t-PERc7 Turbid perovskite solution after the addition of MABr aliquots to the c-LHP7 solution
c-PERc7,Mx Clear perovskite solution after subsequent centrifugation of t-PERc7 solution synthesized by the addition of MABr/methanol aliquot

to the c-LHP7 solution (x = 20)
c-PERc7,Dx Clear perovskite solution after subsequent centrifugation of t-PERc7 solution synthesized by the addition of MABr/DMF aliquot to the

c-LHP7 solution (x = 20)
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which was measured on a t-LHP7 solution in its dried state. EDS
2D maps (Fig. S1B–D, ESI†) and 1D profile (Fig. S1G, ESI†)
demonstrates that the microparticle is enriched with N, Pb
and Br elements, suggesting that the PbBr2 microparticle is
adsorbed with PS-b-P2VP micelles. We believe that strong
repulsions imparted by the PS shells effectively disperse the
microparticles as a microemulsion within the TMB, causing the
solution turbidity. Note that most micelles tend to cluster in
the t-LHP solution (Fig. 1B). In comparison, the 1D profile
(Fig. S1F, ESI†) of a selected PS-b-P2VP micelle reveals that each
micelle contains Pb and Br elements with an atomic ratio of
1 : 3. This ratio suggests that PbBr2 exists as complexes inside
the PS-b-P2VP micelles.

The SAXS profile (the blue curve in Fig. 1D) of the t-LHP
solution exhibits a low-q upturn with I B q�3.9 in intensity at
q o 0.008 Å�1. This strong low-q upturn is likely due to PbBr2

microparticles and micellar clustering in the t-LHP solution.
Damped oscillations in the intermediate-q range (0.008–
0.08 Å�1) correspond to an increase in size dispersity of
micelles. This fringe dampening is likely due to adsorption of
P2VP cores onto the surface of microparticles for microscale
emulsion, or micellar clustering. The surface adsorption or
micellar clustering may cause micellar deformation or distor-
tion, thus leading to the dampening of the fringes. The WAXD
pattern of the t-LHP in Fig. 1E (blue curve) shows several
diffractions, which can be assigned to orthorhombic PbBr2

crystals (PDF #031-0679). This result indicates that microparti-
cles are comprised of orthorhombic PbBr2 crystals.

We further performed SAXS fitting on the blue curve shown
in Fig. 1D for quantitative analysis. The fitting is based on a
combination of the two-level Beaucage model and core–shell
sphere model. The two-level Beaucage model fits the scattering
of inorganic particles and micellar clustering, while core–shell
sphere model fit the scattering of core–shell micelles. The fitted
curve, based on structural parameters shown in Table 2, reveals
that the inorganic particles are quantified with Rg,1 B
258.07 nm and df,1 B 3.99 and the micellar clustering is
quantified with Rg,2 B 152.07 nm and df,2 B 3.89. The presence
of these large particles indeed leads to an increase in the size
distribution from 0.065 to 0.11 for the micelles in the t-LHP
solution.

Yoon et al.54 demonstrated the complexation of PbBr2 when
dissolved in DMF. In our study, PbBr2 partially dissolves in
TMB added with PS-b-P2VP, resulting in the formation of a
microemulsion with BCP micelles. This microemulsion, how-
ever, is transient due to the large size of the PbBr2 microcrys-
tals. To further investigate how complexation occurred in the t-
LHP solution, a c-LHP solution was prepared by centrifuging
the t-LHP solution. The c-LHP solution (inset of Fig. 1C)
exhibits a bluish color similar to the neat BCP solution,
suggesting the removal of PbBr2 microparticles. This is sup-
ported by the WAXD profile (the green curve in Fig. 1E) of the c-
LHP solution, which closely resembles that of the neat BCP
solution. Fig. 1C reveals a morphology of dark spheres with an
average diameter of B46 nm. The dark spheres correspond to
P2VP cores. Fitting the SAXS profile (the green curve in Fig. 2D)
of the c-LHP solution shows that the radius (B20.6 nm) of the
P2VP core and thickness (B11.4 nm) of the PS shell slightly
increased for micelles in the c-LHP solution. Without PbBr2

microparticles, the core–shell spherical micelles have a small
size distribution at 0.085.

We further characterized the three solutions with UV-vis
absorbance spectrometer. Interestingly, the UV-vis absorption
spectra of the t-LHP and c-LHP solutions display an additional
peak centered at B315 nm (Fig. 1F). This broad band is
assigned to the absorbance of [PbBr3]� complexes bound
with ligands,38 suggesting coordination between PbBr2 and 2-
vinylpyridine segments within the micelle core. This coordina-
tion suggests nanoscale emulsions, by which [PbBr3]� com-
plexes are encapsulated within the PS-b-P2VP micelles.

Synthesis of perovskite nanocrystals

To investigate the influence of the precursor medium on the
synthesis of encapsulated perovskite nanoparticles, varying
volumes (5, 10, and 20 mL) of MABr aliquots (300 mg mL�1)
in either methanol or DMF were added to t-LHP solutions.
The resulting solutions were labelled as t-PERMx and t-PERDx

solutions. As shown in Fig. 2Ai–iii and Aiv–vi, the t-PERMx and t-
PERDx solutions appeared milky yellow after 30 minutes of
stirring, indicating perovskite formation. Under UV exposure
(Fig. 2Bi–vi), a significant difference in luminescence was
observed between the t-PERMx and t-PERDx solutions prepared
with two types of MABr solutions. The t-PERMx solutions
exhibited uniform green luminescence, while t-PERDx

solutions displayed inhomogeneous luminescence, with only
the top layer emitting green light (Fig. 2Biv–vi). This inhomo-
geneity suggests a higher concentration of MAPbBr3 microparticles
with low fluorescence in the t-PERDx solutions.

Centrifugation at 7000 rpm for 10 minutes was performed to
remove large particles. The resulting c-PER supernatants
(c-PERMx and c-PERDx) exhibited uniform green luminescence
(Fig. 2C and D). Notably, the c-PERDx solutions displayed a
paler yellow coloration compared to c-PERMx solutions. A
centrifugation speed of 7000 rpm was found to be optimal for
producing uniform, high-quality MAPbBr3 nanocrystals with
superior optical properties. Deviations from this speed,
whether too low or too high, failed to yield perovskite colloidal

Table 2 Structural parameters used to Fig. 1D

Model fitting

Solutions

Neat BCP t-LHP c-LHP

Beaucage model
Rg,1/nm — 152.07 —
df,1 — 3.89 —
Rg,2/nm — 258.07 —
df,2 — 3.99 —
Core–shell sphere
rc/nm 19.59 � 0.00 23.80 � 0.05 20.59 � 0.00
PDIc 0.065 0.110 0.085
rs/nm 10.74 � 0.09 10.47 � 0.01 11.40 � 0.13
rcore (�10�6 Å�2) 8.720 8.705 8.720
rshell (�10�6 Å�2) 8.111 8.072 8.090
rsolvent (�10�6 Å�2) 8.057 8.057 8.057
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solutions with comparable optical quality (Fig. S2, ESI†). Insuf-
ficient centrifugation left residual microcrystals in the solution,
while excessive centrifugation likely disrupted the micelle
encapsulation of the nanocrystals. The c-PERMx and c-PERDx

solutions were further analyzed by UV-vis and PLQY.
Fig. 3A and B shows the optical properties of the c-PERMx

and c-PERDx solutions, as measured by UV-vis absorbance and
PL spectroscopy. The c-PER solutions are separated superna-
tants after centrifugation was performed on t-PER solutions to
remove precipitates. By comparing the intensities of emitted
and absorbed light during PL measurements, PLQY can be
quantified (Fig. 3C). Several prominent features are evident
from Fig. 3. With the exception of the c-PERM5 solution, the
absorbance spectra of the c-PERM10 and c-PERM20 solutions
show an Urbach tail extending from 350 to 500 nm followed by
an absorbance edge at B527 nm. These features indicate the
formation of perovskite crystals in the c-PERM10 and c-PERM20

solutions (Fig. 3A). Due to the formation of perovskite crystals,
the c-PERM10 and c-PERM20 solutions emit intense PL signals
with superior PLQY of 74.5 and 77.3% (Fig. 3C). In comparison,
the UV-vis absorbance of the c-PERM5 solution still shows an
intense absorbance at 325 nm but a weak absorbance edge at
B527 nm. The absorbance at 325 nm can be assigned to the
absorbance of [PbBr3]� complexes.38 This result indicates that
the c-PERM5 solution contained abundant [PbBr3]� complexes
coexisting with a small amount of perovskite crystals. Because
of the low content of perovskite crystals, the c-PERM5 solution
emits a weak PL signal with a PLQY of approximately 59%. The
weak PL and low PLQY are due to the insufficient MABr
content. In contrast, the UV-vis absorbance spectra of the c-
PERDx solutions show intense absorbance band at 325 nm and
their PL spectra show extremely low signals with PLQY values of
less than 3% (Fig. 3B and C). The result indicates that using
DMF to solvate MA+ cations cannot effectively form perovskite
crystals in the c-PERDx solutions. The comparison between the
c-PERMx and c-PERDx solutions highlights the crucial role of
solvent choice in the efficiency of perovskite crystallization and
the resulting photoluminescence performance.

PLQY is a crucial parameter for quantitatively assessing the
optical performance of perovskite nanocrystals. Table 3 sum-
marizes the PLQY values of various perovskite materials encap-
sulated in BCP micelles reported in this work, alongside data
from other studies.29–32 As shown in Table 3, our study

demonstrates a higher PLQY compared to other perovskite
materials synthesized via BCP-templating approaches.

In addition to PLQY, the long-term stability of perovskite
solutions is crucial. After 90 days of ambient storage, no
observable precipitate was found in the c-PERM5, c-PERM10,
and c-PERM20 solutions (Fig. S3A, ESI†). Furthermore, the
c-PERMx solutions continued to exhibit strong absorbance at
520 nm and photoluminescence (PL) at approximately
529.3 nm (Fig. S3B, ESI†), features attributed to the encapsu-
lated MAPbBr3 nanocubes. These findings demonstrate that
the encapsulated MAPbBr3 nanocubes in the c-PERMx solutions
maintain good stability in air. Particularly, the c-PERMx solu-
tions showed increased PLQY values of 61.2%, 87.9%, and
85.6%, respectively, after 90 days of ambient storage
(Fig. S3C, ESI†).

Note that the freshly prepared c-PERM10 solution exhibited a
PLQY of 77%, which is already the highest among the c-PERMx

solutions. However, after three months of ambient storage, the
PLQY increased to 88%, suggesting that the encapsulated
MAPbBr3 nanocubes underwent further passivation during
storage. Prolonged storage likely allows residual ions or block
copolymer chains in the solution to interact with the nanocube
surfaces, passivating additional defects and further reducing
non-radiative recombination pathways.

Structural characterization of perovskite nanocrystals

Next, we characterized the c-PERMx and c-PERDx supernatants
using WAXD and SAXS. Fig. 4A shows the WAXD profiles of
the c-PERMx and c-PERDx supernatants. All of the c-PERMx and
c-PERDx supernatants reveal a broad halo in Fig. 4A. This broad
halo corresponds to the inter-chain correlation of polymer
chains within micelles.55 Furthermore, the WAXD profiles of
the c-PERMx supernatants display MAPbBr3 diffractions, while
those of the c-PERDx supernatants show no MAPbBr3 diffrac-
tions. This discrepancy indicates that the c-PERMx supernatants
contain a mixture of micelles and MAPbBr3, whereas the
c-PERDx supernatants contain only micelles with little to no
MAPbBr3.

Fig. 4B shows the SAXS profiles of the c-PERMx and c-PERDx

supernatants. Several scattering features are prominent. First,
they show a Guinier regime at q o 0.008 Å�1 and a series of
oscillations in the intermediate q regime (0.02 o q o 0.08 Å�1),
corresponding to form factor scattering of core–shell
spheres.47,48,55 The series of oscillations indicates a monodis-
perse distribution of nanostructures. Second, the oscillations in
the c-PERMx solutions damped more quickly than those in the
c-PERDx solutions (Fig. 4B). This difference in oscillation pro-
minence is attributed to the coexistence of PS-b-P2VP micelles
and inorganic nanoparticles within the c-PERMx solutions. The
dampened fringes observed in the c-PERMx solutions, com-
pared to those in the c-PERDx solutions, reflect an increase in
size dispersity.

We further fitted the SAXS data using a core–shell spherical
model47,48 to extract the structural parameters of the micelles
in both types of c-PER solutions, with the results summarized
in Table 4. The fits based on the structural parameters in

Table 3 Comparison of PLQY performances of various perovskite mate-
rials synthesized using the wet chemical method with PSm-b-P2VPn block
copolymer as a template, where the superscripts m and n represent
molecular-weight quantities in kg mol�1

BCP Solvent
Perovskite
materials PLQY Ref.

PS49-b-P2VP75 TMB MAPbBr3 77% This work
PS75-b-P2VP66.5 Toluene, o-xylene MAPbI3 — 29
PS57-b-P2VP57 Toluene CsPbBr3 51% 30
PS55-b-P2VP50 Toluene CsPbBr3 - 31
PS34-b-P2VP18 Toluene MAPbBr3 59% 32
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Table 4 are consistent with the SAXS curves (Fig. 4B). Table 4
demonstrates that the c-PERMx solutions contain PS-b-P2VP
micelles with a higher dispersity compared to the c-PERDx

solutions. This comparison suggests that the coexistence of
micelles and nanoparticles contributes to the dampening of the
scattering fringes.

The c-PER solutions were characterized by TEM in a dried
state. Fig. 5 shows TEM images of the dried c-PER solutions.
While the addition of both types of MABr solutions to the t-LHP
solutions produced MAPbBr3 cubic crystals, the morphology
and encapsulation behavior differed significantly. Using
methanol as the solvent produced numerous monodispersed
encapsulated MAPbBr3 nanocubes in the c-PERM10 and c-
PERM20 solutions (Fig. 5B and C). Adding a 5 mL MABr/metha-
nol aliquot mainly produced distorted nanocubes (Fig. 5A). In
contrast, using DMF as the solvent resulted in little to no
formation of MAPbBr3 nanocubes (Fig. 5E–G). This difference
in crystal growth and encapsulation likely accounts for the
observed variation in fluorescence intensity between the c-
PER solutions (Fig. 3).

Note that not all PS-b-P2VP micelles encapsulated MAPbBr3

nanocubes (Fig. 5A–D). A large portion of PS-b-P2VP micelles
contained no nanocubes, indicating that the nanocubes grew
inside the P2VP cores of only a portion of the micelles. More-
over, the growth of encapsulated MAPbBr3 nanocubes was
almost prohibited for the c-PERDx solutions. Little to no
MAPbBr3 nanocrystals can be found neighboring with empty
micelles (Fig. 5E–H).

Note that there is a significant contrast in the appearance of
empty micelles between c-PERMx and c-PERDx in Fig. 5. This
discrepancy should be due to different contents of Pb and Br
elements trapped within P2VP cores. To address this issue, we
further performed HR-TEM and EDS characterization on the
nanostructures formed in the c-PERM10 and c-PERD20 solutions.
Fig. 6B, C and E, F show representative EDS elemental analysis
imposed on the c-PERM10 and c-PERD20 solutions in a dried
state. The atomic compositions of N, Pb, and Br were detected
at two different positions, labeled 1 and 2 in Fig. 6A and D.

EDS elemental analysis reveals three key findings (Fig. 6B, C
and E and F). First, the MAPbBr3 nanocubes that formed in the
c-PERM10 solution contained significant amounts of Pb and Br,
although the Pb ratio did not precisely match the stoichio-
metric ratio of cubic MAPbBr3 crystals. This stoichiometric
imbalance suggests the presence of defects in the cubic

MAPbBr3 crystals. Second, the spherical micelles in the c-
PERM10 solution appeared to contain a low amount of Pb.
One selected spherical micelle displayed a high Br ratio
(Fig. 6C), indicating that each MAPbBr3 nanocube in c-
PERM10 likely grew at the expense of [PbBr3]� complexes
released from multiple micelles. Third, the micelles in the
dried c-PERD20 solution contained abundant Pb elements with
an atomic ratio of approximately 1 : 3 (Fig. 6E and F). Analysis of
the UV-vis absorbance spectrum (blue curve in Fig. 3B) and the
WAXD profile (blue curve in Fig. 4A) indicates that the micelles
in the c-PERD20 solution primarily retained [PbBr3]� complexes,
with only a negligible amount of encapsulated MAPbBr3 nano-
cubes. The Pb : Br ratio determined by EDS elemental analysis
aligns closely with the stoichiometry of [PbBr3]� complexes.
Since the formation of MAPbBr3 nanocubes using DMF was
significantly inhibited (Fig. 5G and 6D), it is likely that most of
the [PbBr3]� complexes remained trapped within the spherical
micelles (Fig. S4, ESI†).

Furthermore, a comparison of the EDS profiles indicates
that the significant contrast in the appearance of empty
micelles between c-PERMx and c-PERDx in Fig. 5 and 6A, D is
attributed to the retention of [PbBr3]� complexes in the P2VP
cores of the micelles in the c-PERDx solutions. In contrast, the
perovskite-free micelles in the c-PERM10 solution contained
negligible amounts of Pb and Br elements in their P2VP cores.
As a result, the P2VP cores with negligible Pb and Br content
appear as gray nanodomains (Fig. 5D and 6A), while those
containing [PbBr3]� complexes appear as dark nanodomains
(Fig. 5H and 6D) under high-magnification TEM imaging.

These findings raise two key questions: how do the different
solvents influence the nucleation and growth of encapsulated
MAPbBr3 nanocubes? What is the underlying mechanism driv-
ing the selective encapsulation of MAPbBr3 nanocubes within
PS-b-P2VP micelles? Further investigation is required to eluci-
date the impact of solvent quality on MAPbBr3 crystallization
and its relationship to micelle encapsulation efficiency.

Fig. 4–6 demonstrate that MAPbBr3 nucleation and growth
differ in methanol and DMF. In methanol, MA+ cations effec-
tively bind with P2VP-bound [PbBr3]� complexes, resulting in
the formation of encapsulated MAPbBr3 nanocubes. In con-
trast, in DMF, MA+ cations do not effectively bind with [PbBr3]�

complexes, likely due to preferential interactions with more
accessible PbBr2 microparticles. To explore this hypothesis
further, we characterized the precipitates separated from the

Table 4 Structural parameters used to fit Fig. 4B

Model fitting

c-PER solutions

c-PERM10 c-PERM20 c-PERD10 c-PERD20

Core–shell sphere
rc/nm 20.55 � 0.05 20.41 � 0.05 20.61 � 0.03 20.63 � 0.03
PDIs 0.090 0.100 0.045 0.052
rs/nm 10.25 � 0.11 10.19 � 0.11 11.35 � 0.06 11.44 � 0.06
rcore (�10�6 Å�2) 10.951 10.953 10.851 10.851
rshell (�10�6 Å�2) 8.208 8.208 8.112 8.114
rsolvent (�10�6 Å�2) 8.057 8.058 8.057 8.057
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t-PERMx and t-PERDx solutions. Fig. 7A and B show that the
dried precipitates appear orange and exhibit green fluores-
cence. However, their XRD patterns differ significantly. The
XRD patterns of the precipitates separated from the t-PERMx

solutions show diffractions corresponding to a mixture of cubic
MAPbBr3 perovskite (ICSD#268785) and orthorhombic PbBr2

(PDF#031-0679) (Fig. 7C). In contrast, the precipitates from the
t-PERDx solutions exhibit WAXD patterns with diffractions
corresponding solely to cubic MAPbBr3 crystals (Fig. 7D). Note
that the additional peak at q = 1.86 Å�1 is attributed to the
diffraction of the glass substrate.56 These results suggest that in
methanol, MA+ cations easily migrate to the P2VP core to bind
with encapsulated [PbBr3]� complexes through the PS shell,
producing encapsulated MAPbBr3 nanocubes via crystal-
lization. Excess MA+ cations are further captured by PbBr2

microcrystals, leading to the formation of MAPbBr3 micropar-
ticles. However, the formation of MAPbBr3 microparticles com-
petes with the formation of MAPbBr3 nanocubes encapsulated
within P2VP cores. This competition explains why the precipi-
tates from the t-PERMx solutions show diffractions corres-
ponding to a mixture of MAPbBr3 and PbBr2. In contrast, in
DMF, most MA+ cations preferentially bind with free PbBr2

microparticles, leading to the formation of MAPbBr3 micro-
particles rather than MAPbBr3 nanocubes. The precipitates
primarily consisted of these MAPbBr3 microparticles. As a
result, the precipitates obtained from the t-PERDx solutions
exhibited visible green photoluminescence under UV light
(Fig. 7Biii–iv), while the supernatants separated from the
t-PERDx solutions emitted PL with low quantum yields
(Fig. 3B and C). The low quantum yields displayed by the c-
PERDx solutions are attributed to the low density of encapsu-
lated MAPbBr3 nanocubes (Fig. 5E–H).

Effect of centrifugation to remove PbBr2 microparticles

The first section demonstrates that the hierarchical emulsion
of PbBr2 in TMB with PS-b-P2VP forms dispersed PbBr2 micro-
particles and [PbBr3]� complexes. During the micro-scale emul-
sion process, the PbBr2 microparticles are coated with PS-b-
P2VP micelles, where the P2VP cores adhere to the PbBr2

microparticles, and the PS shells swell in TMB. The [PbBr3]�

complexes are encapsulated within the P2VP cores through
nanoscale emulsion. These encapsulated [PbBr3]� complexes
are well-dispersed in TMB due to the strong repulsive forces
provided by the swollen PS shells. As a result, the hierarchical
emulsion of PbBr2 in TMB with PS-b-P2VP offers two key
resources—dispersed PbBr2 microparticles and [PbBr3]� com-
plexes—for the formation of MAPbBr3. To eliminate the influ-
ence of dispersed PbBr2 microparticles on the formation of
encapsulated MAPbBr3 nanocubes, centrifugation was per-
formed on the t-LHP solutions before adding MABr aliquots.

To saturate the loading of [PbBr3]� complexes within the
P2VP cores, lead halide precursor solutions (denoted as t-LHP7

solutions) were prepared by mixing PbBr2 with PS-b-P2VP in
TMB, followed by prolonged stirring for 7 days. After 7 days,
excess PbBr2 microparticles were removed by centrifugation at
7000 rpm for 10 minutes, resulting in clear supernatants

(denoted as c-LHP7 solutions). This centrifugation step ensured
that MA+ and Br� ions interacted exclusively with [PbBr3]�

complexes, eliminating the influence of excess PbBr2 micro-
particles while preventing the disruption of micellar encapsula-
tion efficiency by harsh centrifugation.

The c-LHP7 solutions were then added with 20 mL of MABr
aliquots to produce clear perovskite solutions (denoted as c-
PERc7,M20 or c-PERc7,D20). The c-PERc7,M20 solution appeared
fluorescent green and emitted strong PL (Fig. S5A and B, ESI†),
whereas the c-PERc7,D20 solution appeared light yellow and
emitted weak PL (Fig. S5C and D, ESI†). The absorbance
spectrum of the c-PERc7,D20 solution exhibited a strong absor-
bance band at B320 nm, indicating the presence of abundant
[PbBr3]� complexes (red curve in Fig. S5E, ESI†). The
c-PERc7,M20 solution showed a prominent band at B310 nm,
followed by a Urbach tail in the range of 340–500 nm and an
absorbance edge at 528 nm. A review article has demonstrated
that the Urbach tail is associated with defects in
semiconductors.57 Therefore, the Urbach tail and the band at
528 nm indicate the formation of perovskite crystals with
defects in the c-PERc7,M20 solution. The 310-nm band is more
pronounced in the c-PERc7,M20 solution (black line in Fig. S5E,
ESI†) compared to the c-PERM20 solution (blue line in Fig. 3A).
Previous studies have shown that the 310-nm band arises from
[PbBr6]4� octahedral clusters.58–64 We believe that adding MABr
to the c-LHP7 solution after the removal of PbBr2 microparticles
may also lead to the formation of excess [PbBr6]4� octahedral
clusters coexisting with MAPbBr3 nanocubes.

Fig. S6A and B (ESI†) shows that the c-PERc7,M20 solution
forms encapsulated MAPbBr3 nanocubes with a slightly
increased content. However, most of the PS-b-P2VP micelles
remain a spherical shape without MAPbBr3 nanocubes. EDS
analysis of three different regions enriched with spherical
micelles demonstrates that the spherical micelles contain high
Br residues but low Pb residues (Fig. S6C–E, ESI†), indicative of
[PbBr6]4� complexes. While the optical properties of c-
PERc7,M20 and c-PERM20 are comparable, the former exhibits
reduced long-term stability. After three months of storage, the
c-PERc7,M20 solution became transparent due to perovskite
degradation (Fig. S7, ESI†).

Mechanistic insights on micellization, hierarchical emulsion,
PbBr2 complexation, and formation of encapsulated MAPbBr3

nanocubes

It is generally understood that the formation of perovskite
colloidal NCs occurs via ion exchange through a crystalline
state.65 The mechanism of ion exchange allows us to explain
how dispersed PbBr2 microparticles bind with MA+ cations to
form MAPbBr3 microparticles. However, our findings indicate
that amorphous [PbBr3]� complexes within the P2VP cores are
the primary species to grow encapsulated perovskite nano-
cubes. This mechanism of the nucleation and growth of per-
ovskite nanocubes in our system differs from the classical
model of ion exchange.

Based on the results in Fig. 1–7, we propose an alternative
mechanism to explain how PS-b-P2VP colloidal micelles
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mediate PbBr2 complexation and MAPbBr3 crystallization in
TMB when MABr aliquots, either in methanol or DMF, are

added. In TMB, a good solvent for PS, the micellization of PS-b-
P2VP produces core–shell micelles (Fig. 8Ai). Two types of

Fig. 8 Schematic illustration of structural evolutions: (A) micellization, hierarchical emulsion, and inter-micelle fusion and fission in a t-LHP solution, and
the nucleation and growth of MAPbBr3 in a t-PER solution added with (B) methanol-based or (C) DMF-based MABr aliquots.
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emulsions occur at different scales: microscale and mesoscale
(Fig. 8Aii). At the microscale, P2VP chains preferentially
adsorb onto PbBr2 microparticles while PS chains extend
into TMB. At the mesoscale, PbBr2 undergoes dissociation
and complexation, followed by coordination within the P2VP
cores. This process results in a hierarchical emulsion
comprising a microemulsion of dispersed PbBr2

microparticles and a nanoemulsion of [PbBr3]� complexes
within P2VP cores. It is important to note that the surface
adsorption of PS-b-P2VP micelles is a dynamic and transient
process. Frequent exchanges between complex-captured
micelles and complex-free micelles occur at the interface of
PbBr2 microcrystals and PS-b-P2VP micelles due to
Brownian motion in the solution (see Fig. 8Aii where
desorption and adsorption are depicted by red and blue
arrows, respectively). This dynamic adsorption behavior
contributes to a more uniform distribution of [PbBr3]�

complexes throughout all P2VP cores (Fig. 8Aiii). Without BCP
micelles, hierarchical emulsion could not form. Instead,
adding a MABr/methanol aliquot led to the complete
conversion of PbBr2 into MAPbBr3 microcrystals with poor
dispersion in TMB (Fig. S8, ESI†).

Next, we explain how encapsulated MAPbBr3 nanocubes
form at the expense of [PbBr3]� complexes inside P2VP cores.
Separately dissolving MABr in methanol is crucial for the
formation of encapsulated MAPbBr3 nanocubes in non-polar
solvents. This dissolution step generates solvated MA+ and Br�

ions, which are necessary for the subsequent nucleation and
growth of perovskite nanocubes confined within P2VP cores.
Without this solvent-mediated ion formation, MABr would
predominately bind with dispersed PbBr2 microparticles in
TMB to form MAPbBr3 microparticles, thus preventing the
formation of encapsulated MAPbBr3 nanocubes inside P2VP
cores (Fig. S9, ESI†). As a result, the P2VP cores still retain a
high content of [PbBr3]� complexes. When using methanol to
dissolve MABr, solvated MA+ cations can diffuse from the non-
polar phase into the P2VP cores filled with [PbBr3]� complexes.
The coordination between solvated MA+ cations and [PbBr3]�

complexes initiates the crystallization of MAPbBr3 (Fig. 8Bi).
This mechanism facilitates the formation of encapsulated
MAPbBr3 nanocubes.

The confinement of MAPbBr3 crystallization within P2VP
cores imparts a space for homogeneous nucleation. This
nucleation and growth promote the formation of stable cubic
crystals (Fig. 8Bii). The stability of perovskite structures can be
predicted using the Goldschmidt tolerance factor (t) and the
octahedral factor (m), which are determined by the ionic radii of
the constituent atoms.66 The values of t and m are calculated
using eqn (1) and (2), respectively:

t ¼ rA þ rX
ffiffiffi

2
p
ðrB þ rXÞ

(1)

m ¼ rB

rX
(2)

where rA, rB, and rX represent the ionic radii of the A cation

(MA+), B cation (Pb2+), and X anion (Br�), respectively. A stable
perovskite structure typically forms when 0.8 o t o 1 and
0.44 o m o 0.9. A cubic perovskite structure is expected when
0.9 o t o 1. Using the effective ionic radii of MA+ (0.22 nm),67 Pb2+

(0.13 nm),68 and Br� (0.18 nm),68 we estimated t E 0.91 and m E
0.72 for MAPbBr3. These values fall within the ranges for a stable
cubic perovskite structure, consistent with our results.

Interestingly, the observation that nanocubes are encapsu-
lated within some individual micelles, while others remain
empty, suggests that inter-micelle fusion and fission events
occur during MAPbBr3 crystallization (Fig. 8Biii). This dynamic
process could explain the observed distribution of nanocubes,
where some micelles encapsulate multiple nanocubes, while
others do not contain any [PbBr3]� complexes. The uniform
capture of [PbBr3]� complexes by micelles in the t-LHP solution
further supports this mechanism.

The choice of solvent significantly influences the crystal-
lization kinetics of MAPbBr3. Using methanol yields MAPbBr3

nanocrystals with narrow size dispersity, well dispersed in the
supernatants. In contrast, using DMF quickly results in
MAPbBr3 microcrystals (Fig. 8Ci), which are found only in the
precipitates. Only a few MAPbBr3 nanocubes can form within
P2VP cores when DMF is used to solvate MA+ and Br� ions
(Fig. 8Cii). This difference arises from the solvents’ impact on
MA+ ion diffusion through the PS shells. Methanol facilitates
MA+ diffusion through the PS shells, promoting coordination
with [PbBr3]� complexes within the P2VP cores, allowing the
encapsulated nanocubes to be well dispersed in the
supernatants. Conversely, DMF-solvated MA+ cations have
difficulty penetrating and diffusing through the PS
shells, thus limiting their access to the [PbBr3]� complexes.
Instead, DMF-solvated MA+ cations preferentially bind to PbBr2

microcrystals, leading to the rapid growth of MAPbBr3

microcrystals, which then exist as precipitates after
centrifugation (Fig. 7).

Several factors can explain the observed differences in
crystallization kinetics. The first factor is the distinct
precursor-solvent interactions, quantified by Guttman’s donor
number (DN).69 A significant difference in DN values of metha-
nol (DN = 19)70 and DMF (DN = 27)70 reflects their electron-
donating abilities. Previous work by Hamill et al.71 demon-
strated that DN serves as a strong predictor of a solvent’s ability
to solvate perovskite precursors. Solvents with higher DN values
can more effectively compete with halide ions for coordination
sites around the Pb2+ center. This competition might suppress
the formation of ion complexes, potentially retarding perovs-
kite nucleation and growth due to a reduced concentration of
precursor ion complexes. In our case, MA+ cations strongly
coordinate with DMF to form solvated species. While DMF’s
higher DN could explain its stronger coordination with MA+

ions compared to methanol, the high DN value does not fully
account for the preferential formation of MAPbBr3 microcrys-
tals in t-PERDx solutions. The interaction between MA+ cations
and PbBr2 microcrystals, which governs microcrystal for-
mation, should not be directly affected by DN. Therefore, we
can exclude the difference in Guttman’s donor number as the
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principal cause for the distinctive crystallization pathways
observed in the two solvent systems.

Here, it is important to consider that the swollen PS shells
act as barriers to the diffusion of solvated MA+ cations from the
liquid matrix into the P2VP cores. As a result, the diffusion rate
of solvated MA+ cations is significantly faster in the liquid
matrix than within the PS shells. The diffusion rate of solvated
MA+ cations dispersed in a solvent can be quantified by:

Do ¼
kBT

6pmRsc
(3)

where kB is the Boltzmann constant, T is the absolute tempera-
ture (in K), m is the viscosity of the solvent, and Rsc denotes the
effective radius of the solvated MA+ cations. Given that only
small aliquots of MABr/DMF and MABr/methanol solutions
were added to the precursor solutions containing a mixture of
PbBr2 and PS-b-P2VP, the viscosity of the solvent is primarily
determined by the viscosity of TMB. Consequently, the diffu-
sion of solvated MA+ cations is mainly influenced by their
effective radius. A neat MA+ cation has an approximate radius
of 0.22 nm.67 Furthermore, methanol exhibits a smaller van der
Waals volume compared to DMF (B34.6 Å3 for methanol and
B77.6 Å3 for DMF).72 It is believed that a DMF-solvated MA+

cation has a larger effective radius compared to a methanol-
solvated MA+ cation.

In solution, methanol-solvated MA+ cations can more
quickly promote the formation of MAPbBr3 microcrystals at
the expense of PbBr2 microcrystals adsorbed by PS-b-P2VP
micelles, compared to DMF-solvated MA+ cations. Microscale
emulsion disperses the PbBr2 microcrystals, which are partially
adsorbed by PS-b-P2VP micelles. However, there should be
sufficient voids that are free from PS-b-P2VP micelle adsorp-
tion. These BCP-free voids allow the solvated MA+ cations to
bind with PbBr2 microcrystals, facilitating the rapid formation
of MAPbBr3 microcrystals. This observation explains why the
precipitates are predominantly composed of cubic MAPbBr3

microcrystals.
For the formation of encapsulated MAPbBr3 nanocubes

within P2VP cores through nanoscale emulsion, the additional
barriers imparted by PS shells must be carefully considered.
The penetration and diffusion of solvated MA+ cations are
analogous to the permeation of gas through a polymer.73 Two
factors affect permeability: the solubility and diffusivity of the
permeating species through the polymer along the concen-
tration gradient. In our system, solubility should not be a key
factor as the contrast in solubility parameters between metha-
nol (29.6 MPa1/2)49 and TMB (18 MPa1/2)49 is greater than the
contrast in solubility parameters between DMF (24.8 MPa1/2)49

and TMB. Therefore, we believe that diffusivity plays a more
critical role in the permeation of solvated MA+ cations through
PS shells (18.6 MPa1/2).50 Diffusivity is influenced by polymer
packing and the kinetic diameter of the diffusing molecule
itself.

Quantitative analysis of the SAXS data demonstrates that the
addition of DMF or methanol has no significant effect on the
radii of the P2VP core and PS shell, indicating that the spatial

packing of the shell-forming corona remains unchanged. In
other words, the polymer packing of PS shells swollen in TMB-
rich solutions is consistent, regardless of whether DMF or
methanol is added.

In this study, we hypothesize that the inhibition of encap-
sulated MAPbBr3 nanocube formation is linked to the possibi-
lity that DMF-solvated MA+ cations have a larger kinetic
diameter. As a result, the penetration of PS shells with a brush
conformation by DMF-solvated MA+ cations may cause a sig-
nificant entropic penalty (Fig. 8Ci), which is unfavorable for the
diffusion of DMF-solvated MA+ cations through the PS shell.
This could explain why [PbBr3]� complexes remained within
the P2VP cores without forming MAPbBr3 nanocubes when
DMF was used to produce solvated MA+ and Br� ions.

Next, we explain why the c-PERc7,M20 solution exhibits lower
PL stability compared to the c-PERM20 solution. PbBr2 micro-
crystals likely serve as a reservoir, continuously replenishing
[PbBr3]� complexes. Without PbBr2 microcrystals, Br� ions are
left unbound, leading to a significant reduction in [PbBr3]�

complexes. This is supported by the distinct optical properties
in freshly prepared c-PERc7,M20 solutions compared to c-PERM20

(see Fig. S5 (ESI†) and Fig. 3). Unlike the broad shoulder
displayed by the c-PERM20 solution, a sharp peak at B308 nm
suggests the presence of abundant [PbBr6]4� octahedral clus-
ters, likely due to excess Br� ions in the c-PERc7,M20 solution. A
high residue of [PbBr6]4� octahedral clusters may lead to the
degradation of MAPbBr3 nanocubes (see Fig. S7, ESI†). This
explains why the PL performance of the c-PERc7,M20 solution
degraded after three months of storage at room temperature.

Conclusions

We have demonstrated a straightforward method for synthesiz-
ing MAPbBr3 nanocubes encapsulated within polymeric
micelles. This approach capitalizes on the interaction between
[PbBr3]� complexes and solvated MA+ cations within a confined
micellar environment. The choice of solvent to solvate MA+

cations significantly influences the crystallization kinetics and
the quality of the nanocubes. Methanol, with its smaller
molecular size, facilitates faster diffusion of solvated MA+ ions,
promoting the formation of well-defined nanocubes. In con-
trast, DMF leads to slower diffusion of solvated MA+ ions and
the formation of less desirable microcrystals. The MAPbBr3

colloidal solutions synthesized using methanol-based aliquots
exhibit remarkable stability. After 90 days of storage under
ambient conditions, no decrease in PLQY was observed. In fact,
the PLQY measurements indicated a 14% increase compared to
the freshly prepared solutions.

Furthermore, our findings highlight the crucial role of
excess PbBr2 microcrystals in synthesizing encapsulated nano-
cubes and maintaining their long-term stability. Although
removing these microcrystals through centrifugation initially
produces solutions with comparable optical properties, it dis-
rupts the stoichiometric balance of MA, Pb, and Br elements
necessary for forming MAPbBr3 crystals. This stoichiometric
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imbalance ultimately undermines the stability of the nano-
cubes, leading to degradation over time. These insights under-
score the importance of carefully controlling crystallization
conditions and understanding the underlying stoichiometric
equilibria to achieve stable, high-quality perovskite nanomater-
ials for optoelectronic applications.
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Z. V. Quiñones Jurado, M. Poisot and B. Sulbarán-Rangel,
Crystals, 2022, 12, 574.

57 L. Wang, H. Liu, Y. Zhang and O. F. Mohammed, ACS Energy
Lett., 2020, 5, 87–99.

58 Q. A. Akkerman, S. Park, E. Radicchi, F. Nunzi, E. Mosconi,
F. De Angelis, R. Brescia, P. Rastogi, M. Prato and L. Manna,
Nano Lett., 2017, 17, 1924–1930.

59 Z. Liu, Y. Bekenstein, X. Ye, S. C. Nguyen, J. Swabeck,
D. Zhang, S.-T. Lee, P. Yang, W. Ma and A. P. Alivisatos,
J. Am. Chem. Soc., 2017, 139, 5309–5312.

60 M. Nikl, E. Mihokova, K. Nitsch, F. Somma, C. Giampaolo,
G. Pazzi, P. Fabeni and S. Zazubovich, Chem. Phys. Lett.,
1999, 306, 280–284.

61 Y. Zhang, M. I. Saidaminov, I. Dursun, H. Yang, B. Murali,
E. Alarousu, E. Yengel, B. A. Alshankiti, O. M. Bakr and
O. F. Mohammed, J. Phys. Chem. Lett., 2017, 8, 961–965.

62 S. K. Sharma, C. Phadnis, T. K. Das, A. Kumar, B. Kavaipatti,
A. Chowdhury and A. Yella, Chem. Mater., 2019, 31,
3111–3117.

63 S. Seth and A. Samanta, J. Phys. Chem. Lett., 2017, 8,
4461–4467.

64 D. Chen, Z. Wan, X. Chen, Y. Yuan and J. Zhong, J. Mater.
Chem. C, 2016, 4, 10646–10653.

65 H. Jiang, S. Cui, Y. Chen and H. Zhong, Nano Select, 2021, 2,
2040–2060.

66 E. Akman, T. Ozturk, W. Xiang, F. Sadegh, D. Prochowicz,
M. M. Tavakoli, P. Yadav, M. Yilmaz and S. Akin, Energy
Environ. Sci., 2023, 16, 372–403.

67 G. Kieslich, S. Sun and A. K. Cheetham, Chem. Sci., 2015, 6,
3430–3433.

68 T. J. Jacobsson, J.-P. Correa-Baena, M. Pazoki, M. Saliba,
K. Schenk, M. Grätzel and A. Hagfeldt, Energy Environ. Sci.,
2016, 9, 1706–1724.

69 V. Gutmann and V. Gutmann, The donor-acceptor approach
to molecular interactions, Springer, 1978.

70 F. Cataldo, Eur. Chem. Bull., 2015, 4, 92–97.
71 J. C. Hamill Jr, J. Schwartz and Y.-L. Loo, ACS Energy Lett.,

2018, 3, 92–97.
72 Y. H. Zhao, M. H. Abraham and A. M. Zissimos, J. Org.

Chem., 2003, 68, 7368–7373.
73 L. H. Sperling, Introduction to Physical Polymer Science, John

Wiley & Sons, 2015.

Paper Journal of Materials Chemistry C

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 5
/4

/2
02

6 
4:

43
:2

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tc03885a



