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ABSTRACT: We compare the fluorescence properties of CsPbBr,Cl nanocryst- NC Synthesis A OA/OLA-SC iR

als, obtained via two distinct synthetic procedures and self-assembled into

supercrystals using the same antisolvent crystallization technique. By spatially

resolved fluorescence (lifetime) measurements we demonstrate that the optical PR - L
. } . . OLA se Energy (eV)

properties of the supercrystals depend on the specific synthesis conditions of the OA assembly

constituting nanocrystals. Using scanning electron microscopy, small-angle X-ray process

scattering, and nuclear magnetic resonance spectroscopy, we find evidence that

spatial fluctuations in the supercrystal fluorescence correlate with the ligand sphere

of the nanocrystals. Specifically, homogeneous surface passivation of the NC Synthesis B
nanocrystals leads to consistent interparticle distances and increased structural

order within the supercrystals, resulting in a uniform fluorescence center wavelength and lifetime. The results of this study emphasize
the importance of the relationship between crystalline structure and ligand configuration in controlling the optical properties of lead
halide perovskite supercrystals.
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B INTRODUCTION surface passivation. The influence of ligands, as well as
cooperative effects between oleic acid (OA) and oleylamine
(OLA) that are often used, have already been shown for
CsPbX; nanocrystals.”>~>” However, their role in the
formation of SCs has not yet been sufficiently investigated as
the NCs exhibit a rather unusual cubic shaPe.zg_30 Conversely,
in studies on metallic NCs, such as Au®>' ™ and Ag,34’35 or
semiconducting PbS*° and CdSe®” nanomaterials, the ligands
have been demonstrated to play a pivotal role in the self-
assembly process of the SCs. Their binding motif, length, and
density significantly influence the structure and properties of
the resulting SC. We consider this aspect particularly relevant
because of the physical and chemical interactions (i) between
the ligands and the nanocrystals and (ii) between the soft
ligands themselves. These interaction types influence two
essential parameters that determine the properties of SCs: the
lattice structure and the interparticle distances within the
SCs.*

An alternative approach toward the formation of LHP
supercrystals is inducing the crystallization via an antisolvent,
such as acetonitrile.” However, we found that this approach

Lead halide perovskite (LHP) nanocrystals (NCs) possess
exceptional optoelectronic properties, as they exhibit an
exceedingly high quantum yield" and the ability of a precisely
tailored emission wavelength through halide composition
variation.” This renders them promising materials for a wide
range of applications in photonics and optoelectronics,
including Iight-emittin% diodes (LEDs), solar cells, and other
electro-optical devices.” > However, for practical applications
in such devices, homogeneous fluorescence properties are of
central importance to ensure uniform and reproducible electro-
optical properties. In this context, so-called supercrystals
(SCs)—defined as highly ordered mesoscopic aggregates of
NCs—provide substantial advantages over isolated NCs and
bulk phase crystals. Through collective phenomena such as
superfluorescence,® enhanced conductivity," or improved
mechanical properties,”® SCs transfer the unique quantum
properties of NCs from the nanoscopic to the macroscopic
range—an essential step for industrial applications.

A plethora of methodologies have been developed for the
fabrication of SCs, encompassing solvent—antisolvent and
solvent—evaporation methods.*”"” For lead halide perovskite
materials, the latter has been the prevailing technique.
Nonetheless, a shift in photoluminescence is frequently
observed in these SCs, although its origin is not yet fully
understood.””*" Potential explanations for this phenomenon
include compressive strain caused by drying solvents,”” and the
colloidal softness or density of organic ligands utilized for
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Figure 1. Overview of the two different syntheses used for NC preparation along with the absorbance and PL spectra of the respective NCs, SEM
images of the NCs, and the resulting size distribution histograms. Top panel shows Synthesis A: NCs prepared according to the synthesis by
Protesescu et al.” Bottom panel shows Synthesis B: NCs prepared according to the synthesis by Dutta et al.*’

also frequently results in spatial fluctuations in the optical
properties of the supercrystals. Diverging results by other
groups—some reportin§ niform fluorescence,”” others
support our observations”’~ —have motivated us to under-
stand the origin of this inconsistency. We hypothesize that the
discrepancy may be linked to the slightly different procedures
applied for the synthesis of the constituting nanocrystals rather
than the crystallization method itself.

In this work, we use two sets of optically comparable
CsPbBr,Cl nanocrystals, obtained by two widely employed
synthetic procedures that are overall similar but differ in the
intricate details of the precursor chemistry and ligand mixture.
We apply scanning electron microscopy (SEM), small-angle X-
ray scattering (SAXS), confocal laser scanning microscopy, and
nuclear magnetic resonance (NMR) spectroscopy to probe the
morphology, optical homogeneity, and molecular composition
of the surface of the SCs. We show that the ligand sphere is key
to obtain supercrystals with spatially uniform fluorescence and
fluorescence lifetimes and that this can be controlled by the
synthesis conditions of the nanocrystals.

u
1,29

B EXPERIMENTAL SECTION

Scanning Electron Microscopy and Energy-Dispersive
X-ray Spectroscopy

SEM images and energy-dispersive X-ray (EDX) data were acquired
on a HITACHI SU8030 instrument at 30 kV. SEM samples of the
NC stock solutions were prepared on a Si/SiO, wafer by spin-coating
100 uL of the crude stock solution onto the wafer. SEM images of the
SCs were taken directly from the crystals grown on the wafer
substrates. In order to determine the thickness of the SCs, the samples
were tilted 54° and 70° relative to the incident electron beam.

EDX data were analyzed using ESPRIT 1.9 software by Bruker. The
background was automatically corrected by the software package.
Quantification was performed using a P/B-ZAF analysis, in which the
atomic concentrations of the selected elements were calculated. The
analytical error of the measurements is below 3% (3-sigma confidence
interval).

Nuclear Magnetic Resonance Spectroscopy

All NMR spectra were recorded at a temperature of 298 K with a
Bruker Avance III HDX 600 MHz spectrometer equipped with a §

2924

mm Prodigy BBO cryo probe with automatic tuning and matching for
X and 'H, and the probe was controlled by Topspin. All '"H NMR
(600.13 MHz) chemical shifts are relative to 1% tetramethylsilane in
deuterated chloroform via the deuterium lock.

Spatially Resolved Optical Measurements

Spatially resolved optical measurements were conducted on a home-
built inverted confocal laser scanning microscope under 405 nm
pulsed diode laser excitation (Picoquant LDH P-C-405) with variable
repetition rates (Picoquant PDL 800-D laser driver). The measure-
ments were performed on SCs grown on Si/SiO, substrates with
reflective geometry. The excitation laser was focused on the sample by
a high numeric aperture air objective (NA = 0.9) enabling a lateral
resolution of approximately 300 nm. A single-photon avalanche diode
(MPD PDM Series) in combination with a PicoQuant HydraHarp
400 was used as a time-correlated single-photon counting (TCSPC)
system for the time-resolved fluorescence detection. Subsequent data
acquisition and analysis were performed using the SymPhoTime 64
software package by PicoQuant. Spectral data were recorded on a
Andor Shamrock SR-303i-B spectrograph with a 300 grooves/mm
grating equipped with an iDus 401 CCD detector (cooled to —60
°C).

Optical Measurements

Absorbance spectra were recorded on a UV—Vis—NIR spectrometer
(Cary 5000, Agilent Technologies), and emission spectra were
acquired using a fluorescence spectrometer (PerkinElmer PL8500).
All spectra were recorded under ambient conditions at room
temperature (25 °C) using S uL of the stock solution dispersed in
3 mL of hexane. The concentration of the NC stock solutions was
calculated from the absorbance spectra using the values at 335 and
400 nm, following the method described by Maes et al.’® The
excitation wavelength for emission spectra was set to A, = 350 nm.

X-ray Diffraction Experiments

The spatially resolved X-ray diffraction data were collected at the
Coherence Applications beamline P10 of the PETRA III synchrotron
source at DESY. The supercrystals were grown on a Kapton substrate,
and the diffraction patterns were measured in transmission geometry
by an EIGER X 4M detector placed at a distance of S m behind the
sample. The X-ray beam of E = 12.5 keV was focused to
approximately 1.5 ym X 2.1 um (vert. x hor.).

https://doi.org/10.1021/acs.chemmater.5c03393
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B RESULTS

Figure 1 shows the two synthetic pathways employed to yield
the two distinctive NC batches along with their respective
optical properties and size distributions. In the case of
Synthesis A, the NCs were synthesized according to the
method published by Protesescu et al.,” wherein lead bromide
and lead chloride were dissolved in the appropriate
stochiometric ratio within a mixture of octadecene (ODE),
oleic acid (OA), and oleylamine (OLA). The injection of
cesium oleate at a temperature of 160 °C initiates the
formation of the NCs. A detailed description of the synthesis
can be found in the Supporting Information (Section 1:
Materials and Methods). The absorption and photolumines-
cence (PL) spectra of the NCs show a first excitonic transition
at 468 nm and a PL maximum at 481 nm with a full width at
half-maximum (FWHM) of 19 nm. NC sizes were determined
from SEM images by measuring the edge lengths and fitting
the resulting size distributions with a Gaussian function. We
find a mean size of the NCs of Synthesis A of 7.8 nm, with a
standard deviation of 0.9 nm.

The NCs of Synthesis B were sznthesized following the
method published by Dutta et al,” using oleylammonium
bromide/chloride as the halide precursor that is injected into a
solution of cesium carbonate and lead acetate in octadecene
and oleic acid at 240 °C. These NCs show slightly higher
excitonic and PL peaks at 480 and 489 nm, respectively, with
the PL peak being narrower, exhibiting a FWHM of 16 nm.
Based on SEM measurements, an average edge length of 8.4 +
1.3 nm can be found by fitting the size distribution histogram
with a Gaussian function. The approximately 9 nm red shift in
the emission wavelength of the NCs from Synthesis B
correlates with the marginal increase in the NC size as well
as a slightly more bromide-rich composition of the NCs, as
evident from the energy-dispersive X-ray spectroscopy (EDX)
data presented in Table 1. We conclude that the optical
properties and size of the NCs of the two samples are
sufficiently similar to allow a fair comparison of their behavior

as building blocks of SCs.

Table 1. Calculated Relative Stoichiometry of NCs from
Syntheses A and B Based on Atomic Concentrations
Deduced from EDX Measurements Referenced to Pb (the
Analytical Error Is below 3% within a 3-Sigma Confidence
Interval)

Cs Pb Br Cl
synthesis A 1.1 1.0 22 1.0
synthesis B 1.0 1.0 2.4 0.7

The preparation of SCs from both samples was accom-
plished by a self-assembly process from solution employing our
modified solvent—antisolvent crystallization method.” In this
method, a substrate is placed in a test tube, and then 600 yL of
a 1-5 pM solution of the NCs in hexane and an equal volume
of acetonitrile as an antisolvent are added, so the phase
boundary between the two solutions is formed roughly at the
middle of the substrate. The sealed test tube is left for S days in
the dark, allowing the crystallization process to occur. The
resulting SCs predominantly grow at the phase boundary
between the two solvents in a cubic and highly faceted shape
with lateral dimensions of approximately 15 X 15 ym? and a
height of up to 7 pm (see Figure SS in the Supporting
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Information). From here on, we refer to SCs consisting of NCs
from Synthesis A as “OA/OLA-SC,” and those from Synthesis
B as “OLA-SC.” This emphasizes their respective surface
passivation with oleic acid/oleylamine (OA/OLA) and
oleylamine (OLA), which we will detail further by NMR
spectroscopy.

Figure 2 displays spatially resolved photoluminescence (PL)
spectra of representative SCs consisting of NCs from the two
different synthesis routes under 405 nm excitation in a
confocal laser scanning microscope, recorded at the positions
marked by white crosses in the optical microscope images in
Figure 2a,d. We observe a significant red shift of 25 meV from
the edges toward the center of the OA/OLA-SC. In contrast,
the PL spectra acquired on an OLA-SC exhibit a consistent
emission wavelength centered at 490 nm, with no detectable
shift throughout the crystal. We note a further distinction in
the PL intensity: While the intensity in the OA/OLA-SC
declines toward the center, it increases for the OLA-SCs. This
is further illustrated in the non-normalized PL spectra recorded
at the edges and centers of the SCs in Figure 2¢,f.

The fluorescence lifetime images of the two SCs depicted in
Figure 3 were acquired under 405 nm excitation with a spatial
resolution of 300 nm, and the experimental data were fitted
with pixel-by-pixel biexponential decay curves. Figure 3b,d
provides a representation of the corresponding PL decay
curves, alongside the biexponential fit for specific positions at
the center and at the edge of the SCs. In the center of the OA/
OLA-SC, we find fluorescence lifetimes of around 4.0 ns which
decrease to 2.8 ns approaching the edges of the SC. For the
OLA-SCs, the fluorescence lifetime image indicates a uniform
lifetime of about 1.8 ns over the entire crystal. This is
confirmed by the PL decay curves, which result in virtually the
same biexponential fits for selected points in the center and the
edge of this SC.

We employed one- and two-dimensional NMR spectrosco-
py, in particular 'H and nuclear Overhauser effect spectroscopy
(NOESY), to examine the surfaces of the NCs utilized for
crystallizations, as the li%ands can have a significant influence
on the SC formation.”””® NOESY spectra contain information
regarding the interaction between the ligand molecules and the
NC surface based on the occurrence of cross peaks in
combination with their phase relative to the diagonal signals.
The red color implies a positive peak intensity, and the black
color implies a negative one. Given the negative diagonal peaks
(black), cross peaks with the same phase, also negative, may be
explained by either chemical exchange processes or NOE
effects in big “molecules” (slow tumbling). With the selected
mixing times of 0.1 s, NOE cross peaks should be significantly
more intensive than cross peaks due to exchange. Therefore,
the occurrence of rather intensive cross peaks indicates NOE
between different groups of the same or of different species in
the NCs surface.*' ="

Figure 4a shows the structures of OA and OLA, which were
used as ligands in the synthesis of the NCs to stabilize the
surface. We focus here on the chemical environment of the
different head groups to serve as indicators for the binding
interactions of the ligands with the NCs. For the OLA, we label
the protons of the NH;" group and the neighboring CH, group
with “@” and “f”, respectively. For OA, we use the labels “1”
and “2” for the two methylene-groups closest to the carbonyl
group. In Figure 4b, the '"H NMR spectrum of the NCs of
Synthesis A is depicted alongside the spectrum of oleic acid as
a reference. Compared with the reference spectrum, signal 1 at
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Figure 2. Spatially resolved fluorescence of CsPbBr,Cl OA/OLA-SC (a—c) and OLA-SC (d—f). (a, d) PL intensity images of a CsPbBr,Cl OA/
OLA-SC and an OLA-SC. (b, e) PL spectra measured at the indicated positions in the PL intensity image in panel (a,d). (c, f) PL spectra recorded

at selected positions at the center and the edges of the SCs.
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Figure 3. Spatially resolved fluorescence lifetime imaging of CsPbBr,Cl OA/OLA-SC (a, b) and OLA-SC (¢, d). (a, c) Fluorescence lifetime
images of the SCs. Experimental time-resolved fluorescence data are fitted with a biexponential decay function. (b, d) Normalized fluorescence
lifetime histogram at selected positions at the center (red) and the edge (blue) of the supercrystal fitted with a biexponential decay function. The
weighted residuals R(i) indicate the deviation between experimental data and the biexponential fit, and yr* represents the goodness of the

biexponential fit model.

2.35 ppm demonstrates a significant broadening accompanied
by the loss of the fine structure of the triplet. The broadened
signals at 6.9 and 3.5 ppm, respectively, are assigned to o and
p. Furthermore, at 4.9 and 5.9 ppm, distinct multiplets can be
discerned, which can be attributed to the CH, groups and the
terminal double bond of 1-octadecene, which is typically used
as a high-boiling-point solvent in NC synthesis. From the
NOESY spectrum of the NCs of Synthesis A in Figure 4c, the
appearance of rather intensive cross peaks between signals of

characteristic groups of OLA or OA and signals of CH, groups
of the residue (R) suggests that both ligands are in the surface
layer of the NCs, which is consistent with literature.*” Hence,
the SCs prepared from these NCs were termed “OA/OLA-
SCs.”

The '"H NMR spectrum of the NCs from Synthesis B (see
Figure Sa) reveals broadened a and f signals at 6.8 and 3.5
ppm, respectively. Contrary to the results of Synthesis A, signal
1 emerges as a well-resolved triplet at 2.4 ppm, which does not

https://doi.org/10.1021/acs.chemmater.5c03393
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Figure 4. NMR spectra of CsPbBr,Cl NCs from Synthesis A. (a) Chemical formula of oleic acid (OA) and oleylamine (OLA) used as ligands in
the synthesis of the NCs. (b) 'H NMR spectrum of the CsPbBr,Cl NC solution in CDCl; and oleic acid as reference. Signals are assigned to
protons of the ligands as indicated in (a). (c) 2D-NOESY NMR spectrum of the CsPbBr,Cl NC solution in CDCl,.
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Figure 5. NMR Spectroscopy of CsPbBr,Cl NCs from Synthesis B. (a) "H NMR spectrum of the CsPbBr,Cl NC solution in CDCl; and oleic acid
as reference. Signals are assigned to protons of the ligands as indicated in Figure 4a. (b) 2D-NOESY NMR spectrum of the CsPbBr,Cl NC solution

in CDCI,,.

display any discernible cross peaks in the NOESY spectrum
(Figure Sb). The coloration of the observed weak signal shows
an antiphase (positive and negative) pattern, indicating a
significant contribution of ] coupling between the groups, but
not the binding of OA to the NC surface."""’ The same
applies to the cross peaks of ODE. In contrast, the rather
intense negative cross peaks between the characteristic OLA
signals and the CH, groups of the residue (R) imply an
interaction of this ligand with the NC surface. Therefore, the
SCs prepared from these NCs were termed “OLA-SCs.”

To correlate the optical properties with the structure of the
SCs, we performed SEM (Figure 6) and SAXS (Figure 7) of
SCs grown from both NC solutions. We note that the same
OLA-SC was used for the SEM analysis in Figure 6d as for the
optical measurements in Figures 2d and 3c. The SCs display
high structural order and an increase of NC size from the edge
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toward the center regardless of which synthesis is used to
obtain the comprising NCs. While the mean size of the NCs at
the edges of the SCs matches the size in the stock solution (6.9
+ 0.7 nm for OA/OLA-SCs and 8.3 + 0.7 nm for OLA-SCs),
it increases within the first few hundred nanometers to its
maximum value (13.8 + 1.1 nm for OA/OLA-SCs and 15.2 +
1.0 nm for OLA-SCs) as evident from Figure SS in the SL
Within each region, the size distribution remains relatively
narrow. We attribute this to a stepwise increase in the NC size,
as inferred from examining a monolayer of NCs remaining on
the growth substrate after mechanical lifting of an SC from the
substrate (see Figure S6 in the SI for further details). Although
this is, at first, an unexpected finding when considering the
often cited size purification effect during self-assembly****
the relatively narrow size distributions of both NC stock

and
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Figure 7. Spatially resolved X-ray scattering of an OA/OLA-SC (a—d) and an OLA-SC (e—h). (a, e) Diffraction patterns taken from the center of
the SCs. (b, f) Spatial map of the SC unit cell parameter. (c, g) Spatial map of the azimuthal HWHM, averaged over four first-order SAXS peaks.
(d, h) Radial intensity at the center and edge of the SC marked by blue and red crosses, respectively.

solutions, these results are consistent with a previous report on
similar SCs.®
In Figure 6b,c,ef, we evaluated the interparticle distances

¢

ap
the SEM images shown in Figure 6a,d. To this end, we

) within the SCs both centrally and peripherally by using

measured the edge-to-edge distances of adjacent NCs and
fitted the resulting histograms with a Gaussian function (gray
curve). Toward the edges of the OA/OLA-SC, the distance
between the NCs decreases by 0.7 nm from 3.2 + 0.6 to 2.5 &+
0.4 nm. In contrast, the interparticle distances in the center of
the OLA-SC are slightly shorter with 3.0 + 0.6 nm and
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decrease only marginally by 0.4 to 2.6 = 0.7 nm when
approaching the edges.

We corroborated our structural analysis with spatially
resolved SAXS on Kapton substrates with a step size of 1
pum X 2 pm (vert. x hor.). By scanning the whole crystal,
transforming each SAXS pattern into reciprocal polar
coordinates (g, ¢), and subsequently fitting the first-order
SAXS peaks with 2D Gaussians, we extracted the radial and
azimuthal peak positions (go, ¢,) along with their widths (Agq,
A¢) and intensity. Figure 7a,e shows diffraction patterns of an
OA/OLA-SC and an OLA-SC taken at the center of the SCs.
Using the equation (asc) = 27/qq, where gy is the position of
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the first-order SAXS peaks, we obtained spatially resolved maps
of the average center-to-center distances of the SCs (Figure
7b,f). We note that {(agc) contains not only the size of the
individual NCs but also the dimensions of the ligand shell.
Both maps, for the OLA-SC and the OA/OLA-SC, exhibit a
gradient of (agc) from the edges to the center. The unit cell
parameter (agc) along the edges of the OLA-SC is notably
larger compared to those in the SEM images. This discrepancy
can be attributed to the focus size of the X-ray beam employed
in the SAXS measurements, which results in an average
diffraction pattern of the edge region that contains NCs with
different sizes. In addition, the larger NCs in this range exhibit
stronger scattering such that their contribution to (agc) will
dominate, suggesting an overestimation of particle sizes at the
edges.

Furthermore, we calculated the azimuthal half width at half-
maximum (HWHM) of A¢ for the first-order SAXS peaks as a
measure for orientational order in the SCs. The resulting
spatially resolved maps in Figure 7c,g reveal a decreasing
orientational order from the center toward the edge for both
SCs. Notably, the HWHM values for the OA/OLA-SC are
twice as large as those for the OLA-SC.

In general, the SAXS peaks from the OLA-SCs are
significantly narrower than the corresponding peaks of the
OA/OLA-SCs. We exemplify this with the radial width of the
peaks Aq (Figure 7d,h) for selected positions in the center and
at the edges of the corresponding SCs (marked by red and blue
crosses in Figure 7b,f).

B DISCUSSION

Our NMR measurements (Figures 4 and 5) demonstrate that
the surface chemistry of the CsPbBr,Cl nanocrystals is strongly
influenced by the synthetic route, giving rise to distinct ligand
environments that ultimately determine the optical homoge-
neity of the resulting SCs. In Synthesis A, OA and OLA likely
coexist as an acid—base pair, leading to a heterogeneous
mixture of both oleylammonium and oleate species bound to
the NC surface. In contrast, Synthesis B employs oleylammo-
nium bromide/chloride as a precursor, which preferentially
binds to the surface, while OA remains largely unbound in
solution. This difference results in a more uniform, oleylamine-
only ligand shell for Synthesis B.

Regarding the expected optical properties of the SCs, we
note that especially the PL lifetime depends on several factors.
In general, it is positively correlated with the NC size due to a
growing contribution of a symmetry forbidden (s-p) transition
in larger NCs (>8 nm) at room temperature.%_4 This would
explain the lifetime gradient in the OA/OLA-SCs (Figure 3a).
Interparticle coupling and strain-induced optical inhomogene-
ities further affect the optical characteristics. In the case of the
OLA-SCs, we hold the homogeneous surface passivation
responsible for the spatially constant photoluminescence (PL)
wavelength (Figure 2e,f) and lifetime (Figure 3c), potentially
by enabling consistent interparticle coupling and suppressing
strain.

The structural analyses by SEM corroborate this inter-
pretation. SCs composed of uniformly OLA-passivated NCs
display comparatively weakly varying interparticle distances
from the edges to the center (Figure 6d—f). In contrast, OA/
OLA-SCs exhibit a more pronounced gradient—larger
separations in the center that decrease toward the edges
(Figure 6a—c). This deviation is approximately twice as large
in the mixed-ligand system, suggesting that uneven surface
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coverage leads to differential compressibility and, potentially,
local strain. We suggest that this contributes to the observed
blue shift and shorter fluorescence lifetimes in the edge regions
of the OA/OLA-SCs.

These observations can be rationalized within the framework
of the Orbifold Topological Model (OTM),**° which
describes NCs as hard cores surrounded by a deformable
ligand shell. Two parameters are particularly relevant: the
grafting density, which quantifies how densely ligands pack on
the surface, and the colloidal softness parameter 4 = 2d/Iy,
defined by the ratio of the ligand length d to the edge length of
the NC core . Since OA and OLA possess comparable chain
lengths (~2.3 nm) >0 the grafting density becomes the decisive
parameter. OA exhibits a weaker binding strength to lead
halide perovskites compared to OLA,* resulting in a lower
grafting density and hence a more disordered, mobile ligand
shell.’* According to the OTM, this increased mobility
enhances the effective colloidal softness and facilitates local
rearrangements under strain, yielding less rigid and less
uniformly packed superlattices.

We attribute the apparent decrease in grafting density to the
presence of acetonitrile that we used as part of our antisolvent
crystallization method. Due to its weaker binding affinity, OA
is expected to desorb preferentially during crystallization,
reducing the overall ligand coverage in OA/OLA-SCs to a
greater extent than in OLA-SCs. This reduced surface
protection may trigger localized Ostwald ripening, where
smaller NCs dissolve and redeposit on larger ones, thereby
generating the observed size gradient across the supercrystals.

Such a process is consistent with both the SEM and SAXS
results: OA/OLA-SCs show broadened and blurred diffraction
peaks as well as a larger azimuthal HWHM—signatures of
increased orientational disorder’' —whereas the OLA-SCs
exhibit sharper peaks and a smaller azimuthal HWHM
indicative of a well-ordered lattice.

B CONCLUSIONS

Our results demonstrate that the surface chemistry of
CsPbBr,Cl nanocrystals and consequently the optical and
structural homogeneity of their supercrystals are critically
determined by the synthesis pathway and the resulting ligand
environment. The comparison between Synthesis A and
Synthesis B reveals that a mixed OA/OLA surface leads to
heterogeneous ligand binding, lower grafting density, and
increased colloidal softness, and we propose that this structural
disorder promotes strain-induced optical inhomogeneities.
Conversely, the uniform oleylamine passivation achieved in
Synthesis B results in densely packed superlattices with well-
defined morphology and spatially consistent photolumines-
cence.

Supercrystals with such homogeneous optical characteristics
are a prerequisite for application in electro-optical devices such
as LEDs, electro-optical modulators, or narrow-line width
lasers.
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