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Inorganic CsPbX3z (X = Cl, Br, I) perovskite nanocrystals (NCs) possess many advantageous optoelectronic
properties, making them an attractive candidate for light emitting diodes, lasers, or photodetector appli-
cations. Such perovskite NCs can form extended assemblies that further modify their bandgap and emis-
sion wavelength. In this article, a facile direct synthesis of CsPbXs NC assemblies that are 1 pm in size and
are composed of 10 nm-sized NC building blocks is reported. The direct synthesis of these assemblies
with a conventional hot-injection method of the NCs is achieved through the judicious selection of the
solvent, ligands, and reaction stoichiometry. Only under selective reaction conditions where the surface
ligand environment is tuned to enhance the hydrophobic interactions between ligand chains of
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neighbouring NCs is self-assembly achieved. These assemblies possess narrow and red-shifted
photoluminescence compared to their isolated NC counterparts, which further expands the colour
gamut that can be rendered from inorganic perovskites. This is demonstrated through simple down-con-
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Introduction

Inorganic CsPbX; (X = Cl, Br, I) perovskite nanocrystals (PNCs)
have attracted great research interest because of their high
photoluminescence quantum yield (PLQY),' narrow photo-
luminescence (PL) emission full-width half-maximum
(FWHM),” defect-tolerant band structure,’ and readily tunable
emission wavelength across the visible spectrum.® PNCs are
typically synthesized by a colloidal method, stabilized with
long-chain hydrocarbon ligands, and possess good solution
processability.> With all these advantageous properties, PNCs
have demonstrated promise in applications such as light-emit-
ting diodes (LED),’ lasers,” photodetectors,® and solar cells.’
To support these applications, ongoing research into PNCs is
needed around structurally controlled nanoparticles and their
assemblies, both in solution and in suitable host matrices.
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While the study of direct PNC synthesis is prominent,'° the
formation of NC assemblies requires more attention.

NCs assembled into ordered structures are known as super-
crystals (SCs). Such assemblies can modify their optoelectronic
properties,' inducing narrower emission linewidths, coherent
superfluoroscence, and increased stimulated emission.">™> To
date, the main approaches for assembling NCs into such
assemblies include: (1) direct synthesis through ultra-
sonication and elevated precursor concentration;"? (2) slowly
evaporating the solvent of previously synthesized and mono-
disperse PNC dispersions;'® (3) introducing polar anti-solvents
or complexing agents into a PNC dispersion to drive
assembly;"®"” and (4) post-synthesis ligand exchange.'® The
assembly of perovskites is not limited to cube shaped NCs,
with reports extending the assembly of perovskites to other
morphologies, such as nanoplatelets (NPLs),"® nanorods,>
and nanosheets.>® However, with the exception of ultra-
sonication,"” SC assembly methods have been limited largely
to two-step processes, requiring initial hot-injection synthesis
of PNC dispersions and a separate, subsequent, assembly
method.

The synthesis of PNC assemblies has been largely reliant
on inter-molecular forces, namely hydrogen bonding, dipole-
dipole interactions (ie. van der Waals forces, VdW),**> or
electrostatic attractions.>® In contrast, the role of hydrophobic
interactions, which are an inherent feature of alkyl ligand-
stabilized NC systems, have not been well understood in the
direct synthesis of PNC-SCs.>* For gold nanoparticles, the

This journal is © The Royal Society of Chemistry 2024


http://rsc.li/nanoscale
http://orcid.org/0000-0001-5456-1020
http://orcid.org/0000-0001-5215-9740
http://orcid.org/0000-0002-1807-4468
http://orcid.org/0000-0003-3589-3040
http://orcid.org/0000-0002-1608-6860
https://doi.org/10.1039/d3nr04285e
https://doi.org/10.1039/d3nr04285e
http://crossmark.crossref.org/dialog/?doi=10.1039/d3nr04285e&domain=pdf&date_stamp=2023-12-25
https://doi.org/10.1039/d3nr04285e
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR016002

Published on 12 Muddee 2023. Downloaded on 25/02/2026 1:08:28 AM.

Nanoscale

hydrophobic interaction between the long chain hydrocarbon
capping ligands on the nanoparticle surface has been reported
to effectively modulate their assembly.”> The hydrophobic
interaction originates from the tendency of two hydrophobes
(e.g. hydrocarbon ligands) to mutually attract, resulting in the
rearrangement of nearby solvent molecules, and hence increas-
ing the system’s overall entropy. The strength of the hydro-
phobic interaction can be an order of magnitude larger than
the van der Waals force, and is dependent on two primary
factors: (1) the length and shape of the hydrophobes, with
long and straight hydrocarbon chains ensuring greater hydro-
phobicity and less steric hindrance, giving rise to stronger
hydrophobic interaction; and (2) the polarity of the solvent,
with more polar solvents decreasing the solubility of the hydro-
phobes, leading to increased hydrophobic interaction.>®
Although PNCs are typically capped with long-chain hydro-
carbon ligands (e.g. oleic acid, OLA, and oleylamine, OLA),
their assembly into SCs by intrinsic hydrophobic interactions
has not yet been reported.

Herein, a facile direct synthetic method for perovskite SCs
of CsPbCl;, CsPbBr3;, and CsPbl; is reported. The SCs are up to
1 pm in size and are assembled from 10 nm-sized NC building
blocks during the hot-injection synthesis. The synthesis of the
SCs follows the conventional hot-injection method of the
PNCs, with slight modifications to the solvent, ligands, and
stoichiometry employed in the reaction. It is found that these
tailored reaction conditions enhance the effective hydrophobic
interactions between the PNCs to drive their assembly into
SCs. The degree of this hydrophobic interaction is manipu-
lated by modifying the ligand hydrocarbon chain structure
and length, which eventually influences the SC’s formation.
Optical characterization of these SCs show greatly red-shifted
PL emission and narrowed PL FWHM. Such CsPbX; PNC-SCs
are further shown to be readily introduced into hybrid
polymer-SC matrices that can be used within colour-tunable
down-converting light-emitting devices.

Methods

Materials

Cesium carbonate (Cs,CO3, 99.995% trace metal basis), lead(u)
chloride (PbCl,, 99.999% trace metals basis), lead(u) bromide
(PbBr,, 99.999% trace metals basis), lead(u) iodide (Pbl,,
99.999% trace metal basis), dodecane (anhydrous, >99%),
1-octadecene (ODE, 90%, technical grade), oleylamine (OLA,
70%, technical grade), octylamine (99%), hexadecylamine
(HDA, 98%), octadecylamine (97%), hydrochloric acid (ACS
reagent, 37 wt% in H,0), hydroiodic acid (57 wt% in H,O, dis-
tilled, stabilized, 99.95%), polymethyl methacrylate (PMMA,
MW~350000), and toluene (99.5%, analytical reagent), were
purchased from Sigma-Aldrich. Isopropanol (IPA, 99.5%,
analytical reagent), hexane (99.5% analytical reagent), and
hydrobromic acid (48 wt% in H,0, >99.99%) were purchased
from Merck. Dodecylamine (98%) was purchased from Alfa
Aesar. Bis(2,4,4-trimethylpentyl) phosphinic acid (TMPPA,

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

85%) was purchased from Cytec. All reagents were used
without further purification.

Synthesis

Synthesis of Cs precursor solution. The reaction was carried
out using a standard Schlenk line. Cs,CO; (0.1 g, 307 pmol)
was suspended in a solution of dodecane (5 ml) and TMPPA
(0.5 ml) in a 50 mL three-neck flask, and placed under high
vacuum (1 mbar) with stirring for 1 h to remove residual moist-
ure. The suspension was then heated to 140 °C under N,, with
the temperature being maintained until all the Cs,CO; had
fully dissolved. The solution remained homogeneous when
cooled to room temperature (RT), and was stored under N,.
The temperature of the solution was raised to 120 °C before
use.

Synthesis of CsPbX; nanocrystals (NCs). The reaction was
carried out using a standard Schlenk line. PbX, (188 pmol,
52 mg PbCl,, 69 mg PbBr,, 87 mg Pbl,) was suspended in a
solution of ODE (5 mL), TMPPA (0.5 mL), and OLA (0.5 mL) in
a 50 mL three-neck flask (for PbCl,, both TMPPA and OLA
volumes are increased to 1 mL), and heated to 120 °C under
vacuum (1 mbar) with stirring, with the temperature main-
tained for 1 h. After dissolution of the PbX,, the temperature
of the reaction solution was increased to 140 °C under N,.
Then, 0.4 mL of the preheated Cs precursor solution was
injected into the reaction solution, and after 5 s the flask was
submersed in a water bath to quench the reaction. The crude
CsPbX; NC solution in ODE was mixed with anti-solvent IPA in
a 1:3 (v/v) ODE:IPA ratio. The mixture was then centrifuged
for 5 min at 10000 rpm in a Beckman Coulter AllegraTM
X-22R Centrifuge. The supernatant was discarded, and the
CsPbX; NC precipitate was redispersed in hexane.

Synthesis of CsPbX; supercrystals (SCs). The reaction was
carried out using a standard Schlenk line. PbX, (188 pmol,
52 mg PbCl,, 69 mg PbBr,, 87 mg Pbl,) was suspended in a
solution of dodecane (5 mL), TMPPA (1 mL), HDA (760 mg)
and HX (366 umol, 28 pl HCI, 34 uL HBr, 40 pL HI) in a 50 mL
three-neck flask, and placed under high vacuum (1 mbar) with
stirring for 1 h. Then, the temperature was raised to 140 °C
under N,. After all the PbX, were dissolved, 1.6 mL of the pre-
heated Cs precursor solution was injected into the reaction
solution, and after 5s the flask was submersed in a water bath
to quench the reaction. The crude CsPbX; SC solution in
dodecane was then centrifuged for 5 min at 10 000 rpm. The
clear supernatant was discarded, and the CsPbX; SC precipi-
tate was redispersed in hexane.

Preparation of SC-PMMA composite. PMMA beads were
mixed in toluene at a concentration of 200 mg mL™' and
stirred overnight for full dissolution. 100 pL of the SC solution
(concentration ~4.8 x 10~® M) was then mixed with 2 mL of
the PMMA solution, and then transferred to a circular Teflon
mould with a 1.5 cm radius. The Teflon mould was then
placed in a desiccator with a low vacuum applied to remove
the solvent over 12 h. The SC-PMMA composites were then
removed from the mould and stored in ambient condition.
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Characterizations

UV-Vis spectroscopy. UV-Vis absorbance spectra were col-
lected using a PerkinElmer Lambda 950 UV-Vis-NIR spectro-
meter. For solutions, 10 pl of either the NC (concentration
~1.2 x 107° M) or SC (concentration ~4.8 x 10~° M) solution
was diluted in 3 ml of hexane inside a 1 cm pathlength glass
cuvette. For films, NC or SC solutions were drop cast on thin
glass slides and the solvent was evaporated under ambient
conditions.

Optical characterizations. Photoluminescence spectra were
collected using a Horiba Fluoromax-4 spectrofluorometer. The
excitation wavelength was 360, 440, 520 nm for the CsPbCl;,
CsPbBr;, and CsPbl; samples, respectively. The solution con-
centration or film preparation was the same as the absorption
measurement. Time-resolved photoluminescence (TRPL) and
photoluminescence quantum yields (PL QYs) were measured
by a FluoTime 300 time-correlated single photon counting
(TCSPC) system (Pico Quant Co., Ltd, Berlin, Germany).

X-ray diffraction (XRD). Samples were prepared for XRD
measurements by drop casting solutions of NC or SC in
hexane on a glass substrate. XRD patterns were acquired on a
Bruker D8 Advance diffractometer using a Cu source (Ka =
1.54 A) at 40 kv, 40 mA, and a LynxEye detector.

Transmission electron microscopy (TEM). TEM and high-
resolution transmission electron microscopy (HRTEM) images,
High-angle annular dark-field imaging (HAADF), selected area
diffraction patterns (SADP), and STEM-Energy Dispersive X-ray
(EDX) mapping were obtained on a FEI Tecnai G2 F20 S-Twin
transmission electron microscope equipped with a field emis-
sion gun electron source operated at 200 kV. Images were
acquired by either an Orius SCD200D wide-angle CCD camera
or a Gatan Ultrascan 1000 high-resolution CCD camera. EDX
was obtained by a Bruker X-Flash X-ray detector with an energy
resolution of 123 eV.

For TEM sample preparation, 10 pl of either the NC or SC
solutions were diluted in 1 ml of hexane, and the TEM sample
grid (Ted Pella inc. ultrathin carbon film) was immersed into
the mixture and the solvent was then evaporated.

Nuclear magnetic resonance spectroscopy (NMR). *'P NMR
measurements were performed on a Bruker Bio Spin Av400H
with a 9.4 T magnet and a 5 mm inverse 1H-X BBI autotuning
broadband probe at a 1H frequency of 400.13 MHz. All
samples were measured in dg-toluene.

Computational methods

Periodic Density Functional Theory (DFT) calculations were
performed using the Vienna Ab initio simulation package
(VASP) software platform.>”® For all calculations (geometry
optimizations and single point energy) the Perdew-Burke-
Ernzerhof (GGA-PBE) exchange—-correlation functional with the
associated Projector-Augmented-Wave (PAW) pseudopotentials
were used.>*?° The planewave cut-off was 400 eV or 550 €V in
different models of the study but maintained the consistency
of the cut-off within the same system analysis. As the supercell
sizes used in this study were large (more than 400 atoms),
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Gamma point sampling was used to sample the Brillouin Zone
(BZ). The convergence criteria for electronic convergence and
ionic relaxation loop convergence was 10> eV and 10™* eV,
respectively. In the aperiodic (surface) direction a minimum
vacuum space of 20 A was used to minimize interactions with
periodic images of the supercell in that direction. Grimme’s
scheme was also used to incorporate van der Waals’s
interactions.>*?' The 3D model visualisation is done using
VESTA software.*”

Results and discussion
Synthesis of CsPbX; supercrystals

As shown in Fig. 1a, our synthesis of CsPbX; generally follows
a modified hot-injection method developed by Kovalenko
et al.,' in which Cs,COj; and PbX, precursors are dissolved sep-
arately in solutions containing ligands, with the Cs-precursor
subsequently being injected into the PbX, mixture at 140 °C to
yield the nanocrystalline products. These products are isolated
via centrifugation with the addition of a polar anti-solvent and
then redispersed in hexane. As per our previous report, bis-
(2,2,4-trimethylpentyl) phosphinic acid (TMPPA, chemical
formula in Fig. S1f) has been used as the acidic ligand to
produce stable cubic-phase CsPbl;.** Herein, the CsPblI;
system was also used as an example to demonstrate the syn-
thesis of normal NCs and self-assembled SCs. When the con-
ventional unsaturated solvent (octadecene, ODE) and amine
ligand (OLA) are used with the TMPPA, monodisperse cubic-
phased CsPbl; NCs are synthesised (Fig. 1b-d). However, upon
modifying the reaction stoichiometry of the Cs, Pb and I pre-
cursors, utilising saturated (aliphatic) solvent (dodecane) and
an amine ligand (hexadecylamine, HDA), direct synthesis of
CsPbI; SCs could be achieved (Fig. 1e-g). The effects of these
two modifications will be discussed shortly.

As seen from transmission electron microscopy (TEM)
images (Fig. 1g), the assemblies of CsPbl; within the SCs are
on the 0.1-1 um scale, which is comparable to the reported
CsPbBr; SCs.'>'” Such a larger size of the CsPbl; SCs is
further confirmed through dynamic light scattering (DLS)
measurements, which show significantly larger mean sizes
(~1 pm, Fig. S21) for the SCs, compared with the typical
10-100 nm for normal NC dispersions. Additional TEM and
HAADF images at different magnifications are provided in
Fig. S3 and S4.} At low magnification (Fig. S3aft), isolated NCs
can still be observed in the sample, however, the SCs comprise
the majority of the product. When inspected at a higher mag-
nification (Fig. S3ct), a periodic inter-connected morphology
comprising of the ~10 nm sized NC building blocks can be
clearly identified. This alighment of the NC building blocks
suggests that assembly occurs due to a ligand-directed
process.”® SADP of these SCs proves that the individual NCs
are cubic-phased, while also providing evidence of preferential
orientations within the assemblies (Fig. 1f inset). Notably,
when changing the halide component from iodide to bromide
and chloride, the respective CsPbBr; and CsPbCl; SCs can also

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Schematic illustration of CsPbX3 NC and SC syntheses. Structure illustration, low and high magnification TEM images for (b)—(d) CsPbls

NCs and (e—g) SCs. Insets of (c) and (f) are indexed SADP of NCs and SCs.

be achieved. Energy Dispersive X-ray (EDX) elemental mapping
and X-ray Diffraction (XRD) patterns are included in the SI for
the Cl, Br, and I SC analogues. As shown by EDX mapping, the
Cs, Pb, and X elements are evenly distributed throughout the
SCs (Fig. S51). The corresponding XRD patterns have been
further indexed to their perovskite phases (Fig. S6t).

A distinct feature of directly synthesised SCs is that they can
be purified from the crude reaction solution via centrifugation
without any anti-solvent. As a result of their size, when redis-
persed in hexane and stored, the SCs spontaneously precipi-
tate, leaving a colourless supernatant. Such a stronger sedi-
mentation effect of the SCs is in stark contrast with the OLA-
capped NCs, which form stable dispersions in hexane.
Considering the similar chain length and a functional binding
group of HDA and OLA, we believe the SC formation to arise
from the different steric and/or hydrophobic interactions pro-
vided by these ligands (vide infra). Notably, it has been pre-
viously shown that NCs capped with lecithin ligands enable
concentrated dispersions without precipitation or formation of
SCs.*® Lecithin ligands provide multi-dentate surface coordi-
nation and strong steric hindrance to enable these dispersion
properties. Therefore, to overcome these strong repulsive steric
interactions, the potential role of strong hydrophobic inter-
actions observed for the saturated straight-chained HDA (or its
ammonium salt) used in this work needs to be understood.

A critical parameter affecting the formation of SCs is reac-
tant stoichiometry. Experiments were conducted in which the
concentration of the Cs and I ratios were increased relative to a
fixed amount of Pb precursor through the addition of Cs pre-
cursor or hydroiodic acid as an iodine source. TEMs presented
in Fig. 2 illustrate the effect of tuning the reactant stoichio-
metry. In a conventional hot injection synthesis of NCs, a
Cs:Pb:1 molar ratio of 1:4:8 yields monodisperse cube-
shaped NCs (Fig. 2a)." When the Cs content is doubled, the

This journal is © The Royal Society of Chemistry 2024

majority of the NCs retain the same morphology; however, a
small portion of hexagonal-shaped particles also form
(Fig. 2b). Meanwhile, a four-fold increase in Cs content yields
only hexagonal shape particles (Fig. 2c), which are ascribed to
the Cs,Pbls phase according to the indexing of the SADP
(Fig. S771). This phase has been reported to form at high
Cs:Pb ratios.*® Doubling the iodide content of the original
reaction stoichiometry did not change the morphology of the
product (Fig. 2d). However, at this elevated iodide ratio and
progressively higher Cs content, >100 nm ordered nanocrystal-
line assemblies formed (Fig. 2e and f).

To further explain the effect of stoichiometry on SC for-
mation, the reaction yield of the synthesis was determined.
For this, the concentration of CsPbI; NCs was first calculated
using the UV-vis absorption spectra of the samples shown in
Fig. 2d-f (Fig. S81) and our previously reported extinction
coefficient of CsPbl; NCs,*” with the reaction yield being sub-
sequently determined by considering Cs as the limiting
reagent (see ESIf). The NC reaction yields across these
samples were all around 70-85% (Table S1t). Moreover, the
CsPbl; concentration increased almost four-fold (1.1 x 107® M
to 4.8 x 107° M) for the 1:1:4 sample as compared to the con-
ventional 1:4:8 stoichiometry. Such a high CsPbl; concen-
tration is in accordance with a previous report that a high NC
concentration is essential for SC formation.'?

Another critical factor determining direct SC formation is
that the solvent and ligand systems used must be saturated
hydrocarbons. Firstly, replacing the saturated solvent dodecane
with the conventional unsaturated solvent ODE under other-
wise identical reaction conditions for CsPbl; SCs synthesis
results in no SCs forming (Fig. S91). This observation is con-
sistent with the additional iodide content provided by the
hydroiodic acid being consumed through an additional reac-
tion with the double bond of the ODE, which is in great

Nanoscale, 2024, 16, 614-623 | 617
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Varying Cs:Pb:l molar ratio

Increasing Cs

a  1:4:8 (standard)

Increasing |

Fig. 2 TEM images of CsPbls NCs synthesised using HDA-HI at different Cs:Pb: | molar ratios: (a) 1:4:8, (b) 1:2:4, (c) 1:1:2, (d) 1:4:16, (e)

1:2:8,and (f) 1:1: 4. Allimages were taken immediately after synthesis.

excess.’® Secondly, to differentiate between the use of satu-
rated and unsaturated solvent and ligand systems, syntheses
were carried out using various ligand combinations. As a start-
ing point, a comparison of both the conventional OLA and the
straight chained HDA ligands was made. The OLA produced
well-dispersed nanocubes without any evidence of SC for-
mation (Fig. S10t). Similarly, if the TMPPA in the SC reactions
is replaced by the conventionally-used OLA, SCs also do not
form (Fig. S11f). Instead, polydisperse nanocube structures
are observed, which can be attributed to the fact that OLA is
binding to the NCs’ surface.’”

The use of TMPPA in an otherwise conventional synthesis
of NCs results in surface chemistry that is dominated by alkyl
amine/ammonium salts.>®> *'P NMR spectroscopy indicates
that this holds true for SCs formed within a saturated
dodecane solvent and HDA ligand system, for which the pres-
ence of phosphorous-containing species in purified solutions
of CsPbCl;, CsPbBr; and CsPbl; SCs cannot be detected
(Fig. S12%). Therefore, it can be concluded that a surface chem-
istry composed of straight-chained HDA and/or its ammonium
derivative are an essential aspect to the formation of the SCs.

To probe this further, TEM was used to measure the inter-
NC distance of NCs synthesized using HDA and OLA ligands.
Again, because the TMPPA is not present at the surface, the
amine and/or its ammonium species should be the dominat-
ing surface ligand contributor. As seen in Fig. 3(a and b) the

618 | Nanoscale, 2024, 16, 614-623

inter-NC distance for the HDA sample, either in the NC or the
SC form, is determined to be around 2 nm. This is consistent
with the fully extended chain length of HDA (2.18 nm),*® indi-
cating that the HDA ligands likely interdigitate between adja-
cent NC surfaces. Such a configuration would ensure close
contact of the hydrocarbon chains of HDA, thus favouring
stronger hydrophobic interactions,> which can further
support the assembly of NCs into SCs. In comparison, the dis-
tance between the OLA-capped NCs is ~2.5 nm (Fig. 3¢), which
is much larger than the extended chain length of an OLA
molecule (2.0 nm). This is consistent with the bent OLA pos-
sessing a higher degree of rotational freedom, which reduces
the extent that it can interdigitate.”® As a result, decreased
hydrophobic interactions would be expected for OLA ligand
passivation. While it has been shown that OLA surface chem-
istry supports SC formation, it requires ultra-high NC concen-
trations or narrow NC size distributions to enhance their for
their formation.'>"*

DFT modelling

To further support the hypothesis of ligand-interdigitation-
induced SC formation, Density Functional Theory (DFT) calcu-
lations of a CsPbl; perovskite surface with a Pbl, terminated
(001) surface interacting with OLA-X and HDA-X surface
ligands were performed (Fig. 4a-c). Previous studies on gold
nanoparticle assemblies have indicated that the attachment

This journal is © The Royal Society of Chemistry 2024
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HDA surface - SCs

2.02+0.14 ﬁi‘

Fig. 3 TEM images and histograms for the measurement of the inter-NC surface distance for (a) HDA-Br capped NCs, (b) HDA-Br capped SCs, (c)

OLA-Br capped NCs.
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Fig. 4 (a) 2 X 1 supercell of six-layered CsPbls NCs facing each other with OLA linked on Pbl, terminated (001) surfaces on both NCs at 0° angle
with c-lattice direction. Similarly, (b and c) a 3 x 1 supercell with | linked at 30° and 0° with respect to c-lattice direction. The colour code for the
atoms in models are: Cs (cyan), | (purple), Pb (black), N (light blue), C (brown), and H (pale purple). In the orientation given, the Pb atoms are partially
obscured by the | atoms. Calculation of DFT energy (in eV) for (d) OLA and, (e and f) HDA ligands linked to nanoparticles as a function of NC separ-
ation distance (in Angstrom) at 30° and 0° with respect to c-lattice direction. The dashed lines are quadratic polynomial fits to the data as a visual

guide.

angle between alkylamine ligands and the vertical c-axis of the
nanoparticle is between 0° and 30°,’° whereas for the HDA
ligand this angle has been experimentally and computationally
determined to be 30°.*" While this provides a gauge into the
bonding nature typical of such native ligands, the partial qua-
ternization of the amine to form the ammonium salt within
the synthesis of perovskites necessitates an understanding of
the alkyl ammonium bromide salts.

Our DFT calculations indicate that OLA-X has the lowest
energy configuration with an attachment angle of 0°, while for
the HDA-X ligand angle configurations of both 0° and 30°
present the lowest energy configurations (Fig. S13t). Under

This journal is © The Royal Society of Chemistry 2024

these bonding conditions, the average ligand density is calcu-
lated to be 3.15 and 2.94 ligands per nm* for the OLA-X and
HDA-X ligands, respectively, which is a similar ligand density
to that obtained experimentally of ~3 ligands per nm?>.>

We further explore the total energy dependence on the dis-
tance (d), between two such passivated perovskite surfaces (see
Fig. 4d-f as a guide). For OLA-X, the ligands have a 0° link,
which made it very difficult to obtain converged DFT energies
at various separation distances. Therefore, we were only able to
obtain converged results for 4 distance values; 2.2, 2.3, 2.5,
and 2.7 nm (Fig. 4d). Meanwhile, for the two HDA-X ligand
configurations (30° and ~0°), we were able to obtain converged
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DFT energies for 6 distance values, ranging between
1.95-2.4 nm (Fig. 4e and f). We would expect the potential
energy surfaces in these systems to have a complex multidi-
mensional structure with hills, valleys, and saddle points.
However, if we assume that the reaction path coordinate
corresponding to the vertical separation distance between the
NPs is one that would be associated with large energy vari-
ations in the ground electronic state, then the surface energy
may look approximately parabolic about the atomic equili-
brium positions of this coordinate. Assuming this to be the
case, then under the harmonic approximation the separation
distance corresponding to the local potential minima (i.e. the
equilibrium separation distance) could be approximated as a
distance associated with the well minimum. Therefore, in
Fig. 4d-f, we have fitted the potential energy profile to a quad-
ratic polynomial fit to approximate the equilibrium NP separ-
ation distance. This distance would be the most probable dis-
tance of separation between any two NCs in the system at
ground-state if the assumptions stated above hold.

For OLA-X (Fig. 4d) we fitted the data to a parabolic fit
using the first 3 data points (blue line) and all 4 data points
(black line). The calculated values of the equilibrium separ-
ation distance for these fits were 2.4 (blue) and 2.48 (black).
Therefore, we believe the true value lies within this range. For
the HDA-X coated NCs, the local minimum in the potential
energy surface is approximately 2.09 nm for the 0° attached
ligand (Fig. 4f) and slightly larger at 2.22 nm for the 30°
attached ligand (Fig. 4e). Both of these results are in very good
agreement with the experimental results. Notably, the deeper
potential energy well for the 30° attachment model versus the
0° attachment suggests that the preferred ligand bonding
angle is different for HDA-X compared to the OLA-X ligands.

Effect of hydrophobic interactions

When NCs prepared using the 1:4:8 Cs:Pb:I stoichiometry
with HDA surface ligands were stored under ambient con-
ditions, they exhibited a gradual self-assembly into SCs over
time. As shown in Fig. 5a and b, immediately after synthesis
and purification, the sample contained well dispersed NCs,
whereas after 10 days of storage at ambient condition, the UV-
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vis absorption spectrum (Fig. 5¢) of this sample showed an
increase in scattering over time, indicating the formation of
SCs. Also, the PL peak of this sample red-shifted during this
time, accompanied by a decrease in low wavelength emission.
This is consistent with the progressive enhancement of par-
ticle electronic coupling and cascading energy transfer in the
evolving SCs.> These results suggest that the hydrophobic
interaction is universal for all the NCs with the same HDA
ligand environment, and it is sufficiently strong to drive SC for-
mation even at low NC concentrations in hexane.

Phenomenologically, when NCs come into contact due to
Brownian motion, ligand chains can intertwine, inducing
attractive  hydrophobic interactions through dispersive
forces.”>"® These attractive interactions can be considered
through the simplified version of Salem’s equation:**

p= 2 (1)
82°d>

where E is the attractive dispersive interaction energy between

ligand chains, 4 is the Hamaker constant (0.5 x 107*° J),** L is

length of molecular overlap, 4 is length of the basic unit

(methylene unit, 0.127 nm) and d is the close-packing

distance.

According to Salem’s Equation, the similarity of the
packing densities for both OLA and HDA in our system, indi-
cates that the molecular overlap length is the primary factor
that dictates the major differences in the attractive interactions
between our NCs. From the TEM results and the accompany-
ing DFT, nearly full intercalation for HDA-capped NCs and
partial intercalation for OLA-capped NCs are observed. Based
on the overlap regions, approximated as 2.03 nm (16 methylene
groups) and 1.14 nm (9 methylene groups), respectively, we
determine the attractive interaction of the HDA-passivated NCs
to be ~1.8 times larger than those featuring OLA. The
enhanced hydrophobic interaction of the HDA-passivated NCs
is evidently large enough to overcome the repulsive colloidal
interactions existing at room temperature within the hexane
solvent. In contrast, the bent hydrocarbon tail of the unsatu-
rated OLA ligands weakens the chain-to-chain interaction to
induce dominant inter-particle steric interactions, which

c 06
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Fig. 5 TEM images and photos for the CsPbls crude solution synthesised with Cs:Pb: 1 = 1:4: 8 stoichiometry that is (a) as-synthesised, (b) stored
for 10 days, and (c) evolution of corresponding UV-vis absorption and PL spectra with time (inset: zoom-in PL spectra showing the redshift of the PL

peaks).
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result in stable colloidal dispersions. Notably, the attractive
interactions for OLA-passivated NCs can be enhanced through
increased concentrations and/or the addition of polar solvents,
to selectively drive aggregation or self-assembly.'>"¢2643

Optical properties

Having examined the SC formation, the optical properties of
the SCs are now considered. When SCs are formed, the elec-
tronic wavefunctions of the constituent NCs can overlap with
each other for sufficiently small inter-particle distances,
leading to enhanced electronic coupling.’® Meanwhile, the
dense NC packing in SCs also leads to an increased local
dielectric constant, which strengthens the screening of the
coulombic interactions. These effects can reduce the exciton
binding energy, slow PL recombination and induce PL red-
shifting.**™*

The UV-vis absorption and PL spectra of drop-cast CsPbCl;,
CsPbBr; and CsPbI; SC films are compared with the corres-
ponding NC films in Fig. 6a-c. All the SC samples demonstrate
a greater degree of scattering in their absorption spectra, a red
shifted PL, and a narrower PL FWHM. Specifically, compared
with their NC analogues, a PL red shift of 36 meV, 41 meV,
and 59 meV, and a reduced PL FWHM of 12 meV, 13 meV, and
21 meV are observed for the Cl, Br and I SCs, respectively. To
further probe these samples, PL, PLQY and TRPL measure-
ments are conducted on the CsPbBr; NCs and SCs dispersed
in solution and as drop cast films (Fig. S14 and S157%). The PL
spectra of the SCs in solution and film form show a redshift
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compared to the NC analogues, with the redshift being
smaller in solution (~24 meV) as compared to films
(~51 meV). Meanwhile, the PLQYs for the samples in solution
(film) were respectively determined to be 83% (35%) and 51%
(32%) (Fig. S14%). Finally, TRPL measurements show that the
average photoluminescence lifetime for the SCs (~3.5 ns)
remains similar compared to the NCs (~3.9 ns) when
measured in solution, while increasing in film form from 7.4
ns to 12.8 ns, respectively, due to an enhancement in the long
lifetime component (Fig. S15 and Tables S2-S3). While these
collective results suggest that strong electronic coupling within
the samples is unlikely (significant lifetime reductions
expected), without further lower temperature and power-
dependent measurements, it is not possible to distinguish
between dielectric effects, photon propagation effects (self-
absorption) and/or surface impurities.'>*%*%4°

A comparison of the emission wavelengths of the NCs and
SCs on the colour gamut spectrum shows the red-shifted PL of
the SCs slightly extends the range of emission colour beyond
what can be rendered from conventional inorganic PNCs
(Fig. 6d). For that reason, they are potential candidates for
light emitting components and LEDs. As a preliminary proof
of concept, SC-PMMA composite films were fabricated as per
previous reports, and used as down-converters for commer-
cially available UV LED torches (Fig. 6e). The peak PL wave-
length for these SC-composite LEDs is at 414 nm, 522 nm and
700 nm for the Cl, Br and I PNC samples, respectively. While
detailed studies are needed to fully quantify and understand

a CsPbCl, b CsPbBr; c CsPbl,
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Fig. 6 UV-vis absorption and PL spectra for NC and SC films of (a) CsPbCl

Wavelength (nm)

3, (b) CsPbBrs; and (c) CsPbls. (d) The emission of the NCs and SCs plotted

on the colour gamut spectrum (CIE 1976); the PL is transformed into the UV through the chromaticity application in Origin software. (e) The PL
spectra of the down-conversion LED devices fabricated from the SC-PMMA composites (left) and photos of the LEDs (right).
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the origins of the red shifted PL of the SCs as compared to
NCs and control the assembly of SCs in solution and film
forms, these results do showcase the facile nature of such SC
materials as filters for achieving wide colour-gamut tunable
LED emission profiles.

Conclusions

In conclusion, we have reported the facile direct synthesis of
CsPbX; perovskite supercrystals of around 1 pm in size that
consist of 10 nm NC building blocks. The synthesis follows the
well developed hot injection method, albeit with the conven-
tional unsaturated solvent and ligands replaced with saturated
analogues, and the stoichiometry of the precursors tuned to
increase the concentration of the NCs. It is experimentally
shown and verified through Density Functional Theory that
smaller inter-particle distances are observed between NCs con-
taining saturated vs. unsaturated alkyl amine ligands of
similar chain length, with only the former yielding SC for-
mation. These factors suggest that enhanced hydrophobic
interactions within the saturated ligand system arising from
greater interchain overlap provides the dominant driving force
for NC assembly. The SCs demonstrate red-shifted absorption
and PL, as well as narrowed PL linewidth compared to the dis-
crete. NC analogues. These were conducive to achieving
expanded colour-gamut down-conversion prototype light-emit-
ting devices. Overall, the facile synthesis of SCs presented here
opens a new strategy to manipulate the assembly of PNCs into
ordered structures through engineering of the reaction con-
ditions and resulting surface chemistry.
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