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Nanocrystal (NC) superlattices (SLs) have been widely studied as a new class of functional mesoscopic
materials with collective physical properties. The arrangement of NCs in SLs governs the collective
properties of SLs, and thus investigations of phenomena that can change the assembly of NC
constituents are important. In this study, we investigated the dynamic evolution of NC arrangements in
three-dimensional (3D) SLs, specifically the morphological transformation of NC constituents during the
direct liquid-phase synthesis of 3D NC SLs. Electron microscopy and synchrotron-based in situ small
angle X-ray scattering experiments revealed that the transformation of spherical Cu,S NCs in face-

centred-cubic 3D NC SLs into anisotropic disk-shaped NCs collapsed the original ordered close-packed
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Accepted 4th January 2024 structure. The random crystallographic orientation of spherical Cu,S NCs in starting SLs also contributed

to the complete disordering of the NC array via random-direction anisotropic growth of NCs. This work

DOI: 10.1039/d35c05085h demonstrates that an understanding of the anisotropic growth kinetics of NCs in the post-synthesis

Open Access Article. Published on 05 January 2024. Downloaded on 12/6/2025 8:10:03 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/chemical-science

Introduction

In recent years, a variety of nanocrystal (NC) superlattices (SLs)
have been developed by assembling uniform-sized inorganic
NCs as “artificial atoms”. When NCs are brought close together,
we observe not only various physical interactions but also
nanopores among NC components, which can be exploited to
provide new collective electronic, magnetic, mechanical and
catalytic properties."”” Close-packing of NCs enhances inter-
particle interactions, which should lead to emergence of
concerted physical properties such as faster electronic trans-
port,® lower lasing threshold* and superfluorescence.” Non-
ordered assembly of NCs supplies larger interparticle gaps
and broader pore size distribution, which should accelerate
molecular transport within SLs.®” Therefore, tuning the

“Institute for Chemical Research, Kyoto University, Gokasho, Uji, Kyoto 611-0011,
Japan. E-mail: saruyama@scl.kyoto-u.ac.jp; teranisi@scl.kyoto-u.ac.jp

*Graduate School of Science, Kyoto University, Gokasho, Uji, Kyoto 611-0011, Japan
“Office of Society-Academia Collaboration for Innovation, Kyoto University, Yoshida-
Honmachi, Kyoto 606-8501, Japan

“Office of Society-Academia Collaboration for Innovation, Kyoto University, Gokasho,
Uji, Kyoto 611-0011, Japan

T Electronic supplementary information (ESI) available: Experimental details,
additional characterization and results. See DOL:
https://doi.org/10.1039/d3s5c05085h

© 2024 The Author(s). Published by the Royal Society of Chemistry

modulation of NC SLs is important for tuning NC array structures.

assembly manner of NCs is important to control the properties
of SLs.

The most basic SL is a regular array of spherical NCs with
uniform size. Typically, long-range ordered NC SLs in two or
three dimensions are fabricated by slow evaporation of a solu-
tion containing purified NCs.? In the case of NCs capped with
common ligands containing hydrophobic alkyl chains, the NCs
tend to assemble into close-packed SLs with a face-centred-
cubic (fcc) or hexagonal-close-packed (hcp) structure via inter-
particle interactions and/or entropic forces." Assembling non-
spherical NCs produces SLs with spatial symmetries that
differ from those of simple fcc and hcep structures. For example,
nanocubes, nanoplates, and nanorods form SLs with simple
cubic,’ columnar,® and bundle structures, respectively. These
anisotropic SLs are recognized as new types of mesoscopic
because of their unique directional physical
properties.*®

Recently, spontaneous formation of three-dimensional (3D)
SLs during NC synthesis has been reported,®**> in which self-
assembly is driven by the increase in van der Waals (vdW)
attraction forces between NCs during their growth. Because
vdW attraction is a universal force commonly found in matter,
this in situ self-assembly process is potentially applicable to the
rapid, scalable synthesis of SLs from various kinds of NCs,
which can provide us with the opportunity to apply NC SLs to
various fields. This self-assembly method can be adopted for
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not only spherical NCs but also nanorods™ and nanodisks** to
form anisotropic 3D SLs. One surprising phenomenon in this
process is that NCs continue to grow even after the formation of
SLs,**** which is presumably because NC precursors penetrate
the interior of SLs through NC gaps. Previous studies have
demonstrated that NCs inside SLs grow while maintaining their
shape and size uniformity,®*>'* which increases the overall
lattice constant of SLs but does not change the arrangement of
NCs.

Here, we show the dynamic evolution of NC arrangements in
3D SLs, specifically the morphological transformation of NC
constituents during the direct liquid-phase synthesis of 3D NC
SLs. Because low-chalcocite Cu,S NCs can transform from
spheres to disks during the growth process, they were used as
model building blocks. In addition to ex situ characterization,
synchrotron-based in situ small-angle X-ray scattering (SAXS)
experiments were conducted to monitor overall events,
including the nucleation, growth and assembly of Cu,S NCs and
the subsequent structural change of Cu,S NC SLs in the
synthesis solution. These measurements revealed that the
transformation of spherical Cu,S NCs into anisotropic disks in
preformed fcc 3D SLs collapses the original ordered close-
packed structure. Random crystallographic orientation of
spherical Cu,S NCs in starting SLs further contributes to the
complete disordering of the NC array via random-direction
anisotropic growth of NCs. We also show that this process
leads to the formation of unique, kinetically stabilized NC
assemblies (faceted random aggregates) through pseudomor-
phic (templated) amorphization during post-assembly growth.
These results indicate that an understanding of the anisotropic
growth kinetics of NCs in the post-synthesis modulation of NC
SLs is important for obtaining desired NC array structures.

Results and discussion

Copper sulphide (Cu,_,S) NCs have been widely studied as both
unique hole-based plasmonic materials active in the near
infrared (NIR) region and potential starting materials for
cationic exchange reactions.**** Methods for the precise control
of the size, morphology and crystal phase of Cu,_,S NCs are well
established, and the formation mechanism of Cu,_,S NCs has
been thoroughly investigated.'® The assembly of Cu,_,S NCs
has been achieved mainly by solvent evaporation” and
controlled precipitation by adding poor solvents.*® The self-
assembly of Cu, ,S NCs occurs during liquid-phase
synthesis,"*® and considerable interest has focused on the
evolution of the Cu,_,S phase, while the formation mechanism
of Cu,_,S SLs has not been comprehensively characterized. Our
previous study demonstrated that spontaneous self-assembly of
NCs can be induced during the reactions of general colloidal
synthesis protocols.® To achieve in situ formation of Cu,_,S NC
SLs, we used a typical, simple synthesis protocol of Cu,_,S NCs.
Specifically, we heated a mixture of CuCl,-2H,0, 1-dodeca-
nethiol (DDT) and 1-dodecylamine (DDA) to 230 °C at 10 °C
min~", and we kept the mixture at that temperature. When DDT
was injected into the deep-blue solution containing the Cu-DDA
complex at 80 °C, the solution turned turbid light-yellow,
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indicative of the formation of large Cu-DDT complexes with
a lamellar supermolecular structure (Fig. S1at).?° The solution
turned transparent at 130-140 °C due to the melting of Cu-
DDT.*® At approximately 220 °C, the reaction solution gradually
turned from orange to dark-brown, indicative of the nucleation
of Cu,_,S NCs formed by the thermolysis of Cu-DDT precursors.
Approximately 4 min after the reaction temperature reached 230
°C, the solution became cloudy due to the formation of large
microparticles, indicative of the self-assembly of NCs. To char-
acterize these large particles, we collected the product by puri-
fication without non-polar good solvents and centrifugation to
avoid collapse of the NC-assembled structure.

First, we characterized the product obtained with the reac-
tion temperature held at 230 °C for 10 min. The X-ray diffraction
(XRD) pattern of this product showed diffraction peaks
assignable to low-chalcocite Cu,S (Fig. S2t). From the scanning
electron microscopy (SEM) image in Fig. 1la and S3,f we
observed Cu,S NC SLs with a micrometre-sized faceted structure
together with the sheet-like unreacted Cu-DDT complex, which
could not be removed owing to its insolubility in the solvent
used for purification (Fig. S1bt). The magnified SEM image in
Fig. le revealed that monodisperse spherical Cu,S NCs were
closely packed into highly ordered 3D NC SLs. We further
characterized the products formed at longer reaction times (20,
30 and 35 min at 230 °C) to observe the temporal evolution of
Cu,S NC SLs. The XRD patterns of these products were also
assignable to the low-chalcocite Cu,S phase, although the peak
width narrowed with increasing reaction time, indicating that
Cu,S NCs grew without changing their crystal phase (Fig. S27).
SEM observations showed that the faceted morphology of the
products was roughly preserved regardless of the reaction time
(Fig. 1b-d). The highly ordered array of monodisperse Cu,S NCs
was still observed at 20 min (Fig. 1f); however, the regularity of
the Cu,S NC array was totally collapsed at 30 min (Fig. 1g).
Moreover, the product obtained after another 5 min of reaction
(at 35 min) consisted of randomly oriented disk-shaped Cu,S
NCs (Fig. 1h). The ex situ SAXS patterns of these Cu,S NC SLs
clearly showed the temporal change in the ordering degree of
the NC array in SLs (Fig. 1i). Cu,S NC SLs formed at 10 min and
20 min had diffraction peaks assignable to the fcc arrangement
of spherical Cu,S NC components. The Bragg peaks shifted to
a lower scattering vector (g) with increasing reaction time, and
the lattice constant of fcc Cu,S NC SLs increased from 12.8 nm
(10 min) to 14.2 nm (20 min). However, these Bragg peaks dis-
appeared after 30 min, which was consistent with the disor-
dered assembly of Cu,S NCs observed in the SEM images
(Fig. 1g and h).

To investigate how the size and shape evolution of Cu,S NC
constituents in SLs affect the regularity of SLs, the morpho-
logical change of Cu,S NCs was determined using transmission
electron microscopy (TEM) (Fig. 1j). Cu,S NCs were dis-
assembled from SLs by sonication in chloroform and then drop-
cast on a TEM grid. The TEM images of Cu,S NCs in SLs formed
at 10 min and 20 min showed monodisperse spherical NCs with
diameters of 7.4 + 0.6 nm (¢ = 8%) and 8.5 £+ 0.7 nm (¢ = 8%),
respectively (Fig. 1j), indicating that isotropic growth of spher-
ical Cu,S NC constituents expanded the fcc lattice of SLs. The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

(a—d) Low and (e—h) high magnification SEM images of Cu,S NC SLs obtained by holding the reaction temperature at 230 °C for (a and e)

10, (b and f) 20, (c and g) 30, and (d and h) 35 min. (i) Ex situ SAXS patterns of the products obtained at various reaction times. Red and green
asterisks indicate the Bragg peaks from fcc SLs with lattice constants of 12.8 and 14.2 nm, respectively. The peak from residual Cu-DDT was also
detected (Fig. S1ct). (j) TEM images and size histograms of dispersed Cu,S NCs at various reaction times. The thickness (dark-orange) and width
(light-orange) of disk-shaped NCs were determined in the sample at 35 min. Scale bars = 5 um (a—-d); 100 nm (e—h); 50 nm (j).

diameters of Cu,S NC cores were smaller than the calculated
diameters of spherical components in SLs using lattice
constants (9.1 nm for 10 min and 10.0 nm for 20 min) because
of the presence of DDT/DDA ligands. The surface-to-surface
interparticle distance was estimated to be 1.7 nm for 10 min
and 1.5 nm for 20 min. Considering the length of DDT/DDA
with the all-trans conformation (1.8 nm), alkyl chains might
be intercalated or folded between Cu,S NCs in SLs. The shorter
interparticle distance for 20 min might be caused by the
enhanced vdW attraction force between larger Cu,S cores.
Moreover, Cu,S NCs obtained at 30 min were larger in size with
a broader size distribution [13.8 + 5.0 nm (¢ = 36%)], as shown
in Fig. 1j. After further reaction (35 min), Cu,S NCs evolved into
larger disk-shaped NCs with a polydisperse width of 35.8 +
8.0 nm (0 = 22%) and uniform thickness (15.6 + 1.2 nm, o =
8%) (Fig. 1j and S47). This sphere-to-disk conversion due to the
preferential surface stabilization of specific crystal planes with
protecting ligands is often observed in the synthesis of Cu,_,S

© 2024 The Author(s). Published by the Royal Society of Chemistry

NCs.?' In our case, the high-resolution TEM (HRTEM) images of
disk-shaped Cu,S NCs (35 min) showed that growth along [102]
was suppressed to induce anisotropic elongation from initially
formed spherical Cu,S NCs (Fig. S51). The above observations
suggest that both broadening of the size distribution and
anisotropic transformation of monodisperse spherical NCs
disrupt the initially formed regular arrangement of NCs in SLs.

Spontaneous assembly of NCs into SLs during NC synthesis
has been reported for many materials (i.e., Pd,® Au,** Fe30,,*
PbS,? ZrO,," Co," NiP,’ and Cu, ,S'"). For SLs formed from
spherical Pd NCs or rod-shaped Co NCs, the lattice parameters
of SLs change during the reaction,' while the assembly
structures of SLs are maintained because the shape and size-
uniformity of NCs are retained. To the best of our knowledge,
the drastic change from a crystalline to an amorphous structure
observed in our Cu,S NC SLs has not been reported.

To elucidate the details of the overall process, including the
nucleation and assembly of Cu,S NCs and the structural

Chem. Sci., 2024, 15, 2425-2432 | 2427
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evolution of SLs, in situ SAXS measurements were conducted
using a synchrotron beamline. The reaction was reproduced in
a custom-made glass vessel with an X-ray window to detect X-
rays scattered by Cu,S NCs and SLs formed in the solution
(Fig. Se6t). SAXS signals were acquired every 12 s as the
temperature increased from 113 °C (Movie S1}). The heating
rate was programmed at approximately 10 °C min~ ' and the
temperature reached 230 °C at 12.6 min. The contour plot of
time-evolved in situ SAXS patterns clearly showed that various
events took place during the reaction (Fig. 2a). The scattering
peak at 1.75 nm ™' from layered Cu-DDT complexes disappeared
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at 139 °C because of the melting of the lamellar structure
(Fig. 2a, S1c and df).2° Obvious scattering was not observed
until the reaction temperature reached ~220 °C because small
Cu-DDT molecules and [Cu-S] monomers (~1.4 nm on average)
were the dominant scattering species in the solution (Fig. S71)."
When the reaction temperature exceeded 227 °C (12.2 min), the
scattering intensity started to increase in the low g region (<2
nm '), indicating initiation of the nucleation of Cu,S NCs
(Fig. 2b). This diffuse scattering intensity from dispersed NCs
became stronger with increasing reaction time because of the
size-growth of Cu,S NCs (Fig. 2b). The emergence of oscillation

-- Assembly

-+ Nucleation

Cu-DDT melting

120 160 200 240
ko

25 3.0
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(a) (left) Contour plot of in situ SAXS patterns and (right) temperature profile over the reaction time. (b) Time evolution of background-

subtracted in situ SAXS patterns before the self-assembly of Cu,S NCs. (c) Representative SAXS patterns from NC nucleation to SL formation. Pink
dots and black solid lines represent the background-subtracted and fitted data, respectively. (d) Time-evolved average size and relative standard

deviation of Cu,S NCs dispersed in the solution.
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peaks indicated the formation of monodisperse NCs. We
applied data fitting to a series of scattering patterns with
a spherical form factor to estimate the size and size-distribution
of Cu,S NCs (Fig. 2c and d). The average size of Cu,S NCs grew
from 2.0 nm (12.2 min) to 6.8 nm (16.8 min), while the corre-
sponding relative standard deviation decreased from 29% to 7%
(Fig. 2d). This size-focusing in the “heating-up” process can be
explained by considering the generation of [Cu-S] monomer
species by thermolysis of Cu-DDT precursors.”® Cu,S NCs start
to nucleate when the [Cu-S] monomer concentration reaches
supersaturation and grow by consuming [Cu-S] monomers in
the solution. Because the slow thermolysis of stable Cu-DDT
limits the supply rate of [Cu-S] monomers after nucleation in
our case, the growth of Cu,S NCs is preferred to another
nucleation,’” resulting in a narrow size-distribution of the
system. During the growth of Cu,S NCs, sharp Bragg reflection
peaks suddenly appeared at 16.8 min (4.2 min after reaching
230 °C, Fig. 2a), indicating that Cu,S NCs started to assemble at
that time. The Bragg pattern was attributed to an fcc lattice,
which indicated that monodisperse spherical Cu,S NCs were
assembled into a cubic close-packed array. The high size
uniformity at the assembly step owing to the size-focusing
process contributes to the formation of highly ordered NC
SLs.® The surface-to-surface interparticle distance calculated
from the lattice constant of SLs (13.2 nm) and the average
diameter of Cu,S NCs (6.85 nm) was 2.48 nm, suggesting that
DDT ligands are partially intercalated and/or folded between
NCs in SLs. This distance is longer than that in the ex situ SAXS
experiment, probably because the swelling of solvent in SLs and
high temperature expand the lattice of SLs. This self-assembly is
likely triggered by vdW attraction forces among Cu,S NCs grown
in the solution. We calculated the interaction potential between
two DDT-capped spherical Cu,S NCs as a function of interpar-
ticle distance, considering the vdW attractive force between
Cu,S cores and the steric repulsion force between DDT ligands
(Fig. S8t).>* The obtained Lennard-Jones type curve showed
potential wells that deepened as the size of Cu,S cores
increased, indicating that self-assembly proceeded readily for
large NCs owing to the increased vdW force. This calculation
qualitatively explains the experimental results, specifically the
sudden commencement of self-assembly during the growth of
Cu,S NCs. Note that the NCs experimentally obtained when the
self-assembly started (6.85 nm) was not large enough to over-
come the thermal energy (1 kg7) in this potential calculation
(Fig. S8ct). In addition, the interparticle distance at the deepest
point in the attraction well for 6.85 nm Cu,S NCs was calculated
to be 2.8 nm, which is longer than the experimental value (2.48
nm). These differences suggest that the calculated attraction
force is weaker than the experimental one, and the additional
forces such as vdW attraction between intercalated DDT ligands
also contributed to the stabilization of assemblies.

After the self-assembly started, following the decrease in the
number of dispersed Cu,S NCs, the Bragg peak intensity
increased while the diffuse scattering intensity from dispersed
Cu,S NCs rapidly decreased (Fig. S91). Notably, a series of Bragg
peaks gradually shifted to lower g during the reaction while the
fcc arrangement of NCs was preserved (Fig. 2a and 3a). The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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lattice constant successively expanded from 13.2 nm to 17.9 nm,
which was consistent with the change in ex situ SAXS patterns
(Fig. 1i), suggesting that precursor molecules were incorporated
into interparticle spaces for the growth of NC components
inside SLs.® The diameter of spherical units in the fcc lattice
calculated from the lattice constant increased from 9.3 nm to
12.7 nm, suggesting that spherical Cu,S NCs grew to approxi-
mately 10 nm in SLs, considering the surface-to-surface inter-
particle distance of approximately 2.5 nm during the in situ
SAXS experiment (Fig. S10t). Subsequently, sharp Bragg peaks
suddenly disappeared at 41 min (28.4 min after reaching 230 °C,
Fig. 3a), indicating loss of the long-range ordering of Cu,S NCs
in SLs, as observed in Fig. 1. A closer look at the time-evolved in
situ SAXS patterns revealed that a satellite shoulder peak close
to the 111 diffraction peak appeared immediately after the self-
assembly (Fig. 3a and S11f). The area of this shoulder peak
increased with increasing reaction time, which reflects the
broadening of the size distribution of Cu,S NCs. The shoulder
peak finally merged with the sharp peak to form a broad pattern
at 41.0 min (Fig. 3a). This suggested that SLs were partly
disordered in the Cu,S NC array at an early stage of the self-
assembly (approximately 1 min after self-assembly), and the
disordered region gradually expanded.

The coexistence of ordered and disordered phases in a single
SL would lead to stress at the interfaces of these phases, making
the SL fragile. Indeed, the SEM image of SLs formed after
holding the reaction temperature at 230 °C for 20 min (corre-
sponding to 32.6 min in the in situ SAXS experiment) showed
large cracks at the surface (Fig. 1b). Focused-ion-beam (FIB)-
SEM observations clearly showed a larger number of cracks
on the cross-section of the SL at the middle stage (Fig. 3d and e)
than that at the early stage (10 min at 230 °C, Fig. 3b and c).
These observations revealed that the disordered array inside the
SL induced large stresses at the interfaces with ordered regions
to generate cracks throughout the SL. Such cracks would
accelerate the penetration of precursors into SLs, resulting in an
increased growth rate of NCs within SLs. Indeed, the lattice
expansion rate of ordered parts drastically increased before
entire amorphization (Fig. S107).

In addition, the crystallographic orientation of NCs within
SLs also affects the NC arrangement after post-assembly
anisotropic growth. Selected area electron diffraction (SAED)
of the spherical Cu,S NC array in SLs showed a ring-like pattern
of the Cu,S phase, indicating that the crystallographic orienta-
tion of low-chalcocite Cu,S NCs in SLs was random (Fig. 3f and
g). Nearly spherical Cu,S cores (Fig. 1j and S5at) and ligands in
high-density coverage can interact with each other as soft
spheres, which diminishes the anisotropic interaction potential
between NCs.*® This indicates that the preferential lateral
growth of Cu,S nanodisks along (210) and (010) leads to
a random direction in SLs (Fig. S5ht), which further disrupts
the original ordered array and promotes amorphization of the
SLs. Fig. 3h summarizes the overall structural evolution of SL in
this one-pot reaction.

Notably, the original polyhedral shape of ordered SLs is
maintained even after amorphization of the NC array (Fig. 1c
and d and S12%). The shape of 3D NC SLs is generally
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(a) Time-evolved in situ SAXS patterns after self-assembly. Pink line indicates the shoulder peaks close to 111 diffraction peaks. (b—e)

Cross-sectional FIB-SEM images of SLs obtained by holding the reaction temperature at 230 °C for (b and c) 10 min and (d and ) 20 min, which
correspond to 22.6 min and 32.6 min total reaction time of in situ SAXS measurement, respectively. Scale bars are 1 um. Red crosses indicate the
position for the SEM operation. (f) TEM image of an edge of Cu,S NC SLs (10 min after reaching 230 °C). (g) SAED pattern of Cu,S SLs within the
white circle in (f). Ring profile indicates random crystallographic orientation of low-chalcocite spherical Cu,S NCs in SLs. (h) Schematic illus-
tration of the overall process of the structural evolution of Cu,S NC SLs synthesized using DDT.

determined by the surface energy. Ordered SLs from mono-
disperse spherical NCs tend to have a faceted shape because
close-packed facets are preferentially exposed to minimize the
surface energy (i.e., (111) of fcc SLs).*® In contrast, polydisperse
NCs tend to assemble into spherical aggregates because of the
absence of specific stable surfaces.” Therefore, amorphous
polyhedral SLs in this study are thought to be kinetically
stabilized structures resulting from pseudomorphic trans-
formation of the preformed ordered SL template. This demon-
strates that post-assembly growth of NC components can bring
about additional structural diversity to NC SLs.

2430 | Chem. Sci, 2024, 15, 2425-2432

The above order-to-disorder transition of SLs was caused by
the self-assembly of spherical Cu,S NCs prior to the anisotropic
transformation of NC building blocks, owing to the slow growth
of Cu,S NCs under the present conditions. Therefore, tuning
the growth kinetics of Cu,S NCs before self-assembly would
result in the different final structures of SLs.® To accelerate the
growth of Cu,S NCs, tert-dodecanethiol (¢-DDT), instead of DDT,
was used because the former is a more reactive sulphur
precursor with a weaker C-S bond than the latter.'® As a result,
the self-assembly started at approximately 200 °C, sooner than
in the case of DDT, and the one-dimensional (1D) close-packed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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columnar structure was formed by stacking Cu,S nanoplates
(Fig. S13a-ct). This stacking is achieved by maximizing the
attractive force between nanoplates, as observed for various NCs
with similar shapes.® This suggested that the high reactivity of ¢
DDT induced the fast two-dimensional anisotropic growth of
NCs prior to the self-assembly, which led to the formation of 1D
columnar SLs. For 90 s after reaching 200 °C, the columnar-
assembly was maintained while the width of nanoplates
rapidly increased from 41 + 2 nm (0 s sample) to 120 £ 8 nm
(Fig. S13ct), owing to the high reactivity of +-DDT. The SAXS
pattern of columnar SLs (90 s sample) showed strong peaks at
multiples of the first-order peak position (g*, 2g* and 3g*)
derived from the lamellar structure with a periodic thickness of
7.1 nm. This thickness is in good agreement with that of Cu,S
nanoplates (6.1 £+ 0.5 nm) with a surface ligand layer
(Fig. S13dt).

To elucidate the formation process of the columnar struc-
ture, in situ SAXS measurement was performed for the reaction
using ¢-DDT (Fig. S13et). As the precursor solution was heated,
the scattering intensity began to increase at 194 °C due to the
nucleation of Cu,S NCs (Fig. S14at). The nucleation tempera-
ture is significantly lower compared to the case using DDT,
owing to the higher reactivity of t-DDT. Notably, a diffraction
peak emerged at 196 °C, signifying that the self-assembly starts
immediately after nucleation, driven by the rapid growth of the
Cu,S nuclei (Fig. S14at). Subsequently, high-order diffraction
peaks at 2g*, 3g* and 4¢* (g*: primary peak) appeared and the
intensity of each peak gradually increased with the reaction
time, indicating the formation of an ordered lamellar super-
structure. During the growth stage, the periodic thickness
expanded from 8.52 nm to 9.36 nm. These values are approxi-
mately 2 nm larger than the corresponding thickness of the
powder sample in Fig. S13d{ (7.1 nm). Since the average
thickness of Cu,S nanoplates after the in situ SAXS experiment
(6.4 nm, Fig. S14b¥) was similar to that of the powdery sample,
this difference can be attributed to the swelling of the ligand
layer between the Cu,S nanoplates in the liquid phase.””?®
During the measurement, peak positions consistently appeared
at integral multiples of ¢g*, indicating that the columnar struc-
ture was preserved in the anisotropic growth after assembly.
This preservation was attributed to the consistent preferential
in-plane growth of Cu,S nanoplates within the initially formed
columnar superstructures (Fig. S13ft). These results emphasize
the importance of crystallographic orientation of NC compo-
nents in dictating the arrangement of NCs within SLs subse-
quent to post-assembly growth.

Conclusions

In summary, the structural evolution of Cu,S NC SLs through
the anisotropic transformation of NC components was investi-
gated using electron microscopy and synchrotron-based in situ
SAXS experiments. In the conventional liquid-phase synthesis
of Cu,S NCs, highly ordered 3D Cu,S NC SLs were directly
formed by spontaneous self-assembly of monodisperse spher-
ical Cu,S NCs driven by strong vdW attractive forces. At the
subsequent growth stage, non-directional anisotropic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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transformation of spherical Cu,S NC components with random
crystallographic orientation within SLs completely disordered
the preformed periodic array of Cu,S NCs. This study suggests
that further growth of NCs inside SLs can be exploited to
modulate the original array structure of NCs. It is necessary to
understand the growth process of NCs to tune the crystallo-
graphic orientation of NCs within SLs for fine control of the
lattice parameters of SLs. Future work will be directed at
predictable modulation of the structural symmetry of NC SLs
between distinct ordered phases (order-to-order phase transi-
tion) by means of the post-growth process to create functional
mesoscopic materials with desired directional collective opto-
electronic properties.
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