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Abstract: Precise control of assembled structures of quantum dots (QDs) is crucial for realizing the desired photophysical
properties, but this remains challenging. Especially, the one-dimensional (1D) control is rare due to the nearly isotropic
nature of QDs. Herein, we propose a novel strategy for controlling the 1D-arrangement range of cubic perovskite QDs
in solution based on the morphological modification of a supramolecular polymer (SP) template. The original template
with a short and tangled fibrous structure is prepared in a low-polarity solvent mixture via self-assembly of a
naphthalenediimide-functionalized cholesterol derivative with an adhesion group for QDs. Mixing this template with
QDs leads to the co-aggregation into short-range 1D-arrays of QDs on the templates. Notably, subsequent heating and
cooling of the co-aggregate solution forms longer-range 1D-arrays of QDs with lateral growth, where arranged QDs are
sandwiched between reconstructed SP templates. Furthermore, the longer-range 1D-array of QDs is achieved via an
alternative route involving the pre-organization of templates into longer and dispersed fibers by heating and cooling of
the original template, succeeded by co-assembly with QDs. Finally, we reveal continuous fluorescence resonance energy
transfer between 1D-arranged QDs by an in-depth analysis of the photoluminescence decay curves.

Introduction

Semiconductor nanocrystals, called quantum dots (QDs),
are regarded as outstanding photoluminescent (PL) nano-
materials that have potential for a wide range of applications
in interdisciplinary research areas, such as opto-
electronics,[1–2] bioimaging,[3–4] catalysis,[5–6] displays,[7–9] and
so on. Among QDs, perovskite QDs, specifically cesium
lead halide-based QDs (CsPbX3, X=Cl, Br, I), have gained

prominence in the field of luminescent materials. They offer
high luminous efficiency, narrow PL linewidths that give
high color purity, tunable PL wavelengths (by manipulating
the halide composition), and high photodurability.[10–12]

Recent researches have focused on the ordered spatial
integration of individual QDs. This is because their assembly
affords advanced photophysical properties, such as long-
range exciton diffusion,[13–14] collective PL (superfluore-
scence),[15–16] and quantum resonance,[17–18] that cannot be
realized in single and randomly assembled states. These
properties are attributed to the ordered array structures of
QDs, which exhibit efficient exciton transfer and/or elec-
tron- and exciton-coupling interactions. In previous studies,
QD array structures have been constructed mainly by
solvent-evaporation-induced self-assembly on a substrate,
leading to two-dimensional (2D)- and three-dimensional
(3D)-ordered assemblies of QDs, such as superlattices.[15] In
contrast to these structures, one-dimensional (1D) ordered
assemblies of QDs do not form spontaneously because of
the difficulty in the anisotropic arrangement of isotropic
QDs.
Several research groups,[19–22] including ours[23–26] have

reported template methods for forming anisotropic 1D-
arrays of spherical QDs using supramolecular assemblies of
polymers, small organic molecules, and inorganic nano-
structures. The template methods have been also utilized for
the arrangement of metal nanoparticles.[27–28] Among these
templates, supramolecular assembly templates can accu-
rately control the location of the QDs based on the template
structure. Recently, we have succeeded in the 1D-array
formation of spherical CdSe and CdSe/ZnS QDs using a
supramolecular polymer (SP) template composed of a
cholesterol derivative with hydrogen bonding moieties and
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an adhesion moiety (carboxyl group) for QDs (Figure 1a).[26]

However, the rational methodology to control the arrange-
ment range of QDs using SP templates has not yet been
established. In addition, the 1D-arrangement of cubic QDs
remains challenging.[29] As a rare example, Pan et al.
reported the 1D-array of cubic CsPbBr3 QDs using a pod-
shaped PdSO4 scaffold.

[30] If this methodology using SP
templates is established, more effective interactions between
cubic QDs can occur via their flat surfaces.
Herein, we report a new strategy to control the 1D-array

structures of cubic CsPbBr3 QDs, achieving short- and
longer-range organization through fine-tuning of the SP
template morphology (Figures 1c,d). This template consists
of chiral self-assemblies of naphthalenediimide (NDI)-
functionalized cholesterol derivative 1 (Figure 1b), possess-
ing a pyridyl group as adhesion moiety for QDs. Figure 1d
summarizes the co-aggregation routes into short- and
longer-range 1D-array of QDs based on transmission
electron microscopy (TEM) observation. Upon adding poor
solvent to the monomeric solution, 1 self-assembled into
short and tangled fibrils (template A). Subsequently, mixing
them with QDs resulted in short-range 1D-arrays of QDs
via the adhesion of QDs on the templates. Notably, upon
consecutive heating and cooling of the co-aggregate solution
(thermal treatment), longer-range 1D-arrays of QDs with

lateral growth, in which they are sandwiched between the
reconstructed SP template, were formed. In addition, we
found that the longer-range 1D-array of QDs could be
formed also via an alternative co-aggregation route. In this
route, longer and dispersed fibrils of 1 (template B) were
pre-organized by thermal treatment of the template A in
solution and then co-assembled with QDs to form the
longer-range 1D-array. An in-depth analysis of the PL decay
curves revealed continuous efficient fluorescence resonance
energy transfer (FRET) among the 1D-arranged QDs. To
the best of our knowledge, this study is the first example of
managing the 1D-array range of cubic QDs utilizing SP
templates.

Results and Discussion

In this work, the adhesion between the SP template and
QDs was essential for the formation of arranged QDs. In
the previous work, the use of carboxyl group as adhesion
moiety for QDs (Figure 1a)[26] can form unfavorable hydro-
gen-bonded dimers without exposed adhesion sites for QDs.
Therefore, we newly designed a cholesterol derivative 1 with
a pyridyl group at the end of the molecule as a more
appropriate adhesion moiety for QDs (Figure 1b). The
cholesterol group was introduced at the other end as a
soluble substituent in low-polarity solvents and a chiral
moiety. Amide and carbamate groups were introduced to
promote self-assembly by hydrogen bonds. NDI core
unit,[31–33] a well-established class of molecules in
supramolecular chemistry, is used as a π–π stacking moiety
and their aggregation behaviors can be monitored by
spectroscopic analyses. To confirm the adhesion effect of
the pyridyl group indirectly, a reference compound 2 was
synthesized by replacing the pyridyl group with a phenyl
group (Figure 1b). 1 and 2 were synthesized in two steps
using naphthalene-tetracarboxylic dianhydride as the start-
ing reagent. The synthetic schemes and characterization
data of 1 and 2 using 1H- and 13C-nuclear magnetic
resonance (NMR) spectroscopy and high-resolution mass
spectrometry (HRMS) are described in the Supporting
Information (Schemes S1, S2, Figures S1–S9).
First, the absorption characteristics of 1 ([1]=

3.0×10� 4 M) were evaluated in chloroform (CHCl3), where 1
was expected to exist predominantly in its monomeric state.
The UV/Vis absorption spectrum demonstrated sharp peaks
with absorption maxima at 380, 360, and 342 nm, corre-
sponding to the π–πS transitions of the NDI core in
monomeric 1 (Figure 2a). To form aggregates of 1 in a low-
polarity solvent mixture ([1]=3.0×10� 4 M), a solution of 1 in
CHCl3/methylcyclohexane (MCH) (2 :5, v/v) was prepared
by adding 0.75 mL of MCH as a poor solvent into 0.30 mL
of a CHCl3 solution ([1]=1.1×10

� 3 M). The spectrum of the
aggregates in solution showed broader peaks with a loss of
vibronic structure and a slight increase in a new red-shifted
absorption at approximately 400 nm (Figure 2a) indicating
π–π stacking interactions between the NDI cores of the
aggregate.[33] To obtain evidence of hydrogen bonding, we
recorded the Fourier transform infrared (FT-IR) spectra of

Figure 1. Molecular structures of (a) the previous compound and (b) 1
and 2. (c) Chemical structure of CsPbBr3 QD. (d) Schematic illustration
of the 1D-array formation of QDs on different templates of 1.
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the same solutions (monomeric 1 in CHCl3 and aggregated 1
in CHCl3:MCH (2 :5, v/v)). The FT-IR spectra are shown in
Figure S10a. Monomeric 1 showed a free N� H peak at
3452 cm� 1, while aggregated 1 showed the emergence of
extra broad N� H peaks in the shorter wavenumber region at
3345 and 3262 cm� 1. This result indicates the existence of
two types of hydrogen bonding modes for amide and
carbamate groups, attributed to different hydrogen bond
strengths.
The supramolecular chirality of aggregated 1 based on

the chiral exciton coupling between the NDI cores, was
determined from the variations in circular dichroism (CD)
signals from the monomeric to the aggregated state.
Although the CD signal of monomeric 1 in CHCl3 was
negligible in the absorption region of the NDI cores because
of the absence of chiral π–π stacking, aggregated 1 exhibited
clear CD signals with two sharp positive peaks at 368 and
390 nm (Figure 2b). These CD signals suggest that 1 under-
goes self-assembly via one-handed biased helical stacking.
The morphological features of the aggregates of 1 were

assessed using TEM and atomic force microscopy (AFM).
The TEM images reveal predominant formation of short
and tangled nanofibrils (Figures 2c,d and S10b, c). The

average width of a single nanofibril was measured to be ca.
10 nm. The AFM analysis revealed a height of ca. 9 nm
(Figures 2e and S10d). Considering the above results, the
nanofibril was expected to be a cylindrical structure with a
diameter of 9–10 nm. This diameter is nearly twice the
molecular length of 1 (4.7 nm) estimated from the energy-
optimized structure using density functional theory (DFT)
calculation (Figure 2f). Also, the nanofibril was expected to
be formed via helical stacking of 1 based on the CD activity
(Figure 2b). According to the results, we can exclude the
possibility of a simpler single helical-growth with rotational
stacks maintaining the molecular length, known as twisted
ribbon[34] (Figure S10e). To be twice the molecular length,
an offset stacking event should be involved in the helical-
growth. Therefore, we conclude that multiple helical-
growths into a tightly coiled ribbon or a tube-like
structure[34] occurred as the major self-aggregation process
rather than a single helical-growth (Figures 2f and S10e).
Occasionally, the helical nanostructures with pitch were
observed as a screwed tube structure (Figure 2d inset),
which supported the helical-growth mechanism.
Similarly, we investigated the self-assembly behavior of

the reference compound 2. In CHCl3/MCH (2 :5, v/v), in
which 1 self-assembled, 2 existed as monomers, as confirmed
by the sharp absorption peaks, absence of CD signals, and
presence of an IR peak corresponding to free N� H moieties
only (Figures S11a–c). This result indicates that 2 has a
lower self-assembling ability than 1, presumably because of
the higher solubility of the phenyl group in 2 compared to
the pyridyl group in 1 in the low-polarity solvent mixture.
To induce the self-assembly of 2, we attempted its
aggregation at a higher ratio of MCH (CHCl3 :MCH=1 :7,
v/v). The aggregate formation was confirmed by the broad-
ening of absorption peaks, emergence of CD signals, and
presence of new IR peaks corresponding to the hydrogen-
bonded amide and carbamate groups (Figures S11a–c).
Unlike 1, 2 displayed increased light scattering effects on the
absorbance towards longer wavelengths (Figure S11a), in-
dicating the formation of larger aggregates. As predicted,
larger tangled fibrils were confirmed using TEM (Fig-
ure S11d).
Cubic CsPbBr3 QDs coated with surface ligands (oleic

acid and oleylamine) were synthesized according to pre-
viously reported procedures (Figure 1c and Supporting
Information).[10] TEM analysis of the QDs, spin-coated from
the solution onto a grid, revealed the cube-shape of the QDs
with an average edge-to-edge length of 7.8�1.0 nm (Figur-
es S12a,b). The TEM images showed assembled structures
of the QDs formed by drying their dispersed solution on the
substrate. The molar concentration of QD solution, assum-
ing a single QD as a molecule, was estimated using an
absorption spectrum in solution according to the reported
method.[35]

Previously, the interaction between nitrogen atoms of
the pyridyl group and Pb atoms of formamidinium (or
methylammonium) lead halide perovskite crystals has been
reported in the solid state.[36–37] However, the dynamic
interaction in solution has not been revealed. To obtain
insight into the adhesion of 1 to QD, we compared the 1H

Figure 2. (a) UV/Vis absorption and (b) CD spectral changes of 1
([1]=3.0×10� 4 M) in CHCl3 and CHCl3/MCH (2 :5, v/v). (c,d) TEM and
(e) AFM images of the nanofibrils of 1. Inset in (d) is a magnified
image of helical structure. (f) Schematic illustration of a possible
aggregate structure of 1.
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NMR spectra of 1, QD, and their mixture ([1] : [QD]=
100 :1) in [D8]toluene (Figure S13). Upon mixing 1 with QD,
the original proton signal of the pyridyl group of 1 showed a
slight shift with a signal broadening, while the proton signals
of the NDI and cholesterol moieties did not change. This
implies the adhesion of the pyridyl moiety on the QD
surface.
The short and tangled nanofibrils of 1 can serve as SP

templates (referred to as template A) because their surfaces
contain pyridyl groups as adsorption sites for QDs. Thus,
the arrangement of QDs using the SP template was
attempted by mixing the fibrous aggregate of 1 and QDs in
solution. First, we prepared a QD solution ([QD]=ca.
1×10� 7 M) in CHCl3/MCH (2 :5, v/v) and dried it to be a film
under argon flow. Subsequently, it was mixed with an
aggregate solution of 1 (CHCl3 :MCH=2 :5, v/v, [1]=
3.0×10� 4 M). The molar ratio of 1 :QD in the mixture was
maintained at 3000 :1. To confirm the adhesion of the QDs
onto the template, TEM observation of the co-aggregates
was carried out (Figures 3a–d). The images revealed the
adhesion of the QDs to the tangled fibrous template A, in
which 1D-arrangement of several QDs (short-range 1D-
array) was observed along the surfaces of the templates
(Figure 3e). In addition, we can infer that the adsorption of
QDs on the template was highly favorable, as no free or
self-assembled QDs were observed on other areas (Figur-
es S14a,b). In the adhesion process, the exposed pyridyl
groups on the template interchange with the original surface
ligands, oleic acid and oleylamine, of QDs, via a ligand-
exchange reaction[38] and/or contact to a site without ligands
or a halide vacancy on the surface.[39]

In contrast, the TEM images of a mixture of self-
assembled 2 and QDs revealed mainly isolated regions of 2
and QDs, namely phase separation via narcissistic self-
sorting (Figure S15a). Unlike the combination of 1 and QD,
self-assembled QDs formed by the evaporation of solvents
on the substrate were also observed (Figure S15b). Thus, we
indirectly conclude that the pyridyl groups on the SP
template of 1 serve as effective adhesion moieties for QDs.
Next, we investigated the photophysical interactions

between the SP template A of 1 and QDs. The UV/Vis
absorption spectrum after mixing them was nearly consistent
with the sum of their individual spectra (Figure 4a). This
result excludes electronic interactions between QD and 1 in
the ground state. In addition, no clear CD spectral changes
were observed after mixing (Figure 4b), indicating that the
adhesion of QDs did not disrupt the chiral stacking of 1. In
contrast, the PL spectra of QDs under an irradiation of
470 nm, at which only QDs are excited, showed a decrease
in the PL intensity upon mixing with template A (Figure 4a).
This result suggests an increase in other nonradiative
processes via interactions between QD and 1 and/or
arranged QDs in the excited state.
To investigate the thermal reversibility of the 1D-

arranged structure of QDs along the SP template, we
prepared an original solution ([1] : [QD]=3000 :1, [1]=
3.0×10� 4 M) by mixing an aggregate solution of 1
(CHCl3 :MCH=2 :5, v/v, [1]=3.0×10� 4 M) and a film pre-
pared by drying a QD solution ([QD]=ca. 1×10� 7 M). After
heating the original solution at 90 °C and subsequent cooling
to 20 °C, the arrangement level of QDs on the template
changed (Figures 5a–c and S16). The TEM images revealed
the formation of not only short-range 1D-arrays, but also
longer-range ordered 1D-arrays of QDs, compared to the
original arrangement structures before heating and cooling

Figure 3. (a) TEM image and (b–d) the magnified images of 1D-
arranged QDs along the SP template A of 1. (e) Schematic illustration
of the co-aggregate model structure.

Figure 4. (a) UV/Vis absorption, PL, and (b) CD spectra of the
dispersed QDs ([QD]=ca. 1×10� 7 M), the SP template A of 1
([1]=3.0×10� 4 M), and co-aggregates of the SP template A of 1 and
QD ([1] : [QD]=3000 :1; [1]=3.0×10� 4 M) in CHCl3/MCH (2 :5, v/v).
The excitation wavelength of PL spectra was 470 nm.
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(Figures 3a–c). The longest 1D-array consisted of 21 QDs
with length ~200 nm (Figure 5b). In these TEM images,
longer SPs of 1 were observed as templates for the longer-
range 1D-array of QDs, suggesting that the template
structure was re-constructed via the heat-cool treatment.
Notably, the 1D-arranged QDs were found to be sand-
wiched between the re-constructed SP templates (Figure 5e).
The model co-aggregate structure is shown in Figure 5f.

The QDs were orderly arranged in 1D-array orienting
their flat facets in the same direction, namely, face-to-face
overlapping configuration (Figures 5c, f). To compare this
longer-range and the original short-range 1D-arrays (before
heat-cool), we measured the center-to-center distance (d1)
between the arranged QDs for more than 100 array points.
The histograms are shown in Figure 5d. The average value
of d1 for the longer-range 1D-array was 10.3�1.3 nm. This
standard deviation was derived from the size distribution of
QDs (7.8�1.0 nm). For the original 1D-array, the average
value of d1 was 10.5�1.6 nm, which was slightly larger than
that of the longer-range 1D-array. This result implies that
the heat-cool treatment induces not only the formation of a
longer-range 1D-array of QDs, but also a more uniform
face-to-face overlapping configuration. Furthermore, the
edge-to-edge distance (d2) between the 1D-arranged QDs
was estimated to be ~2 nm from the TEM images. Consider-
ing that this distance is less than twice the lengths of surface
ligands oleic acid and oleylamine, interdigitation between
the surface ligands occurs via van der Waals interactions
(Figure 5f). This interdigitation can lead to face-to-face
overlapping of the arranged QDs.
Notably, we found a lateral growth of 1D-arranged QDs

perpendicular to the 1D-array direction by TEM imaging
(Figures 5g and S16). This means the formation of a multi-
layer sandwich structure with repeated alternate arrange-
ment of 1D-array of QDs and SP of 1. The lateral
interaction is presumably because the SP template has an
adhesion ability on both sides, which is derived from the
helical morphology.
Next, we increased the concentration of QDs in the co-

aggregate to approximately 3×10� 7 M ([1] : [QD]=3000 :3)
and performed heat-cool treatment. TEM images displayed
more densely adsorbed QDs with long-range 1D-array
structures along the SP template (Figures S17a–c). One of
the longest 1D-arrays of QDs measured ~400 nm. Free QDs
that were not adsorbed on the template were also observed,
suggesting that this concentration of QDs was over the
capacity of the templates.
We then investigated the thermal effect on the change of

1D-array structures of QDs along the templates of 1 by
further heat-cool treatments. However, the TEM images
showed only a few 1D-array structures after twice heat-cool
treatment of the solution. In addition, fibrous templates
without QDs and largely fused QDs were mainly observed
(Figures S18a–c). This is probably due to the thermally
induced agglomeration or decomposition of QDs.
Here, we discuss the mechanism for the formation of a

longer-range 1D-array of QDs by the heat-cool process. We
measured the CD spectrum of the co-aggregate ([1]:[QD]=
3000 :1, [1]=3.0×10� 4 M) at 90 °C to investigate the change
in the stacking nature of 1 upon heating. The CD signals of
the co-aggregates decreased but did not completely dis-
appear (Figure S19a), indicating the presence of monomers
and aggregates of 1 at 90 °C. In contrast, the self-aggregates
of 1 showed a more pronounced decrease in CD signals
upon heating to 90 °C (Figure S19b). The higher thermal
stability of the co-aggregates was probably due to the
adsorption of QDs onto the template of 1. This hot solution

Figure 5. (a–c) TEM images of longer-range 1D-arranged QDs on
templates of 1 after heat-cool treatment. (d) Histogram of the center-
to-center distance between 1D-arranged QDs. Top and bottom histo-
grams correspond to the short- and longer-range 1D-arranged QDs,
respectively. (e) TEM image of 1D-arranged QDs sandwiched between
the templates, obtained under a different focus mode. (f) Schematic
illustration of the 1D-arranged nanostructure of QDs, in which d1 and
d2 are the center-to-center and edge-to-edge distance, respectively.
(g) TEM image of 1D-arranged QDs with lateral growth and the model
structure.
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was directly spin-coated onto a grid, and the samples were
observed using TEM. The images revealed that the short-
range 1D-array of QDs on the template of 1 persisted even
at high temperatures (Figures S19c,d). Additionally, short
fibers of 1, randomly assembled QDs, and free QDs were
observed. After cooling to 20 °C, the CD signals recovered
due to the reassembly of 1 (Figure S19a). Consequently,
cooling led to the formation of longer-range 1D-arrays of
QDs (Figure 5a). Based on these results, we propose the
following reconstruction mechanism. At high temperatures,
short-range 1D-arrays of QDs along the template of 1
coexist with the monomers of 1 and free QDs. During the
cooling process, the monomers are consumed for the
formation of more extended SP templates, and then free
QDs are adsorbed and arranged along the re-constructed
longer template.
From the above results, the formation of longer

templates of 1 is a key factor to realize the longer-range 1D-
array of QDs. We predicted that if a longer SP template can
be prepared and then mixed with free QDs, a similar longer-
range 1D-array of QDs can be formed. Therefore, we
verified whether a longer fiber of 1 is formed in the absence
of QDs by heat-cool treatment of the aggregate solution of 1
(CHCl3 :MCH (2 :5, v/v), [1]=3.0×10

� 4 M). As confirmed by
TEM, longer and dispersed fibrils (referred to as templa-
te B), compared to the tangled short fibrils (template A)
prepared by the original method, were formed upon cooling
of a hot solution (~80 °C) (Figures 6a and S20). Subse-
quently, upon mixing them with QDs, longer-range 1D-
arrangement of QDs along the longer template B was
achieved as expected (Figures 6b, c and S21). The co-
aggregates contained 1D-arranged QDs sandwiched be-
tween the templates and their lateral growth perpendicular
to the 1D-array direction, similar to that obtained by the
heat-cool treatment of the mixture (Figure 5a). This coag-
gregation method via pre-tuning of the template morphol-
ogy was also effective at a lower concentration of 1 ([1]=
2.0×10� 4 M), where longer-range 1D-arrays of QDs was
obtained along the longer SP template (Figures 6d,e, and
S22, S23). This result supports the usefulness and reproduci-
bility of this method. As this method did not include the
heating process of QDs, the QDs in the longer-range 1D-
array structure did not suffer any thermal effects.
Finally, we discuss the interactions between an excited

QD and templates of 1 or neighboring QDs. DFT calcu-
lations revealed the highest occupied molecular orbital
(HOMO= � 7.3 eV) and lowest unoccupied molecular orbi-
tal (LUMO= � 3.8 eV) energy levels of the NDI core.
Considering the conduction (� 3.1 eV) and valence band
(� 5.6 eV) energy levels of CsPbBr3 QDs from previously
reported experimental values,[40] photoinduced electron
transfer (eT) from the excited arranged QDs to NDI was
anticipated (Figure 7a). Previously, eT from QD to mono-
meric NDI derivatives has been reported.[41] However, the
possibility of eT in this case is low since the distance
between the NDI core and edge of QD is not sufficiently
short due to the presence of a long alkyl linkage between
the pyridyl group and NDI core (2.4 nm, Figure 2f).
Alternately, FRET between 1D-arranged QDs can occur

through dipole–dipole interactions, as observed in the case
of arranged spherical CdSe QDs.[25–26] The potential occur-
rence of FRET was supported by the sufficient spectral
overlap between the PL and absorption spectra of the QDs
(Figure S12c). This spectral overlap integral (J(λ)) value was
estimated to be 1.06×1017 M� 1 (cm)� 1 (nm)4 according to the
method shown in Figure S12 caption, which is suitably large
enough for FRET interactions. Förster radius (R0), at which
the FRET efficiency is 0.5, was estimated to be ca. 10 nm,
which is comparable to d1 (Figure 5d). In contrast, the
possibility of FRET from QD to 1 was excluded due to the
energy mismatch (Figure 4a). Therefore, it is expected that
the arranged QDs along the SP templates of 1 predom-
inately possess inter-QD FRET, rather than eT from QD to
1, in the excited state of QDs (Figure 7b).
To evaluate the exciton dynamics of QDs among the co-

aggregates in CHCl3:MCH (2 :5, v/v), we analyzed the PL
decay curves of co-aggregates under an irradiation of 470
nm. The timing of measurements was set to 15 min after
mixing SP with QDs to accurately compare the PL decay
curves. Here, short-range 1D-array of QDs along template
A (referred to as Coagg-A) and longer-range 1D-array of

Figure 6. (a–c) TEM images of (a) SP template B ([1]=3.0×10� 4 M) (b)
longer-range 1D-arranged QDs on the template, and (c) the magnified
image. (d,e) TEM images of (d) SP template B at lower concentration
of 1 ([1]=2.0×10� 4 M) and (e) longer-range 1D-arranged QDs on the
template. (f) Schematic illustration of the co-aggregation process via
template B.
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QDs along template B (referred to as Coagg-B) were
compared in the same conditions except for preparation
routes ([1] : [QD]=3000 :1, [1]=3.0×10� 4 M). As a reference,
the decay curve of dispersed QDs ([QD]=ca. 1×10� 7 M)
was measured. The PL decay curves are shown in Figure 7c.
The curves were fitted using two exponential equations to
estimate the PL lifetime (Figures S24a–c and Table S1). The
results reveal a decrease in the average PL lifetime (τ) for
QDs from 5.0 ns (τQD, dispersed QDs) to 3.1 ns (τCoagg-A,
Coagg-A) and 3.6 ns (τCoagg-B, Coagg-B). Similar changes
were reproducibly confirmed (Figures S25a–c and Table S2).
The shortening of the PL lifetimes in Coagg-A and Coagg-B
indicates the occurrence of nonradiative processes by the
arrangement of QDs.
To unveil pure interactions between QDs, we measured

PL spectrum and PL decay curve at 10 times higher
concentration of QDs ([QD]=ca. 1×10� 6 M). A red-shifted
PL peak by 6 nm was observed compared to the original QD
solution ([QD]=ca. 1×10� 7 M) (Figure S26a). Unlike the
case of original concentration, single component and longer
PL lifetime (10.9 ns) was obtained with more delayed rise
time (Figures 7e, f, S26b, and Table S3). These changes can

be explained by multiple re-absorption and re-emission of
photon, so-called photon recycling via radiative energy
transfer (ET) process that is different mechanism from
nonradiative FRET.[42–43] This photon recycling predomi-
nately occurs from smaller QD with larger band gap to
larger QD with smaller band gap, resulting in the red-shifted
PL. The red-shifted PL peak due to the re-absorption was
also revealed in their superlattice.[44] Difference between the
two ET mechanisms is whether there is a nonradiative
process or not. Although FRET induces shortening of PL
lifetime of donors, it is difficult to analyze PL lifetime
components of donors because of the large PL overlap of
donor and acceptor like this study’s system. To obtain more
accurate insight into interactions between QDs, we eval-
uated an aggregated QD film, in which QDs were located
closely as mixture of randomly and orderly aggregated QDs.
The film was prepared by drop-cast and drying of the QD
solution ([QD]=ca. 1×10� 7) on a substrate. The PL decay
curve afforded PL average lifetime (τQD-film) of 3.6 ns (Fig-
ure S26c and Table S3), which was shorter than that of
dispersed QDs (5.0 ns). As the change was induced by the
aggregation of QDs, this shortening of the PL lifetimes was
assignable to continuous FRET between aggregated QDs,
so-called exciton diffusion. Due to the continuous FRET,
the probability of exciton trapping by defects of QD can
increase, resulting in the decrease of PL lifetimes.
Notably, the τQD-film value of QD films (3.6 ns), which is a

suitable condition for continuous FRET, is consistent with
the τCoagg-B value. Thus, we conclude that the longer-range
1D-array of QDs in the Coagg-B exhibits continuous FRET
in solution, comparable to the QD films. In addition, Coagg-
A exhibited a slightly shorter PL lifetime (3.1 ns) compared
to that of the QD films (3.6 ns). This can be possibly
explained due to the competitive eT from QD to SP in
Coagg-A exhibiting FRET among short-range QD-arrays.
When the contribution of eT increases, further shortening of
PL lifetime can occur as observed. Especially, non-arranged
(adsorbed) QDs on SP templates can show eT. Another
explanation for the longer lifetime of Coagg-B than that of
Coagg-A could be the efficient photon recycling across
longer-range 1D-array of QDs, which enhances the PL
lifetime.

Conclusion

In summary, we succeeded in controlling the short- and
longer-range 1D-array structures of cubic perovskite QDs in
solution by a new strategy of morphological tuning of SP
template composed of NDI-functionalized cholesterol deriv-
ative with a pyridyl adhesion group. Upon mixing the
dispersed QDs and SP templates with short and tangled
fibrous structure in solution, the QDs self-arranged on the
template into a short-range 1D-array, as revealed by TEM.
A longer-range 1D-array of QDs was formed by using
thermally tuned SP templates with longer and dispersed
fibrous structure. Finally, we revealed continuous FRET
between arranged QDs on the SP template by analyzing the
PL decay curves. Our versatile strategy for efficiently self-

Figure 7. (a) Energy diagram of NDI and CsPbBr3 QDs, where FRET
and electron transfer (eT) upon excitation of QD are shown.
(b) Schematic illustration of an exciton dynamics model among the
arranged QDs on the SP template. (c) PL decay curves and
(d) magnified curves of the dispersed QDs ([QD]=ca. 1×10� 7 M) and
co-aggregates of 1 and QD in CHCl3/MCH (2 :5, v/v). (e) PL decay
curves and (f) magnified curves of dispersed QDs at different
concentrations ([QD]=ca. 1×10� 7 and 1×10� 6 M) and the film of QD.
The excitation wavelength was 470 nm.
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arranging QDs has the potential to contribute to the
creation of long-range 1D-arranged superstructures of nano-
particles, enabling 1D anisotropic exciton and electron
transfer among the assembled nanoparticles.

Supporting Information

Full details of synthesis, additional spectra, details of data
collections are available in the Supporting Information.
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