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Abstract: Multicomponent supramolecular assembly systems
enable the generation of materials with outstanding properties, not
obtained from single-component systems, via a synergetic effect.
Herein, we demonstrate a novel supramolecular coassembly system
rendering highly ordered quantum dot (QD) arrangement structures
formed via the self-assembly of azobenzene derivatives, where the
photocontrollable photoluminescence (PL) properties of the QDs are
realized based on photoisomerization. Upon mixing the assembled
azobenzene derivatives and QDs in apolar media, a time-evolution
coaggregation into hierarchical nanosheets with a highly ordered QD
arrangement  structure occurs. Upon photoirradiation, the
nanosheets transform into ill-defined aggregates without arranged
QDs together with enhancing the PL intensity. In days, the
photoirradiated coaggregates undergo recovery of the PL properties
corresponding to the arranged QDs through thermal isomerization.

Introduction

In biological systems, multiple biomolecules and their
nanostructures with individual functions self-organize into a
multicomponent sophisticated assembly, such as a cell, leading
to the generation of desirable and essential functions depending
on the external environment under dynamic conditions.['l I Bl
Inspired by these systems, scientists have attempted the
construction of supramolecular assemblies consisting of several
different materials through social (integrative) self-sorting 1! €l
71 1 1 19 to realize the high-performance and unexpected
physical properties that are not obtained from single materials.
As  functional nanomaterials, colloidal semiconductor
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nanocrystals, referred to as quantum dots (QDs), have attracted
much attention because of their outstanding photoluminescence
(PL) properties, such as a high photodurability, sharp PL spectra
and tunable energy band gap depending on the QD size.[' [2
(31 Due to the high dispersibility of QDs, most studies using QDs
have been focused on the photophysical properties under single
conditions, such as dispersed QDs in solution!™ I8l and single
QD levels!™® [71 181 9] On the other hand, understanding the
physical properties derived from inter-QD interactions observed
in the solid condition of QDs is quite important for the
development of QD-based materials science.?? P 22 23]
Although QD structures could be formed on substrates by the
evaporation of solvents, such an assembly method gives rise to
the formation of inhomogeneous and ill-defined structures, and
furthermore, the formation of assembled QDs in solution is quite
difficult.” Recently, we proposed a strategy to form assembled
QDs assisted by the self-assembly of organic dyes.?% However,
the assemblies of QDs are still far from existing molecular
assemblies that can form hierarchical nanostructures and exhibit
smart functions, such as stimuli-responsivity.

Herein, we report a unique supramolecular QD assembly
system exhibiting the formation of highly ordered QD
arrangement structures and photocontrollable PL properties
based on the isomerization of azobenzene (Figure 1). In this
system, we utilize a self-assembling azobenzene derivative with
an adhesion moiety onto the QD surface to realize
photoresponsivity. Upon mixing the QDs and assembled
azobenzene derivatives in apolar media, the mixture undergoes
a time-evolution coassembly due to the adhesion of the QDs to
the azobenzene assemblies.
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Figure 1. (a) Molecular structure of Azo. The inset shows the trans-to-cis isomerization of Azo. (b) Chemical structure of QDs. (c) Schematic illustration of the

coaggregation of monomeric QDs and Azo aggregates into coaggregates with arranged QDs and their photoirradiation-induced transformation and time-

dependent recovery behaviours.
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An in-depth microscopic analysis of the resultant
coassemblies reveals the formation of hierarchical nanosheets
with a highly ordered QD arrangement structure. In the
nanosheets, an energy transfer between neighbouring QDs
was observed. Upon photoirradiation, the nanosheets
transformed into ill-defined aggregates that showed a lower
efficiency of energy transfer. Furthermore, the photoirradiated
coaggregates underwent recovery of the PL properties
corresponding to the arranged QDs through thermal
isomerization. Our strategy for creating functional QD materials
using molecular assembly can contribute to the development of
nanoparticle-based materials science.

Results and Discussion

Molecular design

To realize the self-assembly, the adhesion to QDs and the
photoresponse, we designed and synthesized a trans-
azobenzene derivative (referred to as Azo, Figure 1a). The
compound possesses an amide group for hydrogen bonding,
an amino group for adhesion onto QDs and an azobenzene
moiety for photoisomerization?®! 2. The synthetic method of
Azo and the characterization using 'H and '*C nuclear
magnetic resonance (NMR) spectroscopies and electrospray
ionization (ESI) mass spectrometry are described in the
Supporting Information (Figure S1,2). As a QD, a well-studied
CdSe quantum dot (referred to as QD), capped with surface
protecting ligands of long alkyl chains, such as hexadecylamine,
was synthesized according to the reported method with minor
modifications (Figure 1b, see Supporting Information). The
ultraviolet/visible (UV/vis) absorption spectrum of a diluted
CHCIs solution of the QD ([QD] = 0.5 uM) showed a first peak at
519 nm (Figure S3a), by which the diameter of the QD without
ligands was estimated to be ca. 2.7 nm. 8 The size is
consistent with transmission electron microscopy (TEM)
analysis of the QD (2.6 + 0.1 nm, Figure S3b,c). The PL
spectrum under 405 nm excitation showed a maximum
wavelength at 527 nm with a narrow full width at half maximum
(FWHM) of 28 nm (Figure S3a).

Self-assembly of Azo

Generally, in a good solvent (CHCIs), noncovalent
interactions such as hydrogen bonding are unfavourable, while
in a poor solvent (cyclohexane), the interactions can be
favourable.?® B9 Before mixing Azo with QDs, we investigated
the self-aggregation behaviors of sole Azo ([Azo] = 50 uM) in a
poor solvent (cyclohexane:CHCIs = 9:1, v/v). As the Azo was
not soluble in cyclohexane, the solution of Azo aggregates was
prepared by adding cyclohexane into the Azo solution in CHCls.
The temperature-dependent absorption spectra from 55 to
20 °C showed a slight redshift with increasing absorbance,
suggesting the planarization of azobenzene moieties and/or the
formation of weak n—n stacking between azobenzene moieties
(Figure S4a). Furthermore, the spectra at 20 °C did not change
in the concentration range of 5-300 uM, indicating the
assembly maintains at least at 5 uM (Figure S4b). The Fourier
transform infrared (FTIR) spectroscopic measurements of the
concentrated solution of Azo aggregates indicate the formation
of a hydrogen-bond between amide groups and no hydrogen-
bond between amino groups (Figure S4c). The atomic force
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microscopy (AFM) analysis of the aggregates revealed the
formation of short fibrous nanostructures with hundreds of
nanometers in length (Figure 2a, S4d). The AFM cross-
sectional analysis indicates that the heights of the lowest
fibrous nanostructures are 5 nm (Figure 2b) and those of others
exceed 5 nm. The heights are larger than that of a monolayer of
hydrogen-bonded Azo (< 1 nm). Therefore, the fibrous
nanostructures (two-dimensional (2D) aggregates) are formed
by stacking of the hydrogen-bonded one-dimensional (1D) Azo
aggregates (Figure 2c). This 2D nanostructure is expected to
be formed based on a macrodipole moment®"! (Figure 2c). The
macrodipole moment can be formed by a parallel arrangement
of the weak dipole moment of Azo. Hence, the observed 2D
aggregates may be formed by an antiparallel stacking of the 1D
aggregates (Figure 2c). The TEM images also showed the
formation of multilayer structures of Azo aggregates (Figure
S4e). The resulting 2D aggregate is referred to as Aggazo.
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Figure 2. (a) AFM image of Aggaz obtained from the solution of Azo aggregates
([Azo] = 50 uM). The scale bar is 100 nm. (b) The cross section along the red
line in (a). (c) Schematic illustration of the possible 2D self-assembly of Azo.

The formation of QD-Azo coaggregates

To confirm the adhesion of Azo onto QDs, we measured 'H
NMR spectra in [Ds]toluene. The spectrum of sole Azo solution
([Azo] = 1 mM) showed a sharp proton signal of the amino
group, indicating that the amino group is not bound to another
Azo (Figure S5). Upon mixing the Azo and the QD ([QD]:[Azo]
= 1:100, [Azo] = 1 mM), the signal of the amino group
underwent a downfield shift with a signal broadening (Figure
S5). This change indicates the adhesion of amino group of Azo
onto the QD surface in toluene.

In order to form highly ordered QD-Azo coaggregates in
solution, we mixed the solution of Aggaze in cyclohexane:CHCls
(9:1, viv) and a dry film of QDs. This film can easily be
dispersed to monomeric QDs by adding the solution. Therefore,
the mixing method can lead to the coaggregation of monomeric
QDs and Aggazo. The ratio of QDs and Azo was 1:100 ([QD] =
0.5 uM, [Azo] = 50 uM) to facilitate extended aggregation and
thereby suppress the formation of small aggregates, such as
QD-Azo dimers.®! 321 The coaggregation behaviours were
investigated by PL spectra and PL decay curves. Upon mixing
the QDs and Aggazo, the PL intensity at 527 nm decreased by
half (t = 0 min) and thereafter decreased gradually over 180
min (Figure. 3a). The analysis of the decay curves revealed a
clear decrease in the average lifetime (zave) to 11.2 ns (t = 0
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min) and 4.0 ns (t = 180 min) compared to that of only QDs
(21.4 ns, Figure. 3b, Table S1). These results indicate the
formation of coaggregates of QDs and Aggaz. In contrast, the
absorption spectra did not show a time-dependent change
(Figure 3c), suggesting that electronic coupling between the
QDs in the ground state did not occur. Furthermore, we
investigated the effect of the adhesion of amino groups to QDs
on the PL behaviors. As a result, the addition of oleylamine
induced the PL increase, indicating that the adhesion of amino
groups did not induce the PL decrease (Figure S3d,e).
Therefore, the PL decrease is attributed to QD—QD and/or QD-
Azo interactions at the excited state, such as the excitation
energy transfer. As there is spectral overlap between the PL
spectrum of the QDs and the absorption spectra of the QDs
and Azo, energy transfer can occur in the QD-Azo
coaggregates (Figure S6). Considering the relationship
between the energy levels of the molecular orbitals of Azo and
bands of QDs, % the possibility of electron transfer between
the excited QDs and Azo is excluded (Figure S7). The PL
quenching of QDs by energy transfer can be explained by the
following reasons. For the PL quenching by energy transfer to
Azo, this is because the energy acceptor (Azo) is
nonemissive.®¥ For the PL quenching by energy transfer
between QDs, it can be explained as follows. The emission
quantum yield of our QD is not unity, indicating that the excitons
decay nonradiatively by trapping at defect sites in the QD. This
trapping rate is faster than that of energy transfer to next QD.
Therefore, the energy transferred to the next QD is further
trapped at defect sites in the next QD. Hence, the multiple
occurrence of energy transfers between QDs, which is known
as exciton diffusion?" 34, can lead to the PL quenching. Based
on the above discussion, the time change in PL behaviours
corresponds to the occurrence of energy transfer between the
QD-QD and from the QD to Azo upon coaggregation. This
detailed mechanism is discussed in a later section.

Dynamic light scattering (DLS) measurements were carried
out to evaluate the aggregate size in solution (Figure 3d, Figure
S8). For the Aggaz ([Azo] = 50 uM), aggregates with a
hydrodynamic diameter (Dn) of approximately 100 nm were
detected. The size is consistent with the length of short
nanofibers obtained from AFM (Figure S2a). For the sole QDs,
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a Dn of approximately 7 nm was detected, which is similar to
the diameter of QDs containing ligands (5-6 nm, Figure S3c).
Upon mixing the Aggaze with QDs, the resulting coaggregates
of the QDs and Azo (referred to as Aggan-azo) showed a larger
Dn of approximately 300 nm (¢t = 0 min) together with free
monomeric QDs and/or Azo-adsorbed QDs in which small
Aggaz adsorbed on QDs (Figure 3d). Given that the size of
Aggazo did not increase over time, the increased size of Aggap-
Azo by adding QDs is presumably due to the adsorption of QDs
to multiple Aggazo, in which a QD acts as a linker between the
Aggaz. The Dn did not show the time-dependent growth at ¢ =
60, 180 min. These results indicate that the larger Aggap-azo
was formed even just after mixing and the size did not change
with time. Taking the time-dependent PL decrease into account,
the PL time-change is presumably due to increasing energy
transfer between QDs by a further adhesion of free QDs to the
Adggap-azo over time. (For details, see “Coaggregation
mechanism” section).
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Figure 3. (a,b) Time-dependent PL spectra (a) and PL decay curves (b) of
the QD-Azo mixture (QD:Azo = 1:100, [@QD] = 0.5 uM) in cyclohexane/CHCIl3
(9:1, v/v) after mixing QD and Azo (Zex = 510 nm, at which QD has large
absorption, while Azo has subtle absorption). The data of only QDs ([QD] =
0.5 pM) are shown as comparison. The inset in (a) shows the plot of the PL
intensity as a function of time. (c) Absorption spectra of the QDs ([QD] = 0.5
uM), Azo ([Azo] = 50 uM), and their mixture at t = 0, 180 min (QD:Azo =
1:100, [@QD] = 0.5 uM) in cyclohexane/CHClIs (9:1, v/v). (d) DLS-derived size
distribution of the hydrodynamic diameter (Dn) of QDs, Aggazo and Aggap-azo
formed in cyclohexane/CHCI3 (9:1, v/v).
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Figure 4. (a—c) TEM image (a) and magnified TEM images (b,c) of the stripe-like coaggregates (Aggap-azo) with the corresponding cartoon image. Scale bars in
(a) and (b,c) are 50 nm and 20 nm, respectively. (d) The cross section along the white line in (b). (e) Schematic illustration of the nanostructure of Aggap-az. (f)
AFM image of Aggap-azo. The scale bar is 100 nm. (g) The cross-sectional analysis along the lines in (f). (h) Schematic illustration of possible hierarchical

coaggregation composed of 2D Aggaze and arranged QDs.
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The nanostructure of highly ordered QD-Azo coaggregates

To visualize the morphology of Aggap-aze, we performed TEM
and AFM of samples spin-coated from the solution. The TEM
images allow us to find a stripe-like two-dimensional (2D)
nanosheet (Figure 4a—d, S9), in which a black line width within
the stripe was approximately 2.5 nm (Figure 4c), which is
consistent with the diameter of the QDs without ligands (2.6
nm) (Figure S3b,c). Such stripe formation means a 2D
arrangement of the QDs with high electron density.
Furthermore, the cross-sectional analysis (Figure 4d) revealed
that the edge-to-edge length between one-dimensionally
arranged QDs (L1) is approximately 2 nm (Figure 4e), which is
consistent with the length of the rigid aromatic moieties of Azo
(1.8 nm). We confirmed that such a unique nanosheet could not
be formed by using sole QDs and Azo (Figure S3b, S4d).
Accordingly, the nanosheet with a highly ordered QD
arrangement structure is formed along the assembled Aggazo,
as illustrated in Figure 4(e). For the 2D arrangements, the
Aggaz should have the two adsorption sites composed of
amino groups on both sides. Considering the self-assembly
behaviors of Azo, the Aggaz in the coaggregates are also
expected to form hydrogen bonding between amide groups and
undergo the antiparallel stack between the fibrous aggregates
(Figure 2b). Therefore, the Aggazo with the two adsorption sites
contributes to the formation of nanosheets composed of
arranged QDs and Aggaz. In addition, TEM analysis showed
that the edge-to-edge length between QDs (L2) was
approximately 1 nm at the closest position (Figure 4e), and it
was found that this close distance between the QDs enables
energy transfer between neighbouring QDs. Additionally, the L2
was twice as small as the average length between the QDs (2
nm), obtained from the QD solution by natural drying (Figure
S3c). This result indicates that an interdigitation between the
ligands of QDs occurs in the nanosheet, as shown in Figure
4(e). Therefore, the van der Waals force between ligands for
interdigitation plays an important role in facilitating the formation
of QD arrangements. Considering that the coaggregation
showed time dependent PL properties, monomeric QDs and
Aggaz was integrated into complex coaggregates (Aggap-azo)
through time-dependent social self-sorting.

Notably, we found that the different contrasts in the TEM
image (Figure 4a), where grey and black areas coexist and the
latter means thick coaggregates, indicates the formation of 3D
multilayer nanostructures. The magnified images of the thin and
thick layers are shown in Figures (4b, 4c), respectively.
Comparing the two layers, the arranged QDs (black stripes) at
the thick layer (Figure 4c) are clearly identified with the high
contrast to the thin layer (Figure 4b). This high contrast
indicates that the lower layers also have QD arrangement
structures similar to that of the top layer, as shown in Figure
4(h). Furthermore, the AFM image revealed that the
coaggregates have the areas of different heights (10-50 nm)
(Figure 4f,g). As the QD size containing ligands is 5-6 nm, the
thick coaggregates are expected to have a hierarchical
multilayer structure (Figure 4h). Based on the self-assembly
behaviors of Azo, the hierarchical 3D structure of Aggap-azo
may contain the 2D aggregates of Aggaz, formed by a
successive antiparallel stacking of single hydrogen-bonded
aggregates of Azo, and arranged QDs (Figure 4h). Therefore,
the driving force for the formation 3D multilayers would be the
adhesion of QDs to both sides of 2D Aggaz, in which this
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adhesion can be stabilized by van der Waals force between
alkyl chains (ligands) on the QD and between the ligand and
alkyl chain of Azo. Accordingly, we created a novel highly
ordered nanostructure with semiconductor nanocrystals and
organic molecules.
Coaggregation mechanism

To obtain insight into the coaggregation mechanism, we
focused on the time-dependent PL decrease caused by energy
transfers from the QDs to Azo and QDs. Assuming Azo acts as
a PL quencher, we investigated the PL spectra of Aggap-azo
upon changing the concentration of Azo ([QD] = 0.5 uM,
QD:Azo = 1:0, 10, 20, 60, 100). As a result, a time decrease in
the PL intensity for several hours was observed at all ratios
except for the pure QD solution (Figure S10). When the PL
intensity ratio (lan/lap-az0) was plotted against the concentration
of Azo ([Azo]) at t = 0, 60, 120, 180 min, the plot at t = 0 min
showed a linear relationship, that is, a Stern—\Volmer plot with
only one type of quenching (Figure 5a). The results indicate
that the PL quenching of QDs observed under just mixed
conditions (t = 0 min) is stoichiometrically caused by the energy
transfer from QDs to Azo. Based on the results, we could
expect that at £ = 0 min, the adhesion of QDs to Aggaz
predominately occurs in comparison with the arrangement of
QDs. The fitting with the Stern—Volmer equation®® (/ao/lap-az =
1 + kqrap[Azo]) afforded a quenching rate constant (kq) of 2.9 x
10"2 M' s7'. This value is much higher than that obtained in a
typical diffusion system of donor and accepter molecules (kq <
10'° M-' s7), B8 which indicates that QDs chemically adsorbs to
the Aggazo. In contrast, the plots at the later stage after mixing
(t = 60, 120, 180 min) deviate from the linear relationship and
appear to be a logarithmic curve (Figure 5a). This trend is
probably due to a saturation of the energy transfer upon
concentrating Azo. Such deviation has not been observed in
the simple adhesion system of merocyanine dyes to CdSe/ZnS
QDs at similar concentration ratios.®”! Considering the close
distance between the QDs in the Aggap-az, as revealed by
TEM, the energy transfer (energy hopping) between QD-QD
can be accelerated over time. Based on the discussion, we
could conclude that the coaggregation process is involved with
an adhesion step of the QD to Aggaz at t = 0 min, where
energy transfer between QD-Azo occurs predominately.
Furthermore, at t = 60—180 min, a further adhesion of free QDs
to Aggaz with QDs is expected to occur (Figure 5b). The
adhesion can lead to arrangements of QDs on Aggaz., where
energy transfer between QD—QD occurs in addition to that from
the QD to Azo.
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Figure 5. (a) Plots of lap/lap-azo against the concentration of Azo ([Azo]) at t =
0, 60, 120, 180 min. The line corresponds to the Stern—Volmer plot (/ap/lap-Azo
= 1 + kqmp[Azo]). (b) A possible mechanism for the time-dependent
coaggregation estimated from the in-depth analysis of the energy transfer.

Next, we compared the experimental and theoretical results
of the energy transfer efficiency (E) to reveal the in-depth
coaggregation mechanism. Although the energy transfer
mechanism involving QDs is generally explained by dipole—
dipole coupling-based Forster-type resonance energy transfer
(FRET) and electron exchange-based Dexter-type energy
transfer’®!, the former mechanism is suitable for observed
energy transfer (details in Supporting Information). To
theoretically evaluate FRET, we used the spectral overlap
between the PL spectrum of the QDs (donor) and the
absorption spectrum of Azo (acceptor) or QDs (acceptor)
(Figure S7) and found that the Forster distances (Ro) of QD-
Azo and QD—QD, at which E = 0.5, are estimated to be 1.4 and
4.3 nm, respectively. When the dipole—dipole distance (R) is
estimated from the QD centre to the Azo centre (2.0 nm) and
QD centre (3.6 nm),*3 the E values of QD-Azo (Eap-aze) and
QD-QD (Eap-ap) are estimated to be 0.09 and 0.74,
respectively. This estimation clearly indicates that the Eap-azo
value is lower than the Eap-ap value. To evaluate the observed
FRET in the coaggregates, we estimated the E value from the
PL lifetimes (7). Although the E value of FRET can be
calculated with either the PL intensity or lifetime, we selected
the rvalues for the exact valuation because the reabsorption of
QD emission can affect the lap-az values. Using the equation E
= 1- mp-Az/7ap, the E values of Aggap-az (f = 0 and 180 min)
are estimated to be 0.48 and 0.82, respectively (Table S1).
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Considering the theoretically estimated Eap-azo (0.09),
approximately ten Azo molecules are expected to adsorb onto
the QD at ¢t = 0 min.®¥ Over time, a more efficient FRET
between QD-QD was facilitated (Figure. 5b). To confirm the
FRET between QD—QD, we measured the PL decay curves of
aggregated QD films, in which only QD-QD interactions can
occur, on a glass substrate (Figure S11). Hence, the average
lifetime was 6.6 ns, by which Eap-ap is estimated to be 0.74.
This Eap-ap value is lower than E at t = 180 nm (0.82), which is
because the distance between QD-QD in Aggap-azo is relatively
shorter than that in the QD films.

Photocontrol of coaggregates

The photoisomerization of azobenzene molecules should
affect the assembled structures and the physical properties. “°
[41] [42] [43] [44] 1491 1461 When the Aggap-Azo solution was irradiated
with a 365 nm UV lamp for 15 s to reach the photostationary
state (PSS), the absorption band at 376 nm corresponding to
the trans-azobenzene moiety decreased with increasing bands
at approximately 470 nm corresponding to the cis-azobenzene
moiety (Figure 6a). The frans:cis ratio is approximately 30:70
based on the spectral change. Upon irradiation with a 470 nm
visible lamp for 90 s to reach the PSS, back-isomerization from
cis- to trans-isomer occurred (trans:cis = 70:30). With the same
irradiation times, we conducted UV- and visible (Vis)-irradiation
cycles multiple times and found efficient photoisomerization of
Azo even in the coaggregates. Notably, this repetitious
irradiation induced a PL increase in the QDs at 525 nm (Figure
6b). The PL decay curves showed an increase in zave from 4.6
to 7.7 ns (10 cycles of UV-Vis irradiation), by which the E value
decreased from 0.79 to 0.64 (Figure S12a, Table S2). These
results indicate that the contribution of FRETap-ap decreased by
photoirradiation. In addition, we observed a decrease in the PL
intensity and lifetime by UV irradiation after Vis irradiation,
which is attributed to an increase in E between QD-Azo due to
increasing spectral overlap by forming cis-isomers on the QDs
(Figure S13). The TEM images of the UV-Vis irradiated
coaggregates (referred to as (Aggap-azo)'uv-vis) showed
dispersed QDs and small coaggregates without the high-order
QD arrangement (Figure 6c¢, Figure S14). Thus, we concluded
that the increase in the PL intensity is induced by the
deformation of the arranged QD structure.

To further investigate the effect of photoirradiation, we
carried out continuous irradiation only with a UV lamp (referred
to as (Aggap-az)'uv). As a result, the PL intensity increased
gradually upon irradiation, suggesting a decrease in Eap-ap
(Figure 6d). The PL decay
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Figure 6. (a,b) Changes in the absorption (a) and PL spectra (b) of Aggap-azo by repetitious photoirradiation with UV and visible lamps. (c) TEM image of the UV-

Vis irradiated (Aggap-azo)'uv-vis. The scale bar is 20 nm. (d,e) Changes in the PL spectra of Aggap-aze by continuous photoirradiation with UV and visible lamps. (f)

Plots of the average lifetime against Aggap-azo and photoirradiated (Aggap-azo)' and time-aged (Aggap-azo)".

curves showed an increase in rave from 4.5 to 6.2 ns, by which
the E value decreased from 0.79 to 0.71 (Figure S12b, Table
S3). As mentioned above, the Eap-azo should increase by the
formation of cis-isomers. Therefore, the change in Eap-ap by
photoirradiation is larger than that in Eap-aze. Similarly, upon
continuous irradiation with only the Vis lamp (referred to as
(Aggap-azo)'vis), @ PL increase was observed (Figure 6e). The
PL decay curves showed an increase in zave from 4.2 to 8.4 ns,
by which the E value decreased from 0.80 to 0.61 (Figure S12c,
Table S4). Compared to the results of continuous UV irradiation,
the degree of the PL increase was high. This result is due to a
low percentage of cis-isomers (ca. 20%) because the excitation
wavelength at 470 nm is unfavourable for the formation of cis-
isomers (Figure S15). Given that the PL enhancement was also
observed by Vis irradiation even in the presence of a few cis-
isomers, the photoirradiation-induced PL enhancement is
presumably independent of the fraction of cis-isomers. Under
photoirradiation, generally, isomerization between trans- and
cis-isomers  continuously occurs.?l B The continuous
isomerization via the large structural change between the
isomers on the QDs can facilitate the motion of Azo molecules
in the coaggregates, leading to the deformation of the Aggap-
Azo into (Aggap-azo)' without the high-order QD arrangement.
Considering these facts, the frequency of photoisomerization
rather than the percentage of cis-isomers plays an important
role in deforming the highly ordered Aggap-azo, Which leads to a
PL enhancement.

The photoirradiated (Aggap-azo)' is kinetically formed by
continuous photoirradiation. Therefore, (Aggap-azo)' is expected
to further change to thermodynamically stable coaggregates.
Indeed, the photoirradiated (Aggap-az)'uv-vis underwent a
decrease in the PL intensity and lifetime after one day in dark to
be time-aged coaggregates (referred to as (Aggap-azo)") (Figure
S12, 16a—c). The zve value changed to approximately 5 ns,
which is similar to that of intact Aggap-az (4.5 ns) (Figure 6f,
Tables S2—4). This result indicates that the FRETap-ap was
recovered as a result of the rearrangement of QDs over time.
The recovery of rearranged QDs was confirmed by TEM, but
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the multilayer structures were not formed (Figure S16d). The
reason why the multilayer was not reconstructed by time-aging
of (Aggap-azo)'uv-vis is probably that after photoirradiation the
smaller Azo aggregates compared to Aggaz are formed and
then adsorbed to QDs, which cannot lead to the formation of
the highly ordered multilayer. This result suggests that the
multilayers could be formed only by mixing the 2D aggregates
of Azo (Aggaze) and QDs. Based on the results, we concluded
that the nanosheets with QD arrangements was recovered by
time, while the further organized multilayer structures cannot be
reconstructed. Also, the time-changes of photoirradiated
(Aggap-azo)'uv and (Aggap-az)'vis were observed by PL and
lifetime measurements (Figure S12, 16), suggesting the similar
recovery of the FRETap-ap.

In addition, we investigated the relationship between the
decrease of cis-isomers and PL decrease by time-dependent
absorption and PL spectra of (Aggap-az)'vis (Figure S17). After
15 min in dark, the cis-to-trans isomerization through thermally
induced isomerization was almost completed. In contrast, the
PL decrease was gradually occurred over several hours,
suggesting the slow recovery of FRETap-ap. Accordingly, we
could succeed in the reversible control of the QD-QD
interaction for the first time.

Conclusion

In conclusion, we have succeeded in the formation of highly
ordered quantum dot supramolecular coaggregates by using
the self-assembled azobenzene molecules. Furthermore,
continuous photoisomerization enables PL enhancement by
controlling the energy transfer efficiency between arranged
quantum dots. After one day in dark, the coaggregates
exhibiting energy transfer can recover, as supported by thermal
back-isomerization. These results demonstrate a novel rational
strategy in which the use of self-assembling molecules enables
the creation of highly ordered nanoparticle materials. In addition,
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the established methodology for photoresponsive quantum dot
materials can lead to new stimuli-responsive materials involving
nanoparticles.
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Highly Ordered Quantum Dot Aggregates
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The highly ordered coaggregates of quantum dots (QDs) with inter-QD interaction can be created by using the self-assembled
azobenzene derivatives. Furthermore, the inter-QD interaction can be reversibly controlled by photoirradiation and time-aging.
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