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ABSTRACT: The self-assembly of tris(phenylisoxazolyl)benzene
1b with photochemically addressable azobenzene moieties
produced toroidal nanostructures, the formation and dissociation
of which were reversibly regulated upon photoirradiation. 1b
displayed a mesogenic behavior. In the solution, the stacked
assemblies along with their C; axes were formed. In the mesophase,
two molecules of 1b most likely adopted the antiparallel
arrangement to stabilize the columnar organization. This
assembling behavior most likely triggered the development of
the supramolecular toroidal nanostructures.

S pontaneous self-assembly of inorganic and organic molecules was reversibly regulated using photostimuli.'’ In the studies,
and polymers generates various nanostructures such as intriguing nanostructures such as helices, tapes, and fibers were
toroids, tubes, helices, disks, and fibers."” Among them, toroidal found as results of the assemblies. Herein, we report a
structures have unique annular shapes with various applications in photoresponsive toroidal nanostructure formed by the self-
nanoscale materials and devices.” Much effort has been directed assembly of azobenzene-functionalized tris(phenylisoxazolyl)-

toward the control of molecular organization in such unique
toroidal nanostructures because their size, shape, and dimension
determine the resulting properties and functions.” Although
toroidal nanostructures have been produced in the self-assembly
of polymers and molecules,”*>° a limited number of photo-
responsive toroidal nanostructures have been developed.”
Therefore, the development of toroidal nanostructures that can

be controlled by photostimuli is a prime challenge for further

benzene 1b (Figure 1) and its mesogenic properties.
Tris(phenylisoxazolyl)benzenes la—c gelled benzaldehyde,
dioxane, benzyl chloride, diphenyl ether, anisole, and bonzonitrile
(Figure S1); however, the critical gelation concentrations (CGC)
were 25—200 g L™ (Table S1). The gelators 1a—c had modest
CGC values compared to the previously reported tris(phenyl-
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exploring their applications.

The supramolecular organization of nanostructures relies on . _@_O/_Q OCeHzns1
specific noncovalent interactions, which are notably sensitive to R= —N OC Hamer
their molecular structures. The structural change of molecular tan 16
components, which is induced by photostimuli, can vary the 1b:in=18

1c:n=20
intermolecular interactions in the assembled state, which is

fulfilled by introducing the photochromic functionalities. A
photochromic 7-conjugated molecular component can control
the nano-organization processes using photostimuli. An
azobenzene group as a photochemically addressable functionality
is notably useful for developing photoresponsive supramolecular
nanostructures.” We have reported that azobenzene-function-

Figure 1. Azobenzene-functionalized gelators la—c.
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isoxazolyl)benzene-based gelators. Scanning electron micros-
copy (SEM) of cast films, which were prepared from solutions of
la—c in benzene, gave us insights into gelation. Surprisingly,
toroidal nanostructures of 1b were found when la and lc
contrastively produced sheet-like morphologies, which implies
that the size of the alkyl side chains affects the nanostructure
formation (Figure 2a—c). The toroids had a notably uniform

Figure 2. SEM images of cast films that were prepared from benzene
solutions of (a) 1a (0.5 mmol L"), (b) 1c (0.5 mmol L), and (c) 1.0
mmol L™'; (d) expanded image of (c); (e) 0.5 mmol L™"; (£) 0.1 mmol
L™Y; and (g) 0.01 mmol L™" of 1b. (h) Transmission electron microscopy
(TEM) image of 1b. (i) SEM image of the cast film that was prepared
from a solution of (c) after irradiation at 365 nm for 30 min and (j) SEM
image of the cast film that was prepared from a solution of (i) and left
standing at room temperature for a few hours.

diameter of 3.20 + 0.09 ym and a height of 2.3 + 0.1 ym (Figure
2¢,d), and pierced holes with a diameter of 490 + 40 nm were
confirmed using a transmission electron microscopy (TEM)
image (Figure 2h). The size of the toroids depended on the
concentration of the 1b solution; the 0.5 mmol L™! solution
produced smaller toroids with a diameter of 2.7 + 0.2 ym and a
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height of 2.1 + 0.1 ym (Figure 2e). Further dilution destroyed the
toroidal nanostructures, and the stacked sheets were found
(Figure 2f). Eventually, a distorted hexagonal sheet (S00 + 100
nm) was obtained from a solution concentration of 0.01 mmol
L (Figure Zg).

It is known that the cis-isomerization of the azobenzene
moieties strongly interferes with the molecular assembly. This
knowledge encouraged us to examine the photoinduced
regulation of the nanostructure formation. After a 1.0 mmol L™*
solution of 1b in benzene was irradiated at 365 nm for 30 min, a
cast film deposited on a glass plate was subjected to SEM
observation. The toroidal nanostructures completely collapsed to
produce agglomerates (Figure 2i). The cis-form of the
azobenzene moieties was transferred to the trans-form when the
solution was left standing at rt for a few hours. The toroidal
nanostructures were eventually restored in the cast film on a glass
plate (Figure 2j).

To gain detailed insight into the nanostructure formation, the
self-assembling behavior in solution was studied. The 'H NMR
signals of compound 1b were concentration-dependent in
chloforom-d; (Figure 3). The aromatic signals moved upfield
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Figure 3. 'H NMR spectra of 1b at 23 °C in chloroform-d;. The
concentrations: (a) 2.3, (b) 9.2, (c) 40.6 mmol L%,

with the increase in solution concentration. The plot of the
chemical shift changes of the protons versus the concentration of
1b shows hylperboric curves. By applying the isodesmic model
(Figure $4),"" the nonlinear curve-fitting analysis of the curves
resulted in the estimate complexation-induced shifts (Ha: —1.57,
Hb: —125, He: —0.74, Hd: —0.67, He: —0.49, Hf: —0.42, Hg:
—0.42, Hh: —0.09 ppm ) with an association constant of 7.3(5) L
mol™" (Table S2)."* The complexation-induced shifts decreased
with increasing distance of the protons from the C; axis of 1b,
which indicates that flat aromatic compound 1b stacks in a
columnar fashion along the C; axis.

The self-assembly of 1b was facilitated in benzene. Dynamic
light scattering measurements of a solution of 1b showed that
large aggregates with hydrodynamic diameters of 260 + 100 nm
were formed (Figure 4). Upon irradiation at 365 nm, the
autocorrelation function of the scattering intensity fluctuations
decayed within less than 1 us, which indicates that most large
aggregates disappeared because of the trans-to-cis isomerization of
the azobenzene moieties (Figure S7). The reirradiation of the
solution at 450 nm resulted in the light-induced reverse
isomerization of the azobenzene moieties, which restored the
large aggregates with diameters of 290 + 130 nm."” Accordingly,
1b demonstrated the perfect reversibility of the formation—
dissociation of the supramolecular aggregates, which was directed
by the light-driven isomerization of the azobenzene moieties.
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Figure 4. Dynamic light scattering of a benzene solution of 1b (0.2 mmol
L™"): (black) before the isomerization and (red) after irradiation at 450
nm to the solution of cis-isomerized 1b.

Compound 1b exhibited mesogenic behavior, which provided
insight into the initial stage of the nanostructure formation. The
phase transition was studied using POM and DSC. In the DSC
measurement from 30 to 175 °C, three distinct endothermic
peaks were observed at 46.3, 136.5, and 166.9 °C (Figure Sa). The
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Figure S. (a) DSC curves of 1b in the second heating and cooling
processes and POM images obtained on cooling. POM images at (b) 25,
(c) 100, and (d) 140 °C. SAXS patterns at () 73.4 and (f) 146.1 °C on
cooling. Values in parentheses are Miller indices.

transition recorded using DSC at 166.9 °C corresponded to the
clearing point to isotropic liquid in the POM observation. Upon
cooling 1b from the isotropic liquid phase, two columnar liquid
crystalline phases with pseudofocal conic textures were observed
from the clearing point to the melting point (Figures Sc,d). The
two columnar phases did not show any characteristic difference in
texture. The molecular arrangements of 1b in the columnar
phases were disclosed using SAXS. The SAXS study at 73.4 °C
developed six peaks (Figure Se), which were consistent with a
rectangular columnar (Col,) lattice with the lattice parameters of
a = 10.18 nm and b = 6.78 nm, whereas a hexagonal columnar
(Coly,) lattice (a = 6.06 nm) was determined at 146.1 °C (Figure
5f). In the wide-angle region, two broad halos were observed
corresponding to the distances of the disk-like units (¢ = 0.47 and
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0.49 nm at 73.9 and 146.7 °C, respectively), which are most likely
consistent with the mean distance of the liquid-like side chains
that were segregated from the rigid aromatic core. Based on the
assumption of a material density of § = 1 g cm ™, two molecules of
1b roughly fill each columnar unit. An antiparallel organization of
two 1b molecules fairly fulfilled the experimental diameter of the
hexagonal columnar unit (¢ = 6.06 nm), which suggests that
flexible alkyl side chains are fully interdigitated and stabilize the
columnar organization.

A plausible picture of the organization of the toroidal
nanostructure is illustrated in Scheme 1. The organization is

Scheme 1. Plausible Mechanism of the Self-Assembling
Process into the Toroidal Nanostructures
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involved in multistep processes at the nanometer scale. The
isoxazole moieties are responsible for the intermolecular dipole—
dipole and 7—rn stacking interactions that direct the supra-
molecular polymerization of 1b in a columnar fashion in both
solution and bulk. The long alkyl side chains are segregated at the
periphery of the columnar assemblies. This crowded organization
of the side chains can facilitate the attractive van der Waals
interactions and result in the bundles of supramolecular
polymeric assemblies. The hexagonal sheets that are slightly
distorted are produced from further growth of the assemblies. The
sheets stack in bent layers. The toroidal nanostructures are
formed.

In summary, C;-symmetric tris(phenylisoxazolyl)benzene 1b
with photochemically addressable azobenzene moieties as-
sembled to form toroidal nanostructures. The organization of
the toroidal nanostructures was reversibly controlled using
photostimuli. The size and dimension of the toroidal nanostruc-
tures were concentration-dependent. The dilution of a 1b
solution destroyed the nanostructures and resulted in a hexagonal
sheet. 1b displayed mesogenic behavior. Rectangular and
hexagonal columnar liquid crystalline phases were found. In the
solution, stacked assemblies were formed along their C; axis. This
assembling behavior most likely triggered the development of the
supramolecular toroidal nanostructures. The interesting toroidal
nanostructures have large cavities, where a guest molecule can be
accommodated.'* The photoresponsive feature of the toroidal
nanostructure can offer the reversible uptake regulation and
release a guest via photostimuli.
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