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ABSTRACT: The well-defined hierarchical superstructures constructed by the self-
assembly of programmed supramolecules can be organized for the fabrication of remote-
controllable actuating and rewritable films. To realize this concept, we newly designed and
synthesized a benzene-1,3,5-tricarboxamide (BTA) derivative (abbreviated as BTA-
3AZO) containing photoresponsive azobenzene (AZO) mesogens on the periphery of the
BTA core. BTA-3AZO was first self-assembled to nanocolumns mainly driven by the
intermolecular hydrogen-bonds between BTA cores, and these self-assembled nano-
columns were further self-organized laterally to form the low-ordered hexagonal columnar
liquid crystal (LC) phase below the isotropization temperature. Upon cooling, a lamello-
columnar crystal phase emerged at room temperature via a highly ordered lamello-
columnar LC phase. The three-dimensional (3D) organogel networks consisted of fibrous
and lamellar superstructures were fabricated in the BTA-3AZO cyclohexane-methanol
solutions. By tuning the wavelength of light, the shape and color of the 3D networked thin
films were remote-controlled by the conformational changes of azobenzene moieties in the BTA-3AZO. The demonstrations of
remote-controllable 3D actuating and rewritable films with the self-assembled hierarchical BTA-3AZO thin films can be stepping
stones for the advanced flexible optoelectronic devices.
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■ INTRODUCTION

The development of supramolecular chemistry provides a
platform for the design and synthesis of multifunctional
molecules which can evolve into the self-assembled super-
structures with the targeted physical properties.1 On the basis
of the programmed physical interactions, such as hydrogen-
bonding (H-bonds), π−π stacking, and van der Waals force, the
hierarchical superstructures can be precisely controlled with
and without the support of external forces, such as surface
anchoring force, temperature, and concentration gradients, and
electrical and magnetic fields.2−4 Among these secondary
interactions, the directional H-bonds can be a very useful
physical bond for the fabrication of the well-defined hierarchical
superstructures.5

Because the self-assembly of supramolecules depends not
only on the chemical structures but also on various external
stimuli, such as light, temperature, pH, and electric and
magnetic fields, the reversible behaviors of supramolecular
structures responding to the external stimuli have attracted
considerable attention for their practical applications including
reversible actuating and rewritable films.6−11 Among many

candidates, the photoresponsive azobenzene-based supramole-
cules can be effectively applied for the remote-controllable
systems.12−14 Even though the self-assembly is a very effective
approach to control the molecular packing structures with
tunable properties, the supramolecule-based actuating materials
are still not comparable with polymeric systems in terms of
processability and stability. As a result, many efforts have been
devoted for the development of novel supramolecules and their
hierarchical superstructures with enhanced physical perform-
ances and stabilities.15,16 The self-assembled liquid crystalline
(LC) materials with the reasonable high mobility and
processability can be potential materials to overcome the
limitations of traditional supramolecules.17,18 However, to
precisely modulate their physical properties, we must under-
stand the mechanism of self-assembly and the constructed
superstructures on the different length scales.
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From this perspective, we newly design and synthesize a
benzene-1,3,5-tricarboxamide (BTA) derivative containing
photoresponsive azobenzene mesogens (AZO), as shown in
Figure 1a. The programmed supramolecule is abbreviated as
BTA-3AZO. Benzene-1,3,5-tricarboxamide molecule is con-
sisted of a benzene core and three amides tethered to the
benzene ring at the 1,3,5-positions via the carbonyl linkage,
yielding the BTA core. The BTA derivative has a 3-fold
rotational symmetry (C3). By further tethering functional
groups to the amides, BTA derivatives can be the building
blocks of the well-defined superstructures.19−21 For the precise
control of hierarchical superstructures on the multiple length
scales, the molecular design of BTA-3AZO is based on the
following three considerations: (1) the photoirradiation can
lead to the trans-to-cis isomerization and the cis-to-trans
isomerization of the azobenzene moieties, resulting in the
molecular conformational changes; (2) the molecular nano-
phase separations between hydrophilic and hydrophobic
moieties in the BTA-3AZO are critical for the construction of
well-defined hierarchical superstructures; and (3) the incorpo-
ration of directional intermolecular H-bonds between amide
groups can enhance the processability of gel formations and the
mechanical stabilities. With the combined techniques of
differential scanning calorimetry (DSC), cross-polarized optical
microscope (POM) and Fourier transform infrared spectros-
copy (FT IR), the phase evolutions of BTA-3AZO are
investigated. The molecular packing structures are identified
by wide-angle X-ray diffraction (WAXD) and small-angle X-ray
scattering (SAXS) of oriented samples, and the proposed
packing models are further confirmed by the computer
simulation on the reciprocal and real spaces. To demonstrate
the BTA-3AZO for remote-controllable 3D actuating and
rewritable films, the organogel 3D networks consisted of fibrous
and lamellar superstructures are fabricated in the BTA-3AZO
cyclohexane-methanol solutions. The shape and color of the

self-assembled thin films are remote-controlled by tuning the
wavelength of light.

■ RESULTS AND DISCUSSION

Programmed Benzene-1,3,5-Tricarboxamide Supra-
molecule. The BTA-3AZO is prepared according to the
synthetic routes, as shown in Scheme S1. Compound 1 with
three azobenzene groups is synthesized via the procedures in
our previous publication.22 Compound 1 is reacted with p-
phenylenediamine in methylene chloride (MC) and tetrahy-
drofuran (THF) (v/v = 4:1) in the presence of N,N′-
diisopropylcarbodiimide (DIPC) and 4-(dimethylamino) pyr-
idinium 4-toluenesulfonate (DPTS) at room temperature. The
targeted BTA-3AZO compound is prepared by a coupling
reaction with the benzene-1,3,5-tricarbonyl chloride and
compound 2 in THF. The synthetic details and characterization
data are summarized in the Supporting Information. Chemical
structures of BTA-3AZO are confirmed by 1H NMR (Figures
S1 and S2), 13C NMR (Figure S3), MALDI-ToF mass
spectrometry (Figure S4), and elemental analysis (Table S1).
The calculated molecular dimensions and energy minimized
geometry of BTA-3AZO is estimated using Cerius2 simulation
software from Accelrys (version 4.6). The calculated radius of
BTA-3AZO is 4.9 nm (Figure 1b).

Phase Transitions and Structure Evolution. The phase
transition behaviors of BTA-3AZO are investigated by DSC
combined with POM. Figure 1c shows DSC thermograms of
BTA-3AZO upon cooling and subsequent heating at 2.5 °C/
min. A set of DSC thermograms at various scanning rates is
additionally provided in Figure S5. In Figure 1c, two
exothermic thermal transitions are detected during the cooling
process. The high-temperature transition appears at 204.1 °C
with a heat of transition (35 kJ/mol), which is independent of
the cooling rate. Although the width of the high-temperature

Figure 1. (a) Chemical structure of BTA-3AZO and (b) its energy minimized molecular geometry. (c) DSC thermograms of BTA-3AZO at 2.5 °C/
min. POM images of BTA-3AZO at (d) 160 and (e) 30 °C.
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transition is broadened with increasing the cooling rate, the
rate-independent of exothermic transition and its correspond-
ing heat clearly indicate that the first-order transition takes
place close to the thermodynamic equilibrium. On the other
hand, the onset temperatures of the low-temperature
exothermic transition shift to lower temperatures as the cooling
rate increased (Figure S5b). At the cooling rate of 2.5 °C/min,
the onset temperature of the low-temperature exothermic
transition is 141.4 °C with 43.3 kJ/mol. However, the onset
temperature and the heat of transition at 20 °C/min are 137.6
°C and 33.3 kJ/mol, respectively. Upon heating, two sharp
endothermic peaks are observed at 204.9 °C (43.4 kJ/mol) and
146.8 °C (27.3 kJ/mol) for all the heating rates. Additionally, a
relatively broad peak at 60 °C is detected, which is often
observed in the supramolecules with alkyl tails, as shown in the
inset of Figure 1c.
To evaluate the formation of ordered structures, POM

experiments are conducted by cooling from the isotropic (I)
state to room temperature at 2.5 °C/min, as shown in Figure
S6. The optical images show the fan-shaped focal conic texture
at the 160 °C (Figure 1d), which is often observed in a typical
columnar LC phase.23,24 Further decreasing the temperature to
room temperature results in the solidification with birefringent
defects (Figure 1e) which are mainly generated due to the
anisotropic volume shrinkages. The POM results combined
with those of DSC reveal that three ordered phases are formed
below the isotropization temperature (Ti = 206 °C): a low-
ordered LC phase, a highly ordered LC (KLC) phase, and a
crystal (KCr) phase.
To understand the molecular packing structures, BTA-3AZO

in the bulk state is investigated by 1D WAXD and SAXS
experiments at different temperatures. Figure 2a shows 1D
WAXD powder patterns obtained during cooling at 2.5 °C/
min. In this figure, structures on two different length scales can
be identified. The low-angle region between 1.5 and 9°
provides the nanometer scale information, such as the
periodicity of electron fluctuations between the phase-separated
aromatic cores and tails. The subnanometer scale information
can be obtained at high-angle region between 9 and 35°. As
shown in Figure 2a, the I phase is confirmed at 210 °C by the
observation of two amorphous halos located at 2θ angle of
2.16° (d spacing = 4.09 nm) and 19.91° (d spacing = 0.45 nm),
respectively. In the 1D WAXD pattern recorded at 160 °C, the
center location of the high-angle scattering halo slightly shifts to
a lower 2θ angle from 19.91 to 19.84° with the decreased full
width at half-maximum (fwhm). Additionally, 1D SAXS
patterns of the different temperature regions exhibit sharp
scattering peaks and higher order peaks (Figure 3). The
observation of diffractions with the q-value ratio of 1:√3:√7
(d spacing = 5.42, 3.12, and 2.04 nm) in Figure 3c indicates a
hexagonal packing of the self-assembled nanocolumns (stacking
of cores via H-bonds) below Ti = 206 °C.25−27 When the
temperature reaches to 100 °C (below the LC phase, Figure
3b), the newly emerged set of diffractions with the q-value ratio
of 1:2:3 (d spacing =7.18, 3.51, and 2.36 nm) superimposes on
another set of diffractions with the d spacings of 4.32 and 3.25
nm. The origins of two sets of diffractions need to be resolved
by further 2D SAXS experiments.28,29 The shifting and
narrowing of the high-angle scattering halo during cooling
indicate the increase of the correlation length and the closer
molecular lateral packing. Upon further cooling to 25 °C, the
1D SAXS peak with the d spacing = 7.18 nm slightly shifts to
the d spacing = 7.28 nm in the 1D SAXS patterns (Figure 3a),

indicating the formation of highly ordered phase structures. On
the basis of experimental results of 1D WAXD and SAXS, it is
concluded that the LC phase is a traditional hexagonal
columnar (ΦLC) phase and the molecular packing structure
between KLC phase and KCr phase does not significantly change
during the phase transition. The KCr phase should be mainly
originated from the alkyl tails, which are closely packed in the
3D long-range ordered crystal.
The structural changes of BTA-3AZO can also be

demonstrated by the d spacing changes and the alteration in
fwhm of high 2θ angle scattering halo with respect to
temperatures between 25 and 220 °C (Figure 2b). The abrupt
changes of fwhm upon heating and cooling (Figure 2b) match
the transition temperatures (vertical dashed lines) observed on
the DSC cooling traces very well. The corresponding
correlation lengths of the high 2θ angle scattering halo are
also estimated by Scherrer equation and shown in the inset of
Figure 2b.30−32

Molecular Origins of the Phase Transformations. To
identify the possible molecular origins of structural evolution,
we obtained FT IR spectra at different temperatures and
compared with the corresponding DSC results. With careful
examination of wavenumber, absorption intensity, and shape at
different temperatures, the conformational and molecular
interactions of BTA-3AZO in phases and during phase
transitions can be understood. Figure 4 represents a set of
FT IR spectra of BTA-3AZO, which is prepared by heating at
2.5 °C/min from the room temperature to Ti = 206 °C. The

Figure 2. (a) 1D WAXD powder patterns of BTA-3AZO at different
temperatures during cooling at 2.5 °C/min. (b) The relationship of
the d spacing of scattering halo (2θ = 19.9°) and the corresponding
correlation length of BTA-3AZO. (b, inset) Correlation lengths; here,
silicon power (2θ = 28.466°) is used as a calibration material.
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overall FT IR spectra of BTA-3AZO during cooling from Ti =
206 to 30 °C at 2.5 °C/min are also provided in Figure S7. The
H-bonds between the N−H group and the CO of amide unit
in BTA-3AZO strongly influence the formation of ordered
structures. It is well-known that the H-bonds are sensitive to
N−H stretching vibration band (3286 and 3056 cm−1) and
amide I mode (1661 cm−1).33−35 As increasing the temperature
from the KCr phase at 2.5 °C/min, the absorption intensity and
area of H-bonded N−H band are decreased. Meanwhile, the
intensity of free N−H band is intensively increased with a
gradual shift of maximum intensity from 3306 to 3338 cm−1 as
shown in Figure 4a. The amount of H-bonded CO band of
the amide I mode is decreased along with increasing the
intensity and area of the band for H-bonded CO band in
disordered domains as shown in Figure 4b. As the temperature
is further reached to Ti = 206 °C, the free N−H group band
slightly appeared at 3448 cm−1 and another absorption band at
1680 cm−1, which corresponds to the free CO, appears at the
same time. Although these H-bonds gradually become weaker
upon increasing the temperature, they still remain at the whole
temperature range until reaching Ti = 206 °C.
Identification of Phase Structures of BTA-3AZO. To

precisely determine the structural symmetry and lattice
parameters, 2D WAXD experiments are conducted for oriented
samples. Macroscopically aligned BTA-3AZO samples are
prepared by the mechanical extrusion at 160 °C. To obtain
the KCr phase structures, the oriented sample is further
annealed by cooling from 130 °C to room temperature at 2.5
°C/min. A series of 2D WAXD patterns for the oriented BTA-
3AZO crystals are obtained with the incident X-ray beam
parallel to the extruded direction (ED, z axis), the y axis and the
x axis, respectively (Figure 5a).

When the X-ray beam is irradiated parallel to the ED (z axis),
the 2D WAXD pattern of [001] zone is obtained as shown in
Figure 5b. A pair of diffraction arcs at 20.8° (d spacing = 0.44
nm) related to intermolecular interactions between the alkyl
tails of BTA-3AZO molecules is detected on the equator,
indicating the long axis of the alkyl tails oriented parallel to the
b axis. Figure 6a shows the corresponding 2D SAXS pattern of
[001] zone (Figure 5b) at the low angle region. The diffraction
arcs can be indexed based on an orthogonal 2D lattice, as

Figure 3. 1D SAXS patterns of BTA-3AZO at (a) 25, (b) 100, and (c) 160 °C, respectively.

Figure 4. FT IR spectra of BTA-3AZO during cooling at 2.5 °C/min:
(a) between 3480 and 3130 cm−1 and (b) between 1720 and 1620
cm−1.

Figure 5. (a) Schematic illustration of the mechanically sheared BTA-
3AZO specimen. 2D WAXD patterns of lamello-columnar crystal
phase (KCr) of BTA-3AZO at 25 °C in the (b) [001], (c) [010], and
(d) [100] zones. Here, ED means the extruded direction, and xyz, abc,
and a*b*c* are Cartesian coordinates representing specimen and unit
cell geometries in real and reciprocal spaces, respectively.
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illustrated in Figure 6b. The strong diffractions (2θ = 20.8°) on
the meridian of Figure 5c,d indicate that the BTA cores stack
along the extruded direction to form columns. In the Figure 5c,
a pseudohexagonal pattern in superimposed with the diffraction
of BTA core stacking. The diffraction arcs located at 2θ = 20.8
and 20.0° with an included angle of 58° are attributed to the
packing of AZO mesogens (Figure 7). The sub-lattice
consisting of AZO mesogens and alkyl tails in the hierarchical
structure is then determined as a 2D orthogonal lattice with a′
= 0.52 nm and b′ = 0.85 nm (Figure 7a), and the details of
crystallographic data are also summarized in Table S2. The
corresponding simulated WAXD pattern (Figure 7b) confirms
the pseudohexagonal feature. Based on the SAXD pattern
(Figure 6) and low angle regions of WAXD patterns (Figure 5),
the supramolecular structure consists of the columns of BTA
cores (Figure 8a) can be constructed with lattice parameters of
a = 4.17 nm, b = 14.56 nm, c = 0.43 nm, and α = β = γ = 90°
(Figure 8b).36 With four molecules in a lattice, the calculated
density is 1.25 g/cm3, which matches the experimentally
measured density of 1.25 g/cm3. On the basis of the molecular
dimension and energy minimization results of BTA-3AZO
(Figure S8a), the dashed triangles outline the contours of the
top-view of BTA-3AZO columns. Due to the flexibility of the
linkers and the assemby of AZO mesogens and alkyl tails, the
BTA-3AZO columns do not adopt a hexagonal packing.
Instead, the BTA-3AZO columns form a lamello-columnar
crystal phase with the lamellar periodicity of alternating BTA-
layer and AZO layer along the b axis. The corresponding
simulated X-ray pattern (Figure 8b) matches the SAXD pattern
along [001] zone (Figure 6), confirming the determined
supramolecular hierarchical structure. Projections of molecular
packing in the lamello-columnar structure along a axis and b
axis are represented in Figure S8b,c. Table S3 lists the
experimentally observed and the calculated d spacings based on
the orthorhombic lattice.
The molecular packing structure of the low-ordered LC

phase (ΦLC) is also studied by the 2D WAXD patterns, with
the incident X-ray beam directions parallel to the x axis (Figure
9a) of mechanically sheared sample. The evolution of SAXS
patterns with X-ray parallel to the three axes is summarized in

Figure S9. Above the dissociation temperature of AZO packing,
BTA-3AZO molecules undergo a phase transition from the KLC
phase to the ΦLC phase between 160 and 205 °C (Figure 2a).
The scattering rings in the low angle region of Figure S9a″
indicate the ab-plane of the hexagonal lattice is randomly or
inplane oriented along the extrusion direction, and the diffused
halo at the 2θ = 20.8° (d spacing = 0.44 nm) is attributed to the
disordered alkyl chains. The strong reflections on the meridian
(Figure 9b) indicate the existence of stacking of cores, and the
diffractions in the low angle region confirm the lateral packing
of hexagonally organized columns of stacking cores. Similar to
the 2D WAXD of KCr phase, the 2D WAXD of the ΦLC phase is
maintained by intermolecular interactions between the cores.
Inferring from the FT IR result that H-bonds still existed below
the isotropic temperature at 180 °C, H-bonds between
benzene-1,3,5-tricarboxamides are preserved for the self-
assembled columns. This can be evidenced by the SAXS
pattern of BTA-3AZO in the Figure 3c. The BTA cores
construct the column, and then the columns are laterally close-
packed into the hexagonal columnar structure as described in
Figure 9b. By assigning the diffraction at 2θ = 20.8° as the
(001) plane, the phase at 160 °C can be identified as the low-
ordered hexagonal columnar LC phase with the hexagonal

Figure 6. (a) The [001] zone of 2D SAXS pattern for KCr phase of
BTA-3AZO at 25 °C and (b) the corresponding schematic illustrations
of indexes.

Figure 7. (a) Chemical structure of azobenezene and schematic
illustration of the 2D orthogonal sub-lattice of azobenzene in the BTA-
3AZO hierarchical structure. (b) Computer-simulated 2D WAXD
pattern on the [010] zone (the wide-angle region of Figure 5c) in the
KCr phase.
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lattice parameters of a = b = 5.42 nm, c = 0.43 nm, and γ =
120°.37

Sol−Gel Transitions of Photo-Responsive Organogels.
The six H-bondable amide units in the BTA core play a key role
to form the macroscopic organogels. Organogels are various 3D
aggregates with micro- and nanoscale diameters in the organic
solvents. Reversible gelation processes allow us to fabricate
exquisite nanostructures.38−40 Gelation of BTA-3AZO in
various organic solvents is summarized in Table S4. Stable
transparent organogels are formed when a few drops of
methanol are introduced into the 1 wt % BTA-3AZO
cyclohexane solution without any precipitaion and crystalliza-
tion. The macroscopic gelation indicates the formation of
elongated fibers and ribbons, which are confirmed by SEM
observation as shown in Figure S10. The 1D WAXD pattern of
organogel films corresponds to the molecular packing structure
of powder pattern in Figure 2a. The organogels composed of
the fiberous and lamellar superstructures result in a stable and
ductile 3D networked film at room temperature.
The photographs of sol−gel transition process are shown in

Figure 10a. Upon UV irradiation (365 nm), the stable
organogels are gradually collapsed and turned into the sol
state within 10 min, resulting in the photoinduced H-bonds
breaking by the trans-to-cis isomerization (the middle sample in
Figure 10a). Subsequently, the organogel is regenerated by the
irradiation of visible irradiation (450 nm), as shown in the right
side of Figure 10a. The trans isomers stabilized by
intermolecular interactions can preserve the 3D self-assembled
superstructures. The sol−gel phase transitions are reversible
without any decompositions of materials.
To understand the photochemical behavior of azobenzene-

tapered mesogens (Figure 10 b) in the chloroform solutions
(1.25 × 10−3 mg/mL), we obtained UV−vis light absorption
spectra, as shown in Figure 10c,d.41−43 As azobenzene groups
transform from the trans to the cis isomers, the higher polarity
and the lower solubility than the trans isomers give rise to alter
the self-assembled structure as shown in Figure 10c.44 Upon
subsequently exposing the visible light, the trans isomer is
recovered in the Figure 10d.

Remote-Controllable 3D Actuating and Rewritable
Films. To demonstrate writing and erasing a specific pattern45

on the BTA-3AZO film (Figure 11), we prepared the thin films
of self-assembled BTA-3AZO by drop-casting a BTA-3AZO
solution (chloroform) on a glass plate. A photomask is
introduced between the UV light source and the BTA-3AZO
film. The micropatterned BTA-3AZO film is shown in Figure
11a. The UV irradiated area turns bright and the blocked area
by the photomask is remained as a dark state. When the
temperature of BTA-3AZO film on the glass substrate is
increased to 210 °C (above Ti = 206 °C), the BTA-3AZO film
turns a bright yellow and the patterns are completely erased for
next new patterning processes (Figure 11b).
Photoresponsive LC polymers have been reported as 3D

actuators by irradiating the polarized UV lights. Ikeda’s group
demonstrated that the photoenergy of exposed UV light is
converted into the mechanical deformation.46−49 Note that the
effective bending deformation in the polymer systems is
partially due to the chemical cross-links, whereas we adopt
the self-assembly process of supramolecules for the bending
deformation without any polymer network. The self-assembly
process for hierarchical thin films can overcome the limitations
of processability and stability in the supramolecular systems.
Because the BTA-3AZO molecules exhibiting the LC behaviors
can form the hierarchical 3D superstructures, thin films and
free-standing films are fabricated by the programmed self-

Figure 8. (a) Calculated geometric dimensions of the BTA-3AZO and
computer-simulated molecular packing in the ab plane of lattice and
schematic illustration in the real space, and (b) computer simulated
2D WAXD pattern on the [001] zone (the small-angle region of
Figure 5b, and Figure 6) in KCr phase.

Figure 9. (a) 2D WAXD patterns of hexagonal columnar LC phase
(ΦLC) of BTA-3AZO at 160 °C with the incident X-ray beam parallel
to the x direction of the mechanically extruded specimen. (b)
Molecular packing models of the BTA-3AZO.
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assembly process. The free-standing BTA-3AZO films are
exquisitely prepared by casting a BTA-3AZO solution (0.1 g/
mL in chloroform) on a poly(vinyl alcohol) (PVA) coated glass
substrate. As the PVA is dissolved in water, the free-standing
films are separated from the glass substrate. A piece of BTA-
3AZO film is cut off with dimensions of 5 mm × 3 mm × 15
μm. The center picture of Figure 12a shows the flat film prior
to the UV irradiation. When the polarized UV light at 365 nm
is exposed (Figure 12b), the macroscopic film deformation is
generated toward the irradiating direction within 5 min. The
bent films are reversibly transformed to the initial flat film by
exposing the vis light. It takes a long time over several hours.
Bending directions can be controlled by varying the polarized
light axis from 0 to 135°, as shown in Figure 12.

■ CONCLUSIONS
A benzene-1,3,5-tricarboxamide (BTA) supramolecular build-
ing block (BTA-3AZO) was newly designed and successfully
synthesized for the construction of the well-defined hierarchical
superstructures on the different length scales via the self-

assembly processes. To remote-control the physical properties
of hierarchical BTA-3AZO superstructures, photoresponsive
azobenzene (AZO) mesogens were specifically introduced on
the periphery of the BTA core. From the scattering,
microscopic and spectroscopic results combined with thermal
analyses, it was realized that the programmed BTA-3AZO
formed the low-ordered hexagonal columnar LC (ΦLC) phase,
the highly ordered lamello-columnar LC (KLC) phase and the
lamello-columnar crystal (KCr) phase. Below the isotropization
temperature (Ti = 206 °C), the programmed BTA-3AZO
supramolecules first formed the self-assembled nanocolumns
mainly driven by the intermolecular hydrogen-bonds between
BTA cores with the support of nanophase separation between
the hydrophilic core and hydrophobic alkyl tails. The self-
assembled nanocolumns were further self-organized laterally to
form the ΦLC phase at higher temperatures. Alkyl tails were
disordered in the KLC phase, while the ordered alkyl tails did
participate for the construction of well-ordered KCr phase.
From the scattering results combined with computer
simulations, it was found that the KCr phase was formed with
the lattice parameters of a = 4.17 nm, b = 14.56 nm, c = 0.43

Figure 10. Reversible gel−sol phase transitions of (a) organogel in 1 wt % cylohexane with MeOH upon the UV−vis irradiations. (b)
Conformational changes of azobenzene molecule. Photoisomerization of BTA-3AZO (1.25 × 10−3 mg/mL in CHCl3); (c) the trans to cis
isomerization upon the UV irradiation at 365 nm and (d) the reversible cis-to-trans isomerization upon the vis irradiation at 450 nm.

Figure 11. Writing the micropatterns on the BTA-3AZO thin-film at
25 °C (a) after exposing the UV light through the patterned
photomask and (b) after erasing them by heating up to 210 °C.

Figure 12. (a) Free-standing BTA-3AZO film and (b) a schematic
illustration of 3D actuating experiment with linear polarized UV lights.
Photographic images of bending deformations: the precise control of
bending directions by exposing the linear polarized light with different
angles at (c) 0, (d) 45, (e) 90, and (f) 135°.
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nm, and α = β = γ = 90°. The organogel 3D networks
consisting of fibrous and lamellar superstructures were
fabricated in the BTA-3AZO cyclohexane−methanol solutions.
Because the shape and color of the robust hierarchical BTA-
3AZO thin films were remote-controlled by the conformational
changes of azobenzene moieties in the BTA-3AZO, we
successfully demonstrated the remote-controllable 3D actuating
and rewritable films by tuning the wavelength of light.

■ EXPERIMENTAL SECTION
Material Preparations. N-(4-Aminophenyl)-3,4,5-tris[2-(2-{2-(4-

((4-(octyloxy)phenyl)diazenyl)phenoxy)ethoxy}ethoxy)ethoxy]-
benzamide (i). To a solution of compound 1 (0.57 g, 0.98 mmol) in
MC/THF (40 mL/10 mL) were added DIPC (0.62 g, 4.93 mmol)
and DPTS (0.5 g, 0.49 mmol). After the solution was stirred at room
temperature for 20 min, p-phenylenediamine (1.07 g, 9.85 mmol) was
added as a solid, and the suspension was sonicated in an ultrasound
bath until the mixture solution was homogeneous. The resulting
solution was stirred under nitrogen for 24 h at room temperature. At
the end of this period, it was poured into 100 mL of distilled water and
extracted with MC. The organic layer was thoroughly dried by
anhydrous MgSO4 and solvents were removed. The residue was
purified by column chromatography with silica gel using MC:THF =
3:1 after chromatography, products were reprecipitated out from
CHCl3 and MeOH and dried under vacuum to afford compound 1 as a
yellow powder (Yield: 70%). 1H NMR (CDCl3): δ = 0.89 (t: 9H),
1.23−1.51 (m: 30H), 1.80 (m: 6H), 3.60 (s: 2H), 3.76 (m: 12H), 3.88
(m: 12H) 4.02 (t: 6H), 4.18 (m: 12H), 6.65 (d: 2H), 6.75 (d: 2H),
6.99 (q: 12H), 7.14 (s: 1H), 7.36 (d: 2H), 7.83 (q: 12H).
BTA-3AZO (ii). A mixture of 9 (0.49 g, 0.31 mmol), benzene-1,3,5-

tricarbonyl chloride (0.02 g 0.08 mmol) and pyridine (0.05 g, 0.62
mmol) in dried THF (10 mL) were added under nitrogen. The
reaction mixture was stirred for 24 h at room temperature. The
precipitates were removed by filtration. After evaporation of the
solvent, the crude product was purified by column chromatography on
silica gel using CHCl3/MeOH = 10:1 (v/v). The resulting product was
yellow solid (Yield: 45%) 1H NMR (CDCl3, DMSO-d6): δ = 0.6 (t:
27H), 1.01−1.17 (m: 90H), 1.50 (m: 12H), 3.46 (m: 36H), 3.58 (m:
36H), 3.72 (m: 18H) 3.88 (t: 36H), 6.69 (m: 36H), 7.04 (m: 6H),
7.53 (m: 48H), 8.52 (s: 3H), 9.40 (s: 3H), 9.72 (s: 3H). 13C NMR
(CDCl3, DMSO-d6): δ = 164.7, 160.5, 159.9, 151.56, 146.23, 145.96,
138.51, 123.58, 123.52, 120.47, 120.27, 114.07, 113.96, 107.0, 70.08,
70.00, 68.99, 68.83, 68.23, 67.59, 67.01, 31.01, 28.56, 28.42, 25.24,
21.86, 13.41.
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