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ABSTRACT: This study develops a new type of C3-symmetric
triphenylene triimide (TTI) bearing different oligo(ethylene glycol)
side chains via imide linkages. By exploiting the unique TTI molecule
as a building block, supramolecular polymerization is explored based on
π−π stacking and hydrophilic/hydrophobic interactions in various
solvents and the rates of heating/cooling process. The molecular
chirality of the TTI unimer induces a preferential helicity formation in
fibrous structures, while the achiral side chain allows the formation of
linear nanofibers. The stacking type of supramolecular polymerization
is highly dependent on the point chirality of the side chains, as
indicated by the spectroscopic analyses, including ultraviolet−visible
(UV/vis) and circular dichroism (CD) spectroscopy with atomic force
microscopy (AFM), transmission electron microscopy (TEM), and
wide-angle X-ray scattering (WAXS). Interestingly, the supramolecular polymerization does not occur in its monomeric state due to
the generation of radical anions from the imide groups upon UV irradiation. In contrast, the fibrous structure in the assembled state
is maintained, owing to the intermolecular interaction. This study provides a new direction in the phototriggered control of the
supramolecular chiral assembly.

1. INTRODUCTION
Over the past three decades, supramolecular polymers have
attracted considerable attention owing to their ability to
produce responsive, reconfigurable, and recyclable functional
structures with the potential to regulate structural dynamics.1

Inspired by the homochirality of biological macromolecules
such as proteins and polynucleic acids, chiral supramolecular
assemblies have emerged as artificial systems that can mimic
biological structures.2,3 Chiral supramolecular polymers can
display significant potentials in chiral detection,4,5 asymmetric
catalysts,6−8 chiral optoelectronics,9−12 and the realization of
biological functions. Chiral information can be transferred
from the molecular level to the macroscopic level via
noncovalent interactions between repeating units such as
hydrogen bonding, π−π stacking, van der Waals interaction,
hydrophobic interaction, and electrostatic interaction. The
chirality of supramolecular polymers is mainly induced by
intrinsic molecular chirality13,14 or external stimuli, such as
circularly polarized light15,16 and chiral solvents.17,18 Among
various chiral sources, molecular chirality is imparted to
molecular structures by introducing point, axial, or helical
chirality without the use of specific chemical moieties or
reagents. Under different environments, chiral molecules with
asymmetric spatial structures can be aggregated into chiral

supramolecular polymers with diverse stacking types such as
helices,19,20 superhelices,21,22 and twisted lamellae.23,24

Due to the reversibility in noncovalent bonding, supra-
molecular polymers are in thermodynamic equilibrium.
Therefore, the self-assembly process is primarily regulated by
external environmental factors, such as the solvent,25,26

temperature,27,28 metal ion,29,30 and light.30,31 Among these
factors, light is extensively employed as a nondestructive
stimulus owing to its high spatiotemporal control, facile
processing, and fast read out.32 Supramolecular polymers of
photochromic compounds, such as azobenzene33−36 and
diarylethene37−40 derivatives, exhibit unique phototriggered
isomerization. These photoresponsive properties have attracted
much attention due to their dynamic influence on the
stacking/polymerization process to modulate morphology.
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In this context, aromatic imide compounds, such as perylene
diimides41−44 and naphthalene diimides,45−48 have unique
photoresponsive properties that produce radical anions under
different stimuli, including treatment with a reducing
agent,49,50 electrochemical reduction,51,52 and light.42,53 The
radical anion formed in the imide group is stabilized by the
delocalization of spin and charge due to the presence of the
carbonyl group and aromatic core.46,54,55 Despite the rich
literature on the phototriggered formation of radical anions,
few studies have shown that the formation of radical anions in
aromatic imide compounds has a dynamic effect on the
supramolecular assembly process.46,49,53 For example, the
radical anions generated from a perylene diimide derivative
using a reducing agent induced the disassembly of supra-
molecular polymers.49 Meanwhile, the radical anions produced
from a naphthalene diimide derivative via light irradiation
exhibited enhanced circularly polarized luminescence while
maintaining its supramolecular structure.53 It is known that
radical anions assemble into aggregates in naphthalene diimide
systems.51,52 These findings highlight the need to investigate
the effect of radical anions on the dynamic self-assembly and
disassembly processes of aromatic imide-based supramolecular
polymers.
Herein, we report the synthesis, self-assembly, and photo-

responsive properties of unique triphenylene triimides

compounds. The chemical structures of achiral and chiral
C3-symmetric triphenylene triimides (N-TTI, R-TTI, and S-
TTI) are shown in Scheme 1a. The building blocks comprise a
conjugated triphenylene core and three oligo(ethylene glycol)
(OEG) chains. The molecular chirality of R/S-TTI is
considered to pose a point chirality in the OEG chains. The
aromatic core unit and polar side chain can induce π−π
stacking and hydrophilic−hydrophobic interactions, respec-
tively. An imide bond was introduced as a linker between the
core and peripheral units because its photoresponsive proper-
ties regulate the self-assembly process. In the monomeric state,
ultraviolet (UV) irradiation caused the formation of radical
anions in the aromatic imide units, limiting the continuous
growth by generating deactivated unimers. On the contrary,
UV irradiation in the assembled state maintained its fibrous
structure owing to the presence of strong intermolecular
interactions.

2. RESULTS AND DISCUSSION
Initially, the core unit and side chains were prepared and
characterized using 1H NMR spectroscopy (see Schemes S1−
S3 and Figures S1−S4 in the Supporting Information).
Subsequently, N-TTI, R-TTI, and S-TTI unimers were
synthesized through a simple one-step condensation reaction
to form an imide group from the triphenylene dicarboxylic acid

Scheme 1. (a) Synthetic Steps and Molecular Structures of N-TTI, R-TTI, and S-TTI. (b) Supramolecular Polymerization
Process (Top) and Radical-Mediated Structure Variation under UV Light Irradiation (365 nm) (Bottom)
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and corresponding OEG amines (Scheme 1a). The resulting
series of TTI compounds were successfully characterized using
1H and 13C NMR spectroscopy, mass spectrometry, and
Fourier transform infrared (FT-IR) spectroscopy confirming
the formation of the desired achiral and chiral unimers
(Figures S5−S13).
A supramolecular polymer was obtained by slowly cooling

the alcoholic solution of each N/R/S-TTI unimer so that the
unimers could grow uniformly during the self-assembly
process. While the achiral N-TTI unimers self-assembled into
linear nanofibers, the chiral R-TTI and S-TTI unimers self-
assembled into helical supramolecular polymers (Scheme 1b).
A variable-temperature 1H NMR (VT-NMR) experiment was
performed in deuterated methanol to confirm the aggregation
behavior of the N-TTI unimer (Figure 1a). The peak intensity
of the aromatic protons increased gradually with a decreasing
peak width as the N-TTI unimer solution was heated from 25
to 50 °C, indicating the presence of aggregated species. These
temperature-dependent changes were also reversible upon
temperature cycling between 25 and 50 °C. A downfield shift
for the aromatic proton signal from 8.51 ppm at 25 °C to 8.81
ppm at 50 °C was attributed to the deshielding effect of π
electrons due to the small intermolecular distance between
adjacent molecules, consistent with the transition from the
aggregated state to the unimer state. The decrease in diffusion
coefficient (D) observed in DOSY NMR spectra as the
temperature decreases provides evidence for the self-
aggregation of N-TTI in methanol (Figure S14a−c). More-
over, in methanol as a poor solvent, the N-TTI solution

exhibited opacity at 25 °C, but became transparent at 50 °C,
indicating the presence of self-aggregation (Figure S14d). In
contrast, no noticeable changes in transparency were observed
as the temperature varied in a good solvent such as chloroform.
It is confirmed that the π−π stacking between the aromatic
core units is one of the main driving forces in the self-assembly
process. The position and width of proton peaks correspond-
ing to the OEG chains changed marginally, indicating that
hydrophilic−hydrophobic and van der Waals interactions are
involved in the self-assembly process (Figure S15).
Moreover, the self-assembly behavior of N-TTI can be

examined using variable-temperature UV/vis spectroscopy
(VT-UV/vis), which is a useful method for determining the
supramolecular polymerization mechanism of aromatic com-
pounds and distinguishing the growth processes based on
either isodesmic or cooperative models56 (Figure 1b). The
UV−vis absorption spectrum of N-TTI measured at 25 °C
comprised two major absorption bands in a methanol solvent:
one around 279 nm derived from the triphenylene moiety and
one around approximately 300 nm derived from the aromatic
imide moiety. Upon heating the solution from 25 to 50 °C, the
absorbance increased continuously owing to the dissociation of
aggregated structures into monomer structures. However, the
absorbance decreased considerably at temperatures as low as
−10 °C, which is a characteristic of the transition from the
monomers to the aggregation state due to the intermolecular
interactions between the building blocks.
Atomic force microscopy (AFM) images of the N-TTI

assemblies transferred from the cooled methanol solution onto

Figure 1. (a) Variable-temperature 1H NMR spectra of N-TTI (0.10 wt % in methanol-d4). (b) UV−vis absorption spectra of N-TTI with varying
temperatures (0.01 wt % in methanol). (c) Representative height-mode AFM image of N-TTI spin coated on a silicon wafer substrate (0.01 wt % in
methanol). (d) Absorbance of N-TTI at λ = 266 nm with temperature variations at a cooling rate of 1 K/min.
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a silicon substrate via spin coating showed the presence of
nanofibers and some aggregated particles (Figure S16). To
prevent random self-assembly, the unimer solution was slowly
cooled to −18 °C at a rate of 1 K/min. Hence, the AFM image
of the solution shows well-ordered nanofibers with a uniform
average diameter of 22.2 ± 1.6 nm (Figure 1c).
The changes in absorbance with temperature reveal a

gradual decline at higher temperatures followed by a steep
drop below a specific temperature (Figure 1d). This alteration
in absorbance with temperature unmistakably signifies the
presence of intermolecular interactions. While the measure-
ment of absorbance values below −10 °C was unattainable due
to instrumental limitation, we performed the model fitting for
quantitative analysis by assuming a degree of aggregation
(αAgg) of 1 at −10 °C. Specifically, the degree of aggregation
(αAgg) of N-TTI is calculated from the change in the
absorption coefficients at 266 nm with respect to temperature
(cooling process) (Figure S17 and Table S1).18 Nonsigmoidal
curves were obtained at the rates of 1 K/min, clearly indicating
the characteristic of cooperative supramolecular polymer-
ization mechanism with nucleation elongation. The coopera-
tive fitting matched the data, whereas the isodesmic fitting
failed. The elongation temperature of N-TTI at 1 K/min was
noted at −4 °C. On the other hand, upon cooling from 50 to
−10 °C at a rate of 10 K/min, only the nucleation step was
present without the elongation step (Figure S18). The
elongation temperature of N-TTI at a cooling rate of 10 K/
min is expected to be lower than −10 °C, which is below the
instrumental limit. During fast cooling, it is difficult to keep up

with the temperature change, and hence, the elongation
temperature is inevitably lowered.
Similar to the analysis of N-TTI, we performed the

characterization of the assembly of R-TTI and S-TTI. Since
the VT-UV/vis spectra established that the assembly behavior
of R-TTI was not clearly shown in methanol, the self-assembly
was performed in isopropanol to match the solubility of less
polar unimers due to the presence of a chiral methyl group in
the side chain.
Figure 2a represents the VT-NMR spectra of R-TTI

collected at different temperatures. A weak and broad peak
of the aromatic protons was observed at 25 °C because
intermolecular aggregation limited the molecular mobility.
However, the peak intensity increased sharply upon heating,
resulting from the disassembly into unimers. In addition, the
position and width of proton peaks corresponding to OEG
chains and methoxy groups changed considerably (Figure
S19). These results imply that the noncovalent interactions,
including π−π stacking, hydrophilic−hydrophobic interactions,
and van der Waals forces, exist between the R-TTI unimers.
The change in the absorbance of R-TTI assemblies in
isopropanol solvent depending on the temperature changes
was consistent with the tendency observed in N-TTI
assemblies. For chloroform as a good solvent for R-TTI, it
was observed that the absorbance did not decrease with
decrease in temperature, indicating the absence of R-TTI
assemblies (Figure S20a). However, unlike N-TTI assemblies,
a new absorption band was generated in the red-shifted region
upon cooling from 70 to −10 °C (Figure 2b). Similarly, the
fluorescence spectra of R-TTI exhibited emission in the red-

Figure 2. (a) Variable-temperature 1H NMR spectra of R-TTI (0.30 wt % in isopropanol-d8). (b) UV−vis absorption spectra of R-TTI with varying
temperatures in isopropanol solution (0.03 wt %). (c) Circular dichroism (CD) spectral changes of R-TTI and N-TTI with varying temperatures.
(d) Representative height-mode AFM image of R-TTI (0.03 wt %) spin coated from the isopropanol solution on a silicon wafer substrate. (e)
Temperature-dependent degree of aggregation (αAgg) of R-TTI calculated from the absorption coefficients at λ = 380 nm at a rate of 1 K/min. The
degree of aggregation (αAgg) was fitted with a cooperative model. (f) Schematic representation of the supramolecular polymerization process via
slow cooling for R-TTI. See the self-assembly data of S-TTI in the Supporting Information.
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shifted region at low temperatures. The broader and decreased
fluorescence intensity at lower temperatures indicates the
presence of H-type aggregated species (Figure S21).57,58

Circular dichroism (CD) spectroscopic measurements were
conducted to reveal the features of chirality in the R-TTI
assemblies. Figure 2c shows bisignate CD signals for self-
assembled structures at temperatures below 0 °C. No CD
signals of N-TTI were detected in all of the temperature ranges
tested. The Cotton effect was observed with two positive peaks
at 305 and 356 nm and a negative peak at 332 nm. Upon

decreasing the temperature, the CD signals in the range of
332−400 nm were found to increase and occur below 0 °C,
whereas the CD signals in the range of 280−331 nm decreased.
The CD signal in the range of 332−400 nm, which occurs
during self-assembly at lower temperatures, corresponds to the
absorption band of π−π* transitions. In chloroform, the CD
signal remained consistent in the range of 280−320 nm
irrespective of temperature, indicating that it originated from
molecular chirality (Figure S20b). Therefore, the CD signals in
the range of 280−331 and 332−400 nm were attributed to the

Figure 3. (a) Schematic representation of the radical-mediated structure variation process under UV light irradiation. (b) Experimental and
simulated EPR spectra during UV irradiation of R-TTI (0.03 wt %) in the presence of 5,5-dimethyl-1-pyrroline N-oxide (DMPO) (∼50 equiv) in
N2-saturated isopropanol. (c) Relative amounts of DMPO/•C3H6OH radicals and DMPO/C3H7O• radicals generated for different irradiation
times. (d) Possible mechanisms for the formation of radical species under UV irradiation of R-TTI in isopropanol solvent. (e) CD spectra of
postassembled R-TTI unimer after different UV irradiation time. (f) CD spectra of preassembled R-TTI assemblies under different UV irradiation
time.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.3c01189
Macromolecules XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c01189/suppl_file/ma3c01189_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c01189/suppl_file/ma3c01189_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c01189?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c01189?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c01189?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c01189?fig=fig3&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.3c01189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


dominance of the monomeric and assembled states,
respectively. The point chirality was transferred to the
triphenylene core in the monomeric state and then aggregation
occurred in the cooling process, resulting in the H-band in the
CD signals. The S-TTI self-assembly was characterized by
using VT-NMR and VT-UV/vis spectroscopies (Figure
S22a,b). The CD spectra of the R-TTI and S-TTI assemblies
displayed mirror images of each other, indicating an apparent
enantiomeric relationship (Figure S22c). In particular, the
similarity in the trends of changes in absorbance with
temperature for R-TTI and S-TTI indicates that their self-
assembly behaviors align with each other despite their opposite
chirality (Figure S23). The AFM image of R-TTI assemblies
showed well-defined nanofibers with a uniform average
diameter of 23.7 ± 1.6 nm similar to that for N-TTI assemblies
(Figure 2d). Unfortunately, because the supramolecular
chirality of R-TTI was as low as the molecular chirality in
the CD spectrum, it was difficult to observe the helical
structures in the AFM image. The transmission electron
microscopy (TEM) images of the N-TTI assemblies showed
straight nanofibers with a diameter of 20−50 nm (Figure
S24a−c). The length of the nanofibers was in the range of 5−
10 μm. The TEM images of the R-TTI and S-TTI assemblies
also exhibited the presence of rigid nanofibers, accompanied by
partially distorted twisting and bending features (Figure S24d−
i).
The absorption band at 380 nm was monitored as a function

of temperature at a rate of 0.5−10 K/min to obtain the specific
temperature at which the assemblies began to grow (Figure
S25). These abrupt changes are typically observed in
cooperative supramolecular polymerization with nucleation
and elongation stages (Figure 2f). Indeed, the cooperative
fitting successfully matched the data, while the isodesmic
fitting failed (Figure 2e and Table S1). Interestingly, thermal
hysteresis was observed during the assembly and disassembly
processes, indicating that the critical elongation temperatures
are clearly determined as Te′ and Te in the cooling and heating
processes, respectively. As the heating and cooling rates
decreased from 10 to 0.5 K/min, the Te and Te′ values
increased from 30 to 38 °C and from 4 to 12 °C, respectively.
These results reveal that the supramolecular polymerization of
R-TTI does not keep up with the rapid temperature changes
under kinetic control.59,60 By diluting the total concentration
of R-TTI (cT), a linear decrease in the Te′ was observed in the
van’t Hoff plot. From this analysis, the standard enthalpy
(ΔH°) and entropy (ΔS°) were estimated to be −41.9 kJ
mol−1 and −84.0 J mol−1 K−1, respectively (Figure S26).
To investigate the effect of molecular level chirality on the

supramolecular structure, X-ray scattering was performed on
N-TTI and R-TTI assemblies. The difference in the crystal
structure caused by the π−π stacking in the achiral and chiral
systems was analyzed using X-ray diffraction (XRD) measure-
ments. The XRD pattern in its film state showed a single broad
peak at approximately 20° corresponding to a spacing of 0.40
nm, resulting from the intermolecular distance between the
stacked triphenylene moieties (Figure S27). Synchrotron
small- and wide-angle X-ray scattering (SAXS and WAXS)
experiments were also performed to investigate the crystalline
phases and interatomic spacings in the unit cells. The N-TTI
displayed diffraction peaks adopting a cubic geometry with the
Im3̅m phase in the high-q region of the WAXS pattern (Figure
S28a and Table S2).61 The schematic illustration shows that
the columns of N-TTI are arranged in a quasi-cubic geometry

with a lattice size of 3.2 nm (Figure S28c). In the chiral system,
the diffraction peaks corresponded to crystalline phases with a
rectangular geometry and a P222 space group (Figure S28b
and Table S3).62,63 The size of the unit cell was determined
based on the values obtained from the diffraction pattern
(Figure S28d). Interestingly, the arrangement of N-TTI and R-
TTI with imide bonds contrasts with that of triphenylene-
based mesogens, which self-assemble into a hexagonal
columnar geometry.64,65 Because no diffraction peaks appeared
in the low-q region of the SAXS pattern (Figure S29), it is
estimated that N-TTI and R-TTI are cubic and complicated
crystalline phases, respectively, based on the results obtained
from the WAXS pattern.
To investigate the formation of radical species for TTI via

the photoredox process, electron paramagnetic resonance
(EPR) spectroscopy was performed using 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) as a spin-trapping reagent to
detect short-lived radical species (Figure 3a). The radical-
mediated structural variation process under light irradiation
can be rapidly confirmed through CD measurement using R-
TTI as a representative compound. The deoxygenated solution
of R-TTI with DMPO was irradiated in situ in the EPR
capillary at room temperature by using UV light (365 nm).
When R-TTI was irradiated in isopropanol containing DMPO,
EPR-detectable signals were observed (Figures 3b and S30).
The highest EPR intensity was observed after 10 min of
irradiation, which subsequently decreased. The simulation of
the EPR spectra obtained at 5, 10, and 30 min of irradiation
time based on the hyperfine splitting constants of DMPO
radical adducts in the naphthalene diimides66 was conducted
to achieve detailed information from the spectra. Specifically,
the simulated spectrum in Figure 3b contains contributions
from two radical species identified as DMPO adducts with
C 3 H 7 O • ( DM PO / C 3 H 7 O • ) a n d • C 3 H 6 OH
(DMPO/•C3H6OH) radicals produced in isopropanol. It
should be noted that the signals corresponding to the TTI•−

radical anions did not obtain, possibly due to the short lifetime
of the radicals that are unable to detect in the EPR time scale.
The calculated g-values and hyperfine splitting constants (aN,
aHβ, and aHγ) are listed in Table S4. The DMPO/C3H7O•

adduct is the dominating radical species in all spectra (Figure
3c). The population of the entire radical species increases as
the light irradiation time increases to 10 min, which then
decreases because the amount of attenuation is greater than
that of formation by the short-lived feature of the radicals. The
relative ratio of the DMPO/C3H7O• radical decreases over
time, whereas that of the DMPO/•C3H6OH radical increases.
The amount of radical species produced by irradiation was
0.113 mM (38%) and 0.222 mM (74%) with respect to R-TTI
at 5 and 10 min, respectively, based on the calibration curve
constructed using the EPR signals of 2,2,6,6-tetramethylpiper-
idine 1-oxyl (TEMPO) as a standard (Figure S31). The
proposed mechanisms for radical formation during the UV
irradiation of R-TTI in isopropanol are shown in Figure 3d.
The radical cation TTI•+ and radical anion TTI•− are
photogenerated directly from a singlet state excimer of TTI
dimers because the excited state TTI can be quenched through
electron transfer from TTI in the ground state. The radical
cation TTI•+ acts as an oxidant and can be reduced to TTI by
oxidizing isopropanol to form the C3H7O• radical. The
photogenerated triplet state can be self-quenched, producing
the radical cation TTI•+ and radical anion TTI•−. Furthermore,
the TTI triplet can be quenched by an electron transfer from
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isopropyl alcohol, leading to the formation of TTI•− with
C3H7O• and •C3H6OH radicals.
Furthermore, the generation of radical anions for R-TTI was

detected by using cytochrome c as a model compound.
Cytochrome c is a small redox protein involved in the
mitochondrial electron-transfer system, which includes a heme
group where the central iron atom can be reduced from the
Fe3+ to the Fe2+ state. Free radicals from organic redox
molecules, such as naphthalene diimide derivatives, can be
used to reduce cytochrome c.45 The absorption spectra of an
aqueous solution containing cytochrome c and R-TTI were
measured with respect to the UV irradiation time. A red shift in
the Soret band at 414 nm and new absorption bands at 520
and 549 nm were observed (Figure S32a), which are typical
spectral changes of the reduced cytochrome c. The reduction
kinetics of cytochrome c were investigated by monitoring the
absorption band at 549 nm under light irradiation. As shown in
Figure S32b, cytochrome c was fully reduced in 60 s. These
results suggest that the photogenerated transient species are
derived from TTI via an imide radical anion.

The effect of the radical anion TTI•− due to light irradiation
on the self-assembly process was investigated via CD
measurement. After the unimer solutions of R-TTI were
irradiated with UV light, the self-assembly was facilitated by
cooling the solutions to −10 °C. This process leads to the
formation of TTI•−, while monitoring its supramolecular
polymerization behavior. When the chiral monomer (R-TTI)
is irradiated with light, the resulting radical anion in Figure 3e
exhibits a CD signal in the range of 280−320 nm, indicating
the presence of molecular chirality. When the unimer was
irradiated with UV light, the CD intensity corresponding to the
supramolecular polymers was reduced with respect to the
irradiation time, implying that the radical anion TTI•−

prevents the self-assembly of the unimer (Figure 3e). The
decrease in the CD intensity saturated at 10 min when the
population of radical species was the highest. The self-assembly
hardly proceeds when the production of the radical anions is
saturated as confirmed by AFM measurement (Figures 3a and
S33). It is expected that fiber growth was suppressed due to the
electrostatic repulsion between radical anions. Furthermore,

Figure 4. Electrostatic potential contour diagrams taken from the side view of (a) neutral and (b) radical anion of simplified TTI. Gibbs free-energy
profiles for TTI assemblies (i.e., trimers) in (c) three neutral unimers, (d) two neutral and one radical anion unimers, (e) one neutral and two
radical anion unimers, and (f) three radical anion unimers. U, D, and T indicate the unimer, dimer, and trimer, respectively. The inset image shows
the most stable state in the corresponding combination. The molecular structure of TTI was simplified by substituting the side chains with methoxy
groups, and optimized geometries of TTI unimer, dimer, and trimer are summarized in Tables S5−S7. Refer to the Supporting Information for
details.
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radical species were generated in 2-propanol, the assembly
solvent, which could have restricted the fiber growth due to
changes in the self-assembly environment. The Te′ values of R-
TTI in the cooling processes were reduced from 4 to 0 °C with
irradiation time, resulting from limited fiber growth (Figure
S34). On the other hand, when the supramolecular polymer
was irradiated with UV light, the CD intensity hardly changed
with irradiation time (Figure 3f). The red shift in the Soret
band and new absorption bands at 520 and 549 nm in the
absorption spectra measured at 25 °C indicate that radical
anion TTI•− was generated in the unimer state upon light
irradiation (Figure S35a). However, little change was observed
in the absorption spectrum measured at −10 °C under light
irradiation (Figure S35b). Therefore, it can be assumed that
the formation of radical anions is difficult because the reaction
between the alcohol solvent and imide bonds does not occur
efficiently in the supramolecular state due to strong
intermolecular interactions. Another hypothesis states that
the fast coupling between radical anions occurs due to the
intermolecular interactions,51,52,67−69 resulting in no disassem-
bly of the supramolecular polymers. Furthermore, when the N-
TTI unimer was irradiated with UV light, the absorbance
decreased with irradiation time, indicating limited growth
(Figure S36).
UV light irradiation of the unimer solution caused the

formation of radical anions in aromatic imide units, which
limited continuous growth by generating inactive building
blocks. When the critical time was exceeded, the self-assembly
did not proceed due to the completely deactivated unimers.
Conversely, the irradiation of the supramolecular polymer
solution had no critical influence on the self-assembly process
because the light absorption was restrained due to its
aggregated state. Although the phototriggered deactivation of
unimers via a reduction reaction was the first example, the
reactivation of the radical anion into the original unimer form
could not be realized via an oxidation reaction possibly because
the resulting structural variation could not be recovered owing
to the reactivity of the active radical species (Figure S37).
To demonstrate the limited growth that occurs due to the

unfavorable electrostatic repulsion between radical anions, the
electrostatic potential and Gibbs free energy of the neutral
state as well as radical anion were approximated based on
density functional theory (DFT) using ωB97XD functional
and 6-31G(d) basis sets (see details in the Supporting
Information). As shown in the electrostatic potential contour
diagrams of Figure 4a,b, radical anion TTI•− has a high
negative electrostatic potential of −2.2 eV on the aromatic core
unit compared to that of neutral TTI, which significantly
affects the self-assembly. To further understand the impact of
radical anion on self-assembly, Gibbs free-energy profiles were
calculated for TTI assemblies consisting of various combina-
tions of neutral and radical anion unimers. Figure 4c,d shows
that the Gibbs free energy gradually decreased as TTI
assemblies proceeded due to π−π stacking interactions in the
neutral state and the state with one radical anion and two
neutral unimers, indicating the self-assembly (e.g., trimeriza-
tion), is energetically favored. However, when there are two
radical anions and one neutral unimer, dimerization becomes
more stable than trimerization (Figure 4e). Furthermore, the
self-assembly process in the state with only a radical anion is
energetically unfavorable due to electrostatic repulsion
between radical anions (Figure 4f). DFT results suggest that
the molecular interactions become less favorable as the ratio of

radical anions increases, which is in good agreement with the
limited growth with respect to UV irradiation time.
Finally, chiral sensing experiments were conducted to

explore the potential applicability of chiral supramolecular
polymers for the detection of chiral aromatic compounds
(Figure S38). Specifically, R/S-methylbenzylamine and benzyl-
amine were used as the chiral and achiral quenchers,
respectively. Due to the fluorescent behavior of the
triphenylene moiety, all TTI assemblies acted as sensors
utilizing a fluorescence quenching mechanism.70 The intro-
duction of quenchers induces a decrease in the fluorescence
intensity of TTI, which is attributed to the formation of
charge-transfer complexes. Notably, the R/S-TTI assemblies
exhibited a higher quenching efficiency for analytes with the
same chirality than for those with opposite chirality.
Consequently, the chiral quenchers could be selectively
detected depending on the chirality of the supramolecular
polymer.

3. CONCLUSIONS
C3-symmetric TTI as a new aromatic imide compound
comprised a conjugated triphenylene core and three elongated
OEG side chains connected via imide linkages. The supra-
molecular polymers were obtained by slowly cooling the
solution of TTI unimers. Through π−π stacking and
hydrophilic/hydrophobic interactions, TTI formed long
fibrous supramolecular polymers, which was confirmed by
AFM and TEM observations. The fibers assembled from the R-
TTI unimer were twisted at some point along the main axis.
The molecular packing structures of N-TTI and R-TTI were
assigned to cubic and rectangular phases, respectively, as
determined by WAXS measurements.
Notably, UV light irradiation formed radical anions by

reducing the R-TTI unimers. Based on the experimental and
simulated EPR results, it was possible to indirectly prove the
generation of radical anions in the R-TTI unimer through the
presence of radical signals from the alcohol solvent. The
formation of radical anions induced structural changes,
resulting in the limited growth of the fibrous assemblies of
R-TTI. When UV light was irradiated on the R-TTI assemblies,
the supramolecular structure was maintained, owing to its tight
intermolecular interactions. Our study elucidated that the
dynamic chiral supramolecular assembly can be realized in a
new C3-symmetric aromatic imide compound by the radical
anions generated upon UV light irradiation. We anticipate this
study provides a new platform for designing and understanding
phototriggered supramolecular systems.
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