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Self-Assembled Sugar-Substituted Perylene Diimide
Nanostructures with Homochirality and High Gas

Sensitivity

Jianchen Hu, Wenfeng Kuang, Ke Deng, Wenjun Zou, Yongwei Huang,*

Zhixiang Wei,* and Charl F.J. Faul

A new symmetrical sugar-based perylenediimide derivative PTCDI-BAG is
synthesized and its aggregate morphologies and formation mechanisms

are studied in detail in the mixed solvent system water/N, N-dimethylfor-
mamide (H,O/DMF) with changing volume ratios. PTCDI-BAG molecules
self-assemble into planar ribbons in 20/80 and 40/60 H,O/DMF (v/v), but
their chiralities are opposite according to recorded circular dichroism (CD)
spectra. With a further increase of the water content, only left-handed helical
nanowires are obtained in 60/40 and 80/20 H,O/DMF (v/v) mixtures. By
combining density functional theory (DFT) calculations with the experimental
investigations, it is proposed that kinetic and thermodynamic factors play key
roles in tuning PTCDI-BAG structures and helicity. The formation of the ribbon
is thermodynamically controlled in the 20/80 H,O/DMF system, but kineti-
cally controlled nucleation followed by thermodynamically controlled self-
assembly plays the governing roles for the formation of nanoribbons in 40/60
H,O/DMF. Devices based on single nanoribbons for hydrazine sensing exhibit
better performance than nanofiber bundles obtained in this study and achiral

1. Introduction

Control over the self-assembly of elabo-
rately designed organic molecules is a chal-
lenging topic for interdisciplinary research
in the fields of chemistry, biology, and mate-
rials science, as self-assembly provides a
spontaneous route towards the generation
of well-defined, discrete supramolecular
architectures from such molecular compo-
nents under thermodynamic equilibrium. !
In particular, there is growing interest in
the design of synthetic molecules that are
able to self-assemble into compact helical
aggregates with specific shape and novel
functionalities.? However, the process
for molecules to self-assemble into helical
aggregates, not only in solution but also at
surfaces and interfaces, is highly complex.
A range of parameters often influences

dadvd T1TInd

the supramolecular structures of the syn-
thetic molecules, including environmental
parameters such as the nature of the sol-
vent, temperature, or any combination of
these.l’] Very often, the balance between
these parameters is subtle, with seemingly
slight changes in experimental conditions
leading to drastic changes in the supramolecular structures and
helicity. Understanding the kinetic and thermodynamics factors
that can control the self-assembly process should therefore lead
to pathways for the controlled production of chiral superstruc-
tures for high performance devices.!"!

The large number of naturally available chiral molecules pro-
vide a rich library of attractive building blocks for use in the
design of self-assembling systems.! One of the most famous
families, after the amino acids, is the sugar-based derivatives
in which the sugar entity not only exhibits inherent chiral
effects in self-assembly processes, but also supplies hydrogen-
bonding interactions for selective solvent interactions.®! Both
of these are driving forces for the formation of the self-assem-
bled helical aggregates. Moreover, helical architectures created
from m-systems are of special interest owing to their poten-
tial applications as active components in organic electronic
devices.>”l In particular, various examples of molecules with
extended 7-conjugated ring systems, such as phthalocyanines,®!

nanostructures reported in previous study. This study not only provides an
elaborated route to tuning the structures and helicity of PTCDI molecules,
but also provides new possibilities for the construction of high-performance
nanodevices.
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hexabenzocoronenes,”) and perylene bisimides (PTCDI),!
have been reported to form n stacks with helical supramo-
lecular structures. We recently showed that asymmetric sub-
stitution of a perylene core with a sugar moiety lead to the
formation of helical nanowires, where the handedness of the
wires depended on the polarity of the solvent from which the
wires were prepared.l! These proved that such m-conjugated
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molecules bearing saccharide groups could lead to the develop-
ment of a robust system for further investigation into the fac-
tors governing the formation of helical aggregates.

In the present study, a new symmetrical sugar-based perylene
diimide derivative N,N’-bis((4-aminophenyl)-a-D-gluco-
pyranoside)-perylene-3,4:9,10-tetracarboxylbisimide =~ (PTCDI-
BAG, Scheme 1) was synthesized. Aggregation behavior,
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S2-ll : Left-handed S3-ll : Left-handed
superhelix

S1-ll : Right-handed

column column

Scheme 1. Molecular structure, kinetic and thermodynamic controlled self-assembly processes of PTCDI-BAG. Right-handed nucleation by thermo-
dynamic controlled process results in right-handed columnar mesophases, while left-handed nucleation by kinetically controlled processes result in
left-handed columnar mesophases or left-handed superhelical nanofibers (depending on the ratio of water/DMF).
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morphologies and formation mechanism of helical supramo-
lecular aggregates in H20/DMF mixed solvent systems (with
changing volume ratios) were studied in detail. PTCDI was
selected as central building block for self-assembly on the basis
of geometry (strong, well-studied 77 interactions),') and func-
tion (optoelectronic properties).l'?l The combination here with
carbohydrates provide, at the same time, a source of supramo-
lecular chirality for the m-stacking PTCDI molecules. With our
results revealing that kinetic and thermodynamic control over
the nucleation and self-assembly processes play an important
role in tuning the supramolecular structures and their helicity
(and thus enabling the formation of well-defined nanoribbons
with varying helicity), this study provides a detailed and funda-
mental understanding of the factors that control the formation
of self-assembled nanostructures of chiral-conjugated molecules.
Devices based on single nanoribbons for hydrazine sensing
exhibited better performance than nanofiber bundles obtained
in this study and achiral nanostructures reported in previous
study. It is expected that insights gained from this approach will
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lead to establishing the factors that influence the relationship
between nanostructured morphologies and physical properties.

2. Results and Discussion

In order to study the effect and influence of solvents on the
kinetic and thermodynamic control of the self-assembly of
PTCDI-BAG, a wide range of solvents were investigated. The
result revealed that the complex has high solubility only in
DMF, and is practically insoluble in water, ethanol, meth-
anol, chloroform, and dichloromethane. Herein, we therefore
selected water and DMF to form H,0/DMF mixed solvent sys-
tems (with varying volume ratio) to further study solvent impact
on the structures and helicity of PTCDI-BAG aggregates.

The morphologies of PTCDI-BAG in H,0/DMF mixed
solvents (with different volume ratios at a concentration of
0.06 mg-mL™") were examined by transmission electron micro-
scopy (TEM). As shown in Figure 1a, planar ribbons with an

Figure 1. TEM images of PTCDI-BAG nanostructures obtained from H,0/DMF mixed solvents (0.06 mg-mL™") with different volume ratios of (a) 20/80;
(b); 40/60 (c) 60/40 and (d) 80/20. The inserts in c and d indicate the left-handed helical sense of the nanofibers. The samples were prepared after an

equilibration period of 48 h at room temperature.
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Figure 2. (a) UV-Vis and (b) CD spectra of the PTCDI-BAG molecules in different volume ratios of H,O/DMF mixed solvents. The samples were

characterized after an equilibration period of 48 h at room temperature.

average diameter of ca. 500 nm were generated in 20/80 H,0/
DMF (v/v). With increasing content of water up to 40 vol%
planar ribbons were still obtained, but the diameters of rib-
bons progressively decreased to 100-300 nm (Figure 1b). When
the water content exceeded 40 vol%, nanofibers with diam-
eters smaller than 50 nm were obtained (i.e., in the 60/40 and
80/20 H,O/DMF systems, Figure 1c and d).

Interestingly, left-handed helical structures were clearly
observed in Figure 1c and d, indicating that the chiral groups
played an important role in the formation of nanostructures.
These results suggest that the content of water in the com-
bined solvent system has a great impact on the variation in the
aggregated morphologies of PTCDI-BAG. The morphologies
observed by TEM were further confirmed by scanning electron
microscope (SEM) investigation, proving that the morphologies
were uniform in all the samples (see Figure S1 in Supporting
Information).

To understand the aggregation of PTCDI-BAG in H,0/DMF
mixtures, UV-Vis absorption and CD spectra were recorded for
various H,O/DMF volume ratios (Figure 2). When 20 vol%
H,0 was gradually added to the DMF solution, the absorption
peak at 490 nm, compared to that at 518 nm, was dramatically
enhanced, indicating the onset of aggregation.'*l With further
H,0 addition (reaching 40 vol%), the intensity ratio continued
to increase (Figure 2a). When the content of water exceeded
40 vol%, a new shoulder peak was observed at approximately
550 nm. This pronounced absorption band at longer wave-
lengths is typically a sign of effective m—r interactions in a co-
facial configuration of molecular stacking, which was further
supported by fluorescence spectra as shown in Figure S$2.114

Accordingly, intense Cotton effects were observed for
PTCDI-BAG molecules in H,0/DMF mixtures. As shown in
Figure 2b, the CD spectrum of PTCDI-BAG in 20/80 H,0/
DMF(v/v) showed a bisignate CD signal with a negative
CD signal at 450 nm and a positive CD signal at ca. 525 nm
(crossover at 490 nm). A bisignate CD signal is indicative of
chiral excitonic coupling that arises when chromophores are
aggregated with their transition dipoles oriented in a hel-
ical fashion.'! The bisignate negative/positive signal with
increasing wavelength indicates that the PTCDI-BAG molecules
adopted a right-handed helical arrangement.!!!

With an increase in H,O content to 40%, PTCDI-BAG aggre-
gation exhibited the opposite behavior in terms of chirality,

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and produced mirror image Cotton effects. A positive CD peak
at 450 nm and a negative CD peak at ca. 525 nm were found
in the CD spectrum of PTCDI-BAG in 40/60 H,0/DMF (v/v)
(Figure 2b). The position of the CD bands changed and was
less intense with further increases of the H,O content to 60 and
80 vol%. The bisignate signal, characterized by a change from
positive to negative with increasing wavelength, indicates a left-
handed or counter-clockwise helical arrangement of the transi-
tion dipoles,!'® which was consistent with the TEM and SEM
observations (Figure 1c and 1d) as discussed above.

To further trace the effect of the solvents on the aggrega-
tion behavior and elucidate the self-assembly mechanism of
the planar ribbons, time-dependent UV-Vis and CD spectra of
PTCDI-BAG molecules in different H,O/DMF (v/v) ratios were
recorded to monitor the self-assembly process. As shown in
Figure 3a, the intensity ratio of the absorption peaks at 490 nm
and 518 nm was gradually enhanced with the extension of time
from 0 to 48 h, which indicated that increased -7 stacking
occurred between PTCDI-BAG molecules in 20/80 H,0/DMF
water (v/v).[6¢13]

Accordingly, there was almost no CD signal at the ini-
tial state, and a weak bisignate CD signal with a negative CD
peak at 450 nm and a positive peak at 525 nm that developed
in the CD spectrum after 2 h. The intensity was dramatically
enhanced with the extension of time to 48 h (Figure 3b). The
CD spectra clearly showed that PTCDI-BAG molecules adopted
a right-handed helical arrangement in the nucleation stage of
the assembly process. The nuclei further aggregated into high-
level aggregates by this preferred right-handed way, accompa-
nied by an enhancement in CD signal until supramolecular
structures, namely planar nanoribbons, were formed. This pro-
gression and consolidation of the initial nucleation step into the
same right-handed self-assembled ribbons in 20/80 H,0/DMF
provided clear evidence of a thermodynamically controlled
assembly process.[”]

However, some significant changes were observed in the
UV-Vis and CD spectra of PTCDI-BAG molecules with an
increase in water content to 40% in DMF. As shown in the UV/
Vis data (Figure 3c), the intensity ratio of the absorption peak
at 490 nm to that at 518 nm was further increased compared
to that in 20/80 H,O/DMF. Moreover, a shoulder peak at ca.
600 nm was dramatically enhanced, which indicates a much
higher degree of w7 stacking between PTCDI-BAG molecules

Adv. Funct. Mater. 2012, 22, 4149-4158
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Figure 3. Time-dependent (a, c, e) UV-Vis and (b, d, f) CD spectra of PTCDI-BAG molecules in 20/80, 40/60, 60/40 H,O/DMF (v/v) mixed solvents,

respectively.

in the 40/60 H,0O/DMF system. Recording the CD spectrum in
40/60 H,O/DMF solution showed weak CD signals in the ini-
tial stage of the aggregation process (Figure 3d). By these weak
CD signals it was difficult to determine the handness, but TEM
image clearly showed left-handed nuclei at the initial stage (See
later in Figure 4a). With the extension of time to more than
2 h, the CD signals were red shifted significantly to 450 nm and
525 nm, and a clear left-handed helix could be determined by
CD signals. This result indicated the nuclei formed in the 40/60
H,0/DMF system were metastable, and that this state was most
probably kinetically controlled. The metastable nuclei evolved
into a stable supramolecular state of left-handed ribbons, which
was achieved via a thermodynamically controlled process.B®
The CD results obtained here are similar to that in 60/40 H,0/

Adv. Funct. Mater. 2012, 22, 4149-4158
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DMF (Figure 3f), also indicating a left-handed helical arrange-
ment of the aggregated assemblies.

In the 60/40 H,O/DMF system, although the development
of the CD spectra are initially similar to that of the 40/60 H,0/
DMF system, it was not possible to reach a thermodynamically
stable state due to strong aggregation at the initial stage of the
assembly process (as indicated by its UV spectrum, Figure 3e).
The spectra at 80/20 H,0/DMF were similar to that of 60/40
(Figure S3 in Supporting Information).

To further elucidate the formation mechanism of the planar
ribbons, time-dependent evolution of PTCDI-BAG aggrega-
tion in 40/60 H,O/DMF was characterized in detail by TEM.
As shown in Figure 4a, when 40 vol% water was added into
the DMF solution, PTCDI-BAG molecules rapidly aggregated
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Figure 4. Time-dependent evolution of PTCDI-BAG nanostructures in H,0O/DMF binary solutions (40/60, v/v) at concentration of 0.06 mg:mL™" with

different time intervals of (a) 0 h; (b) 1 h; (c) 4 h; (d) 48 h.

and further self-assembled into left-handed nanowires by virtue
of the m—r stacking between the perylene groups. The elemen-
tary wires then tightly packed together, driven by the hydrogen
bonding between the sugar moieties, to form bundles as
recorded in Figure 4b and 4c. These bundles align and pack side-
by-side, thereby forming planar ribbons (Figure 4d). Although
individual wires are curved and seemingly flexible, the ribbons
composed of the wires are hard and brittle. A similar observa-
tion was also reported for the glycouril-based gelating system
by Menger et al.ll% and aryl-glycolipids system by Shimizu
et al.l”] Tt should be noted that although the ribbons formed in
40/60 H,0/DMF did not show any chiral morphology, obvious
Cotton effects were observed, suggesting ribbon-like structures
were formed by organized helical stacking of PTCDI molecules.
The results from 20/80 H,O/DMF are illustrated in Figure S4
in Supporting Information. The nanoribbons at 20/80 H,0/
DMF were formed by a very similar process, but their prelimi-
nary nanowires are right-handed, which is consistent with the
results of CD spectra (Figure 3b).

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The crystalline structure of the nanoribbons was further
investigated by high resolution transmission electron micros-
copy (HRTEM), selected-area electron diffraction (SAED) and
X-ray diffraction (XRD). HRTEM showed highly ordered struc-
tures with an inter-columnar distance of ca. 3.0 nm (Figure 5a).
The XRD patterns (Figure 5c) displayed a series of sharp dif-
fraction lines, implying the formation of a crystalline structure.
Detailed analysis showed that the crystalline phase of these
nanoribbons were orthorhombic, with cell parameters of a =
23.84 A, b =678 A, c =30.06 A, and y = 129.2°. This result
was further supported by SAED (Figure 5b). Electron diffrac-
tion results showed a d-spacing of 3.6 A in the longitudinal
nanoribbon direction, which suggests that the molecules are
oriented with their long axis perpendicular to the ribbon and
the m-r stacking direction parallel to the ribbon. The 3.6 A
-7 stacking distance between two adjacent molecular planes
is consistent with that of other PTCDI molecules.’¥! Com-
bining this information with the helical twist of PTCDI-BAG
molecules, a molecular stacking model in nanoribbons were

Adv. Funct. Mater. 2012, 22, 4149-4158
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Figure 5. (a) HRTEM image with the m-stacking distance indicated, (b) SEAD pattern of a single nanoribbon in H,O/DMF (40/60, v/v) binary solu-
tions, (c) XRD pattern, and (d) mesophase model of the nanoribbon. The sample was obtained at a concentration of 0.06 mg-mL™" with time intervals

of 48 h.

proposed, as shown in Figure 1 and Figure 5d. A very similar
crystalline structures was obtained from the SAED of nanori-
bbon obtained for 20/80 H,O/DMF system (see Figure S5 in
Supporting Information). Since crystal structure analysis is
crucial to understanding microstructure-function relationships,
based on the presented data, high charge carrier transport is
highly likely for PTCDI-BAG nanoribbons (see later).*"]
Keeping the presented data in mind, we can now proceed
to detailed analyses of the assembly processes involved. The
PTCDI-BAG molecule in our study is unique in that its struc-
ture consists of a hydrophobic perylene scaffold with hydrophilic
galactosyl residues on either side. When dissolved in DMF,
both the perylene scaffold and galactosyl residues exhibit good
solubility (Scheme 1, S, state). Upon adding a small amount of
water (20 vol%) into PTCDI-BAG DMF solution, the perylene
diimide scaffold that has low solubility in water will aggregate
into nuclei (Scheme 1, S;-I state) with right-handed helical
arrangement at first under thermodynamic control. The formed
nuclei then self-assemble into nanoribbons with a right-handed
helical architecture (Scheme 1, S;-II state) by 7 stacking of the
perylene scaffold via a thermodynamically controlled process.

Adv. Funct. Mater. 2012, 22, 4149-4158
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However, when a relative large amount of water (40 vol%)
is added into the DMF solution, PTCDI-BAG molecules aggre-
gate rapidly into nuclei with a left-handed helical arrangement
(Scheme 1, S,-I state) via a kinetically controlled process due
to the dramatic decrease in solubility. The nuclei then evolve
into stable nanoribbons by a slow self-assembly process. Owing
to the sergeant and soldiers rule,'" the helicity of nanoribbons
(ascertained by CD investigations) was left-handed, following
the helicity of kinetically controlled nucleation process. This
deduction was further confirmed by increasing the water ratios
to 60% and 80%, and in both cases left-handed helical stacking
(Scheme 1, S5-I state) and left-handed helical nanofibers were
obtained (Scheme 1, S5-I state).

DFT calculations were performed to investigate the thermo-
dynamic process to form such chiral architectures. Exploring
different orientations of the end galactosyl groups, there are
three possible geometric configurations available for PTCDI-
BAG (Figure S6 in Supporting Information). DFT optimiza-
tions show that the most energetically preferable geometry
is the one in which both the end galactosyl groups exhibit a
preferred anti-clockwise orientation relative to the center of
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Figure 6. Simulations to investigate the energy dependence on rotation
of the PTCDI-BAG upper molecules in a stacked dimer. The upper mol-
ecule rotates gradually with the rotation angle changing from 0° to 90°
(right-handed) /from 0° to —90° (left-handed). The binding energy equals
the total energy of the dimer minus the energy of the two separate mole-
cules. The positive binding energy means the system is unstable, whereas
the negative binding energy means the system is stable.

the molecule. Thus, it is reasonable to consider such a geom-
etry as the preferred and stable building block in the chiral
architecture.

Using the optimized structures, stable structures of a molec-
ular dimer were then investigated. The molecules preferred to
stack with a vertical distance of 3.5 A, which is obtained from
the experimental XRD and SEAD data. It also suggests that
the n—7 interaction plays an essential role in the formation
of the nucleation. The galactosyl groups, however, should affect
the chirality of the helix. Due to the steric hindrance of the
galactosyl groups, the adjacent molecules should rotate a cer-
tain angle to reach the conformation with the minimal system
energy. With the molecules coaxially arranged, the energy
dependence on rotation angle was calculated and is presented
in Figure 6.

It shows that, at first, where the two molecules are stacked
in a totally eclipsed fashion and the rotation angle = 0°, the
binding energy of the system is positive, which means the
system is unstable. During the subsequent rotation process,
the upper molecule rotates gradually with the rotation angle
changing from 0° to 90° (right-handed) and from 0° to —90°(left-
handed), and the binding energy of the system changes from
positive to negative; that is, the system becomes more stable
compared to the starting structure. In Scheme 1, the struc-
ture with the right-handed rotation angle 28.5° has the lowest
binding energy, indicating that such a structure is the most
stable. This agrees very well with our experimental observation
of right-handed chirality of the nuclei.

It is interesting to note that at a rotation angle = -23.3° (left-
handed), the system has a less stable local minimum. This
result suggests that although it is not the most thermodynami-
cally preferred state, it still can occur kinetically, thus providing

wileyonlinelibrary.com

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.MaterlalsVIews.com

theoretical support for our experimental observation of the left-
handed nuclei at higher water content. As nucleation processes
normally need to overcome a free energy barrier,2% we suggest
kinetic factors determined the formation of left-handed nuclei
by overcoming smaller free energy barriers than that of right-
handed nuclei. When the water content is higher than 40%,
fast aggregation of PTCDI-BAG molecules helped the forma-
tion and trapping of the left-handed helical stacking at the ini-
tial stages.

As organic semiconductor materials, homochiral 7
conjugated molecules have exhibited increased charge-carrier
mobilities as a result of the higher molecular order imparted
by the helical stacking arrangement.'%®2!] Therefore, the
change in conductivity of a single nanoribbon formed at 40/60
H,0/DMF and nanowire bundles formed at 60/40 H,O/DMF
was recorded in hydrazine vapor using a two-probe method
(Figure 7).

The devices were prepared with architectures as in Figure 7a
and b, according to the method by Hu et al.?? As shown in
Figure 7c and d, compared to the conductivity in vacuum,
an approximately 4-orders-of-magnitude decrease in resist-
ance is observed for the nanoribbon upon exposure to hydra-
zine vapor (10 ppm). However, only a 2—3 order-of-magnitude
decrease was obtained for nanofiber bundles. Moreover, com-
pared to achiral nanostructures, chiral nanoribbons in this
study exhibited one order increase in their sensitivity.?3l The
results indicate that the high crystallinity and single-handed
chirality of nanoribbon is helpful to increase their properties
for gas sensing because of better organization of PTCDI-BAG
molecules.

3. Conclusions

A new sugar-based perylenediimide derivative PTCDI-BAG
was synthesized and its aggregate morphologies and forma-
tion mechanism in H,O/DMF solvent mixtures with changing
volume ratios were studied in detail. The results indicated
PTCDI-BAG molecules self-assembled into planar ribbons
in 20/80 and 40/60 H,O/DMF (v/v), while left-handed hel-
ical nanowires were obtained in 60/40 and 80/20 H,0/DMF
(v/v). Detailed investigation into the self-assembly mecha-
nism revealed that the formation of the ribbons was thermo-
dynamically controlled in 20/80 H,0/DMF, but a kinetically
controlled nucleation and then thermodynamically controlled
self-assembly process was responsible for the formation of
nanoribbons in 40/60 H,O/DMF (and higher H,O ratios).
These kinetic and thermodynamic factors determined the
observed opposite helical stacking in the two different nanori-
bbons, which was furthermore supported by DFT calculations.
Demonstration devices for hydrazine sensing based on single
nanoribbons exhibited better performance than nanofiber
bundle devices. This study not only provides an elaborated
pathway to tuning the structures and helicity of PTCDI mol-
ecules, but also provides the possibility to construct high-
performance nanodevice utilizing easily accessible control
mechanisms.

Adv. Funct. Mater. 2012, 22, 4149-4158
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Figure 7. Sensing properties of helical nanofibers and nanoribbons in response to exposure to hydrazine. a) and b) SEM images of the device. based on
nanofiber bundles and a single nanoribbon, respectively; c) sensing properties of a) and b) after the injection of hydrazine; d) I-V curves of nanoribbon
before and after the injection of hydrazine. Nanofibers and nanoribbons were obtained from H,O/DMF ratios of 60/40 and 40/60, respectively.

4. Experimental Section

Preparation of PTCDI-BAG Nanostructures: The synthesis and
characterization are provided in the Supplementary Information. To obtain
the supramolecular structures, PTCDI-BAG (2 mg, 2.23 X 1073 mmol) was
firstly dissolved in 2 mL DMF to obtain a stock solution at a concentration
of 1 mg:-mL™", and was then diluted to the required concentration. Water
was then injected into DMF solutions of PTCDI-BAG with H,O/DMF
volume ratios of 20/80, 40/60, 60/40, and 80/20 respectively, with the
final PTCDI-BAG concentrations were kept as a constant of 0.06 mg-mL™".
After vigorous stirring for 10 minutes, the samples were kept stationary
to self-assemble for different time intervals at room temperature.

Methods: '"H NMR was acquired using a Bruker 400 MHz NMR
spectrometer. Solid-state *C NMR was acquired using a Bruker
AVANCE IIl 400 MHz NMR spectrometer. Circular dichroism (CD)
measurements were conducted on a JASCOJ-810 spectrometer at room
temperature. UV-Vis adsorption spectra were recorded on Perkin-Elmer
Lamda 950 UV-Vis spectroscopy. Fluorescence spectra were recorded by
using a Perkin-Elmer LS 55 luminescence spectrometer. X-ray diffraction
measurements were carried out on a Japan Rigaku D/max-2500 rotation
anode X-ray diffractometer equipped with graphite monochromatized
Cu Ko radiation (A = 1.5406 A). The samples for X-ray diffraction
measurement were prepared on glass cover slips by drop casting,
followed by drying at room temperature. TEM measurement was
acquired using a TECHNAI G2 20 S-TWIN transmission electron
microscopy (200 KV). Samples were prepared by dropping a sample
(1 uL) on carbon-film-covered 200 mesh grids, followed by drying in air.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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