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An achiral disk-shaped molecule (2) having one imidazole unit was found to be assembled into long
and twisted nanoscopic fibers having 10 - 100 nm width as shown by transmission electron micro-
scopy (TEM) and atomic force microscope (AFM). Compound 2 leads to spontaneous chiral
symmetry breaking through the steric effect of imidazole units during the formation of one-
dimensional stacks. The imidazole in 2 acts as a molecular adaptor to form hydrogen bonds and
accumulate metal ions. The supramolecular connection of 2 with benzene-1,3,5-tricarboxylic acid
through the hydrogen bonds exhibited a thermotropic liquid crystalline properties. Silver nanopar-

ticles were deposited onto the self-assembled nanofibers by the photoreduction of silver ions.

Introduction

Self-assembled one-dimensional stacks composed of
polyaromatic molecules have attracted increasing atten-
tion as potential molecular components in organic elec-
tronic and optoelectronic devices.! The decoration of
polyaromatic molecules with flexible alkyl chains exhibits
birefringent mesophases,” which correspond to a colum-
nar arrangement of disklike molecules driven by the
intermolecular 77— interactions and local phase separa-
tion between flat rigid aromatic cores and peripheral side
chains. The large w—x overlap within the columnar stacks
of disklike molecules provides a transport pathway for
charge or energy.® A three-dimensionally ordered helical
liquid crystalline phase of hexahexylthiotriphenylene ex-
hibited a high mobility for photoinduced charge carriers
of the order of 0.1 cm? V™' s, and this mobility in the
liquid crystalline phase is comparable to that in organic
single crystals.* Many attempts have been achieved in
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order to enhance the optoelectronic properties of the
columnar stacks by exploring the chemical structures of
disklike molecules.’ The attachment of chiral segments with
disklike molecules provides a bias in the direction of rotation
within the stacks and form helical superstructures.®

The formation of chiral assemblies from achiral com-
pounds in the absence of chiral influences has been reported.’
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The spontaneous breaking of mirror symmetry was observed
though voltex motion during the self-assembly process of
achiral water-soluble diprotonated porphyrins.® Achiral bent-
core banana-shaped molecules exhibited macroscopic chiral-
ity in fluid smectic liquid crystals and assembled into helical
nanofilaments.” Recent studies on the self-assemblies of bent-
shaped bridging ligands having two imidazoles with AgNO3
have revealed the formation of helical chiral tubular coordi-
nation polymers.'® Here, we present an unusual example of
helical stacks made of achiral disk-shaped triphenylenes
attained because of the steric effect of imidazole segments.
Although the investigations into the relationship between the
molecular structures and supramolecular morphology have
been reported,'! self-assemblies with helical and chiral archi-
tectures have been achieved for the first time from achiral
disklike molecules.

Furthermore, imidazoles have been utilized as building
blocks to construct metallosupramolecular systems
through the formation of coordination bonds.'> We
previously reported the self-organization of gold nano-
particles into three-dimensional network structures using
thiol-terminated molecular components.'® The thiol ter-
minates served as an anchor to bind fibrous supramole-
cular assemblies to the surface of gold nanoparticles and
the accumulation of gold nanoparticles around organic
assemblies created a three-dimensional network assem-
bly. Imidazole serves as a ligand for metal ions and the
reduction of metal ions leads to the formation of nano-
particles. Here, we also discuss our demonstration of the
assembly of silver nanoparticles along with stacks based
on the self-assembly of disklike triphenylenes driven by
m— interactions.

Experimental Section

General. NMR spectra were recorded on a Bruker AVANCE
400 FT NMR spectrometer at 399.65 and 100.62 MHz for 'H
and 13C in CDCl; solution. Chemical shifts are reported relative
to internal TMS. IR spectra were obtained on a SHIMAZU IR

(8) (a) Ohno, O.; Kaizu, Y.; Kobayashi, H. J. Chem. Phys. 1993, 99,
4128. (b) Ribo, J. M; Crusats, J.; Sagués, F.; Claret, J.; Rubires, R.
Science2001,292,2063. (¢) Escudero, C.; Crusats, J.; Diez-Pérez, I.;
El-Hachemi, Z.; Ribd, J. M. Angew. Chem., Int. Ed. 2006, 45, 8032.

(9) (a) Niori, T.; Sekine, T.; Watanabe, J.; Furukawa, T.; Takezoe, H.
J. Mater. Chem. 1996, 6, 1231. (b) Link, D. R.; Natale, G.; Shao, R.;
Maclennan, J. E.; Clark, N. A.; Korblova, E.; Walba, D. M.
Science 1997, 278, 1924. (c) Pelzl, G.; Diele, S.; Weissflog, W.
Adv. Mater. 1999, 11, 707. (d) Coleman, D. A.; Fernsler, J.;
Chattham, N.; Nakata, M.; Takanishi, Y.; Korblova, E.; Link,
D. R.; Shao, R.-F.; Jang, W. G.; Maclennan, J. E.; Mondainn-
Monval, O.; Boyer, C.; Weissflog, W.; Pelzl, G.; Chien, L.-C.;
Zasadzinski, J.; Watanabe, J.; Walba, D. M.; Takezoe, H.; Clark,
N. A. Science 2003, 301, 1204. (e) Dierking, 1. Angew. Chem., Int.
Ed. 2009, 48, 2.

(10) Zhang, S.; Yang, S.; Lan, J.; Yang, S.; You, J. Chem. Commun.
2008, 6170.

(11) (a) Lehn, J. M. Supramolecular Chemistry.: Concepts and Perspec-
tives; Wiley-VCH: Weinheim, Germany, 1995. (b) Steed, J. W.;
Atwood, J. L. Supramolecular Chemistry; Wiley: New York, 2000.
(c) van Bommel, K. J. C.; Friggeri, A.; Shinkai, S. Angew. Chem., Int.
Ed. 2003, 42, 980.

(12) For example: (a) Alam, Md. A.; Nethaji, M.; Ray, M. Angew.
Chem., Int. Ed. 2003, 42, 1940. (b) Hiraoka, S.; Hirata, K.;
Shionoya, M. Angew. Chem., Int. Ed. 2004, 43, 3814. (c) Wu, H.;
Zhou, W.; Yildirm, T. J. Am. Chem. Soc. 2007, 129, 5314.

(13) Kimura, M.; Kobayashi, S.; Kuroda, T.; Hanabusa, K.; Shirai, H.
Adv. Mater. 2004, 16, 335.

Chem. Mater., Vol. 22, No. 20, 2010 5733

Prestige-21 with DuraSample IR II. UV—vis spectra and fluo-
rescence spectra were measured on a JASCO V-650 and a
JASCO FP-750. MALDI-TOF mass spectra were obtained on
a PerSeptive Biosystems Voyager De Pro spectrometer with
dithranol as matrix. The optical textures of the mesophases were
studies a Nikon polarizing microscope equipped with a Mettler
Toledo FP82 hot stage. The transition temperatures were
measured by differential scanning calorimetry with a SII DSC
6200 operated at a scanning rate of 10 °C min~' on heating and
cooling. The apparatus was calibrated with indium as standard.
The XRD patterns were obtained with a Rigaku XRD-DSC
with Cu Ka radiation. Spacings were obtained from Bragg’s
law.

Atomic force microscopy images were acquired in noncontact
mode by a JEOL JSPM-5400 system. The samples for AFM
were prepared by the gel-transfer method. The freshly cleaved
mica substrate was pressed against the gel surface for 10 min.
The substrate was detached form the gel surface and observed by
AFM. The specimens for TEM were prepared by drying a gel of
2 onto amorphous carbon-coated copper grids (400 mesh). The
grids were observed in a JEOL JEM-2010 electron microscope
at an acceleration voltage of 200 kV without any staining.

Materials. 3.4,3' 4'-Tetra(decyloxy)biphenyl and 4,7-di-
methoxy-1,10-phenanthroline were synthesized according to
the literature method.'*!'> All chemicals were purchased from
commercial suppliers and used without purification. Column
chromatography was performed with activated alumina (Wako,
200 mesh) or Wakogel C-200. Recycling preparative gel permea-
tion chromatography was carried out by a JAI recycling pre-
parative HPLC using CHCI; as an eluent. Analytical thin layer
chromatography was performed with commercial Merck plates
coated with silica gel 60 F,s4 or aluminum oxide 60 F»s4.

2-Bromo-6,7,10,11-tetra(decyloxy)-3-methoxytriphenylene. 1:
3,4,3' 4'-Tetra- (decyloxy)biphenyl (2.0 g, 2.57 mmol) and 2-bromo-
anisol (2.4 g, 12.9 mmol) were added in anhydrous CH,Cl,
(20 mL) and dissolved by standing the flask in warm water bath.
FeCls (4.2 g, 25.7 mmol) was added slowly to the reaction
mixture. After being stirred for 2 h, the mixture was poured into
stirred methanol (200 mL) and then allowed to cool for § hin a
refrigerator. The solid was filtered off and washed with cold metha-
nol. The crude product was purified using column chromatography
(silica gel, eluting with petroleum ether/CH,Cl, (1:1 v/v)), Ry = 0.5)
and HPLC to give a grayish solid. Yield: 1.2 g, 48%. "H NMR (400
MHz,CDCly): 6 = 8.56 (1H,s,ArH ), 7.85(1H,s, ArH), 7.78 (4H, s,
ArH),4.22 (8H,s, —O—CH,—),4.11 (3H, s, —OCH,), 1.93 (8H, m,
—O—CH,—CH,—), 1.58 (8H, m, —CH,CH3;), 1.28 (48H, m,
_CHz_), 0.88 (12H, t, _CH3) MALDI-TOFMs for C59H9305BI':
m/z 961.2.

2:1(0.2 g, 0.20 mmol), imidazole (0.17 g, 0.25 mmol), Cs,CO5
(98 mg, 0.30 mmol), poly(ethylene glycol) (M, 3,400) (0.2 g), and
CuO (48 mg, 0.34 mmol) were added in dried N-methylpyrro-
lidone (2.0 mL) and the reaction mixture was stirred for 48 h at
135 °C under N,. The reaction mixture was cooled to room
temperature, diluted with CH,Cl,, filtered through a plug of
Celite, and eluted with additional CH,Cl,. The filtrate was
concentrated and the resulting residue was purified using col-
umn chromatography (silica gel, eluting with ethyl acetate/
CH,ClI, (1:1 v/v), Ry = 0.4) and HPLC to give a white solid.
Yield: 0.15 g, 75%. "H NMR (400 MHz, CDCl;): 6 = 8.25(1H,
s, ArH), 7.93 (1H, s, ArH), 7.88 (1H, s, ArH), 7.86 (1H, s, ArH),
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7.80 (2H, s, ArH), 7.75 (1H, s, ArH), 7.37 (1H, s, ArH), 7.26 (1H, s,
ArH),4.23(8H,s, —O—CH,—),4.04 (3H, s, —OCHs), 1.94 (8H, m,
—0—CH,—CH,—), 1.58 (8H, m, —CH-CHj;), 1.29 (48H, m,
—CH>—), 0.89 (12H, t, —CHs). >*C NMR (100 MHz, CDCl5):
0 = 150.4, 149.4, 135.6, 130.1, 128.7, 120.1, 114.0, 106.7, 69.1, 55.8,
32.0, 29.7, 29.6, 29.5, 29.4, 26.7, 26.3, 26.2, 22.7, 14.1. MALDI-
TOF-Ms for C59H9305BI‘I m/z 950.6.

Results and Discussion

Synthesis. We designed a new unsymmetrical substi-
tuted triphenylene 2, which has four alkoxy groups and
one imidazole group. Scheme | shows the synthesis of
target triphenylene 2. Compound 1 was synthesized by
the oxidative coupling of biphenyl with 2-bromoanisole
using iron(III) chloride, followed by a methanol reduc-
tive-workup procedure.'* Compound 2 was synthesized
by the copper-catalyzed N-arylation reaction of imid-
azole with 1 in the presence of 4,7-dimethoxy-1,10-
phenanthroline.'® Bromide in 1 was converted to imid-
azole in a 75% yield. Compounds 1 and 2 were identified
by 'H and '*C NMR, and MALDI-TOF-Ms.

Self-Assembly of Achiral Disklike Molecules in Solu-
tion. When 2 was heated in 2-methoxyethanol and then
cooled slowly, the molecules strongly aggregated to a
transparent supramolecular gel take place. Compound 2
can form a transparent gel in alcohols such as n-butanol,
n-hexanol, n-decanol, and 2-methoxyethanol. Although
1 formed a turbid gel in 2-methoxyethanol, the gel with 1
was relatively weaker than that with 2.'® The critical gelation
concentrations (CGC) of 1 and 2 in 2-methoxyethanol were
0.10wt % (100 uM) and 0.04 wt % (41 uM). The transparent
gel with 2 was stable over a period of several months. The
gel-to-solution phase-transition temperature (7,) of 2 was

(16) (a) Terech, P.; Weiss, R. G. Chem. Rev. 1997, 97, 3133.
(b) Abdallah, D. J.; Weiss, R. G. Adv. Mater. 2000, 12, 1237.
(c) Estroff, L. A.; Hamilton, A. D. Chem. Rev. 2004, 104, 1201.
(d) Hirst, A. R.; Escuder, B.; Miravet, J. F.; Smith, D. K. Angew.
Chem., Int. Ed. 2008, 47, 8002.
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Figure 1. (a) Absorption spectral changes of 2 in 2-methoxyethanol at
various temperatures. (b) CD spectra obtained in different batches at
20°C.[2] = 2.5 mM.

48 °C at 0.04 wt % in 2-methoxyethanol. The observed CGC
value for 2 was significantly smaller than the reported values
of supramolecular gelators,'® suggesting that 2 assembled
into stable stacks in 2-methoxyethanol.

UV —vis spectrum of homogeneous CHCI; solution of
2 was typical for triphenylene chromophore.!” In the
2-methoxyethanol gel of 2, the absorption peak at 277 nm
was significantly broadened and the shoulder peak assigned
to transition Sy — S; shifted to a longer wavelength
(Figure 1a)."” The intensity of the absorption peak at 279 nm
increased with a rise of temperature and the absorption
spectrum at 50 °C had identical features to that in CHCl;.
This spectral change was reversible and synchronized with
the formation or collapse of gels. These results consistently

(17) Marguet, S.; Markovitsi, D.; Millié, P.; Sigal, H.; Kumar, S.
J. Phys. Chem. B 1998, 102, 4697.



Article

Surface pressure / mN/m
8
T

0 [ ) ] ]

0 02 04 06 08 1 12

Area / nm%/molecule

Triphenylene core

A,\—_>

Chem. Mater., Vol. 22, No. 20, 2010 5735

51.35nm

- \ _ ;&
left-handed fiber N
LN

- \ um o o 0

Imidazole unit

N

Helical Stack

Twisted Nanofiber

Bundle of Helical Stacks

Figure 2. (a) TEM and (b) AFM images of twisted nanofibers made of 2. (¢) Surface pressure vs area per molecule isotherms for 1 (dashed line) and 2 (solid
line) on triply distilled water at 20 °C. (d) Schematic representation of self-organized process of 2 into twisted nanofibers.

provided evidence that the triphenylene core in 2 formed a
stacked aggregate in the gel phase through 77— interaction.
Solution of 2 in CHCl; and the 2-methoxyethanol gel of 1
were circular-dichroism (CD) inactive, as expected for an
achiral molecule. However, the CD spectra of achiral 2 in
2-methoxyethanol (2.5 mM) showed an exciton-coupled
Cotton effect with the & = 0 crossing wavelength at 285
nm (Figure 1b)."® A couplet was present in the CD spectra at
the same wavelength of the UV—vis spectra and the 6 = 0
crossing wavelength was in agreement with the absorption
maximum of the chromophore. To check the linear dichro-
ism (LD) effect, we measured the CD spectra in the same
locations for rotation of 90 °. Because no differences were
observed for the two CD spectra, we concluded that the LD
contribution was almost negligible for the observed CD
activity in the gel of 2. These results clearly indicate the
presence of a helical arrangement of the triphenylene cores
within a stack, suggesting the chiral symmetry breaking. The
gel of 2 had the same CD spectrum after being stored for
several months, thus the racemization did not occur after the
helical stacks had formed. The CD signals completely dis-
appeared above 45 °C because of the disassembly of helical
stacks. After cooling into room temperature, the resulting gel
showed opposite CD signals. Further repeating experiments
revealed a statistical distribution for CD signals, indicating
that the CD activity was governed by chance in the self-
assembly process of 2. Ribo et al. demonstrated the introduc-
tion of a chiral sign of porphyrin assemblies by controlling the
direction of stirring.® We also tried to control the sign of CD
signals for helical stacks that were prepared by stirring

(18) Harada, N.; Nakanishi, K. Circular Dichroic Spectroscopy— Exiton
Coupling in Organic Stereochemistry; Oxford University Press: Oxford,
UK., 1983.

samples at 200 rpm clockwise or anticlockwise during the
cooling process from 50 °C to room temperature. Although
all samples were CD active, the sign of the CD signals was not
controlled by the stirring direction. However, the addition of 1
mol % 1-tartaric acid into 2 resulted in a CD signal with
positive and negative Cotton effects.'” 1-Tartaric acid could
form a complex with 2 through a hydrogen bonding formation
between two carboxylic acids in L-tartaric acid and imidazole
in 2, and the angle between two triphenylene rings in the
complex may have determined the helical sense of stacks.
TEM image indicates that the gel from 2-methoxyetha-
nol is composed of long twisted fibers at the macroscopic
level, which are approximately 10—100 nm wide and
several micrometers long with a pitch of approximately
180 nm (Figure 2a). Although twisted fibers have been
observed in many supramolecular assemblies of molecu-
lar components bearing chiral substituents,”° the forma-
tion of twisted fibers from achiral molecular components
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F.C. Nature 1999, 399, 566. (b) Yashima, E.; Maeda, K.; Okamoto,
Y. Nature 1999, 399, 449. (c) Prins, L. J.; De Jong, F.; Timmerman,
P.; Reinhoudt, D. N. Nature 2000, 408, 181. (d) Yashima, E.;
Maeda, M.; lida, H.; Furusho, Y.; Nagai, K. Chem. Rev. 2009, 109,
6102.
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R.; George, S. J.; Vijayakumar, C. Angew. Chem., Int. Ed. 2006, 45,
1141. (c) Brizard, A.; Aimé, C.; Labrot, T.; Huc, L.; Berthier, D.;
Artzner, F.; Desbat, B.; Oda, R. J. Am. Chem. Soc. 2007, 129, 3754.
(d) Muraoka, T.; Cui, H.; Stupp, S. L. J. Am. Chem. Soc. 2008, 130,
2946. (e) Nagarkar, R. P.; Hule, R. A.; Pochan, D. J.; Schneider, J. P.
J. Am. Chem. Soc. 2008, 130, 4466. (f') Diegelmann, S. R.; Gorham,
J.M.; Tovar, J. D. J. Am. Chem. Soc. 2008, 130, 13840. (g) Shao, H.;
Nguyen, T.; Romano, N. C.; Modarelli, D. A.; Parquette, J. R. J. Am.
Chem. Soc. 2009, 131, 16374. (h) Kaiser, T. E.; Steoanenko, V.;
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is rare. The observed widths of the fibers are wider than
the molecular length of 2 (about 2.8 nm estimated from
the computer-simulated molecular model). This suggests
that the fibrous structures observed by TEM may be
composed of bundles of one-dimensional stacks of 2.
The chiral symmetry breaking at the stacking of achiral
disklike molecule 2 affects the hierarchical organization
process from numerous one-dimensional helical stacks
into a macroscopic ropelike fiber. The tapping-mode
AFM height image of 2 shows the presence of mainly
right-handed fibers along with a few left-handed fibers
within the same area and reveals a three-dimensional
network structure composed of twisted fibers having
heights of 10—40 nm (Figure 2b). In contrast, the left-
handed fibers are dominant in the other specimen. The
helical sense of twisted fibers is undermined for different
batches, which is in agreement with the statistical dis-
tribution of CD signals. Compound 1 also formed fibrous
assemblies, but the resulting fibers were not twisted (see
the Supporting Information, Figure S1) . Therefore, we
concluded that the origin for the formation of helical
stacks and macroscopic twisted fibers was the introduc-
tion of imidazole unit into the triphenylene ring. The
dimensions of the synthesized disklike molecules 1 and 2
were estimated from the analysis of a surface pressure
versus area (1— A ) isotherm on pure water as the subphase
(Figure 2¢). The limiting surface areas per molecule of 1
and 2 were estimated at 0.35 and 0.78 nm” determined by
extrapolating the slope of the 7— 4 isotherm in the liquid-
condensed region to zero pressure. The observed area of 2
was almost twice of that of 1, suggesting a large stacking
distance between triphenylene rings within the one-
dimensional stacks by the attachment of imidazole unit.
Powder X-ray diffraction of the gel state provided a
diffraction peak at 0.35 nm corresponding to the stacking
distance between the triphenylene cores within the stacks.
The steric hindrance of imidazole provides a rotation bias
for triphenylene rings during the assembling process of 2
into helical one-dimensional stacks through intermolecu-
lar r—o interaction (Figure 2d). The chirality arises from
a twist between the triphenylene core and the imidazole
unit in 2. This results in a helical stacking of the triphe-
nylene cores with a stacking distance of 0.35 nm, where
the triphenylene cores are rotated in the same direction
along with the stack axis.

Self-Assembly in Bulk. The thermal behavior of 2 was
performed by differential scanning calorimetry (DSC),
temperature-controlled optical polarizing microscope
(OPM), and X-ray diffraction pattern (XRD). One re-
versible transition was detected at 94 °C in the second
heating and at 78 °C in the first cooling run (Figure 3a).
The XRD pattern of 2 at room temperature displayed
many deflections in the small angle region and no meso-
morphic behavior was observed by OPM studies. From
these results, the transition in the DSC measurements
could be attributed to the melting point. Recently, new
types of liquid-crystalline materials have been obtained
by the formation of supramolecular assemblies made
up of two or more different molecular components
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Figure 3. (a) DSC thermograms of 2 (dotted line) and a mixture of 2 and
benzene-1,3,5-tricarboxylic acid (solid line) in first cooling scans at rate of
10 °C/min. (b) Birefringence texture micrograph of the mixture of 2 and
benzene-1,3,5-tricarboxylic acid at 125 °C. The domains were grown from
the isotropic phase as the sample was being annealed.

using various intermolecular noncovalent interactions.?!

Among these noncovalent interactions, hydrogen bond-
ing has been widely used to construct well-defined orga-
nized structures. Kawakami and Kato reported the
formation of hydrogen bonding liquid crystalline side
chain polymers and networks from mesogenic com-
pounds having imidazoles and poly(acrylic acid). Hydro-
gen bonding between imidazole and carboxylic acid can
function as supramolecular connectors for the assembly
of different molecular components.>> The imidazole
group in 2 acts as a hydrogen acceptor in the hydrogen-
bonding formation with carboxylic acids, and the supra-
molecular connection of 2 leads to the construction of
well-defined organized structures. Hydrogen-bonded
complexes were prepared by mixing of 2 with benzene-
1,3,5-tricarboxylic acid at 150 °C at a molar ratio of 3:1.
Bezene-1,3,5-tricarboxylic acid was completely dissolved
in melted 2 as confirmed by OPM and the carbonyl band
of benzene-1,3,5-tricarboxylic acid in the FT-IR measure-
ments shifted from 1691 to 1707 cm™ " after complexa-
tion with 2 because of the formation of thea hydrogen
bond between carboxylic acid and imidazole in 2.
Figure 3b shows the DSC curves for cooling runs for

(21) (a)Kato, T. Science 2002, 295,2414. (b) Rowan, S. J.; Mather, P. T.
Struct. Bonding (Berlin) 2008, 128, 119.
(22) Kawakami, R.; Kato, T. Macromolecules 1998, 31, 4475.



Article

the hydrogen-bonded complex. The melting points of 2
completely disappeared for the DSC trace of the hydro-
gen-bonded complex and new phase transitions were
detected at 43 and 134 °C upon cooling. A birefringence
texture appeared at 130 °C upon slowly cooling down
from 240 °C observed under OPM. Figure 3b shows the
texture of the mixture of 2 and benzene-1,3,5-tricar-
boxylic acid at 125 °C. The observed texture has char-
acteristics of the hexagonal columnar mesophase Dy,. The
XRD study of the complex at 120 °C yielded three Bragg
reflections at 3.75, 2.15, and 1.85 nm with a spacing ratio
of 1:1/4/3:1/2, indiacating that the mesophase consisted
of a two-dimensional hexagonal lattice of columnar
stacks with a lattice constant of @ = 4.33 nm. The lattice
constant was much larger than the estimated diameter of
single 2 and almost agreeed with the diameter estimated
for a large disklike complex in which three 2s were
connected with benzene-1,3,5-tricarboxlic acid through
the hydrogen bonding between imidazole and carboxylic
acid. In addition, the complex revealed a sharp peak at
0.34 nm due to the stacking distance between aromatic
disklike cores, suggesting the presence of long-range
periodicity along the columnar axis. The current observa-
tions support that 2 and benzene-1,3,5-tricarboxylic acid
self-assemble into a disklike complex decorated with 12
hydrocarbons through intermolecular hydrogen bonds,
and that the supramolecular disk exhibits a thermotropic
liquid crystalline behavior.

Photochemical Deposition of Silver Nanoparticles. The
self-organization of 2 induces the aggregation of imid-
azoles along with one-dimensional triphenylene stacks.?
We expected the accumulation of metal ions around fiber
aggregates through the formation of coordination bonds
with the imidazole group in 2. A solution of AgNO; in
2-methoxyethanol (20.0 mM, 0.5 mL) was added to the
transparent gel of 2 ([2] = 0.2 mM in 1.0 mL 2-meth-
oxyetahnol) in the dark and the mixture was allowed to
stand for 6 h at room temperature. The gel retained its size
and transparency after Ag" was added, and no precipita-
tion occurred after one week. The complexation of 2 with
AgNO; was confirmed by fluorescence, MALDI-TOF
mass, and 'H NMR spectra. The self-assembled 2 in
2-methoxyethanol emitted a fluorescence peak at 425
nm with excitation at 350 nm. This fluorescence was
completely quenched by the addition of Ag™, indicating
the highly efficient energy transfer within the complex.
On the other hand, the self-assembled 1 lacking the
imidazole unit did not show any fluorescence changes
by the addition of AgNO;. The MALDI-TOF mass
spectrum of the gel after AgNOs was added revealed a
mass ion peak at m/z 1057 corresponding to the 1:1
complex between 2 and Ag" (see the Supporting Informa-
tion Figure S). "H NMR spectrum of 2 with AgNOs5 in
CDCl; indicated that all proton resonances corresponding
to the imidazole group had shifted downfield due to the
complexation with Ag™ (see the Supporting Information,

(23) Zhang, W.; Jin, W.; Fukushima, T.; Ishii, N.; Aida, T. Angew.
Chem., Int. Ed. 2009, 48, 4747.
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Figure 4. TEM image of self-assembled nanofibers with deposited silver
nanoparticles.

Figure S3). These observations indicate that Ag™ ions
diffuse into gel and form the metal complexes with imidazole
in 2. This would produce a local accumulation of Ag™ ions
around the nanofibers, which would lead to growth of silver
nanoparticles localized at the fiber after exposure of UV
light.

In the absence of UV light, Ag* ions are stable and no
silver nanoparticles form in the mixture of AgNOs and 2.
Photochemical reduction has been used previously to
prepare metal colloids.** UV irradiation of Ag" solution
induced photoreduction of solvents by excited Ag",
resulting in the formation of silver atoms Ag’. Subse-
quent aggregation of Ag® produced silver nanoparticles.
When the Ag™-containing gel in a 1.0 cm quartz cell was
subjected to irradiation for 5 min with a 365 nm UV light
(4 W) at 25 °C from a distance of 5 cm (light intensity: 510
uW/cm?) under air at room temperature, the colorless gel
turned gray. The absorption band of 2 did not signifi-
cantly change and a new broad absorption band was
appeared in the region of 400—700 nm. This absorption
band coincided in position with the silver plasmon band
of silver nanoparticles.”* A small piece of the gel was
placed on a carbon-coated grid and the solvent was
allowed to evaporate under reduced pressure at room
temperature. The TEM image showed that spherical silver
nanoparticles having an average diameter of 8.0 nm

(24) (a) Esumi, K.; Suzuki, A.; Aihara, N.; Usui, K.; Torigoe, K.
Langmuir 1998, 14,3157. (b) Wang, W.; Asher, S. A. J. Am. Chem.
Soc. 2001, 123, 12528. (c) Zhang, J.; Xu, S.; Kumacheva, E. J. Am.
Chem. Soc. 2004, 126, 7908. (d) Pacholski, C.; Kornowski, A.;
Weller, H. Angew. Chem., Int. Ed. 2004, 43, 4774. (¢) Tamai, T.;
Watanabe, M.; Hatanaka, Y.; Tsujiwaki, H.; Nishioka, N.;
Matsukawa, K. Langmuir 2008, 24, 14203.
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deposited onto the surface of self-assembled fibers
(Figure 4).'*2° The fiber widths were comparable with
those of organic fibers made of only 2. Love et al. reported
the formation of gold nanoparticles within the three-
dimensional network of self-assembled fibers under irra-
diation of UV light.?® The fibrous network structure
made of dendritic gelator lacking sulfur segments stabi-
lized the formation of metal nanoparticles. However, the
irradiation of 1 gel that contained AgNO; did not afford
silver nanoparticles under the same condition for more
than 1 h. When the gel of 1 with AgNO; was irradiated
with a 100 W mercury vapor UV lamp, a small portion of
the silver nanoparticles was attached with the self-
assembled nanofibers. These results clearly support the
view that the coordination of Ag* with imidazole in 2
promotes the growth of silver nanoparticles along the
surface of self-assembled nanofibers by the photoreduc-
tion with a 4W UV light irradiation. The formation of
silver nanoparticles would occur though a UV absorbing
of triphenylene stacks and a highly efficient energy trans-
fer from stacks to Ag™. Energy transfer has been widely
demonstrated in one-dimensional alignment of chromo-
phore molecules in supramolecular gel nanostructures.>’
Ajayaghosh et al. have shown energy transfer from stack
of oligo(p-phenylenevinylene)s to entrapped organic
dyes.?® The excitation of triphenylenes by UV irradiation

(25) van Herrikhuyzen, J.; George, S. J.; Vos, M. R. J.; Sommerdijk, N.
A.J. M.; Ajayaghosh, A.; Meskers, S. C. J.; Schenning, A. P. H. J.
Angew. Chem., Int. Ed. 2007, 46, 1825.

(26) Love, C. S.; Chechik, V.; Smith, D. K.; Wilson, K.; Ashworth, 1.;
Brennan, C. Chem. Commun. 2005, 1971.

(27) (a) Nakashima, T.; Kimizuka, N. Adv. Mater. 2002, 16, 1113.
(b) Beck, J. B.; Rowan, S. J. J. Am. Chem. Soc. 2003, 125, 13922.
(c) Sugiyasu, K.; Fujita, N.; Shinkai, S. Angew. Chem., Int. Ed.
2004, 43, 1229. (d) Ryu, J. —H.; Lee, M. J. Am. Chem. Soc. 2005,
127,14170. (e) Yamaguchi, S.; Yoshimura, I.; Kohira, T.; Tamaru,
S.; Hamachi, 1. J. Am. Chem. Soc. 2005, 127, 11835. (f) Guerzo,
A.D.;Olive, A. G. L.; Reichwagen, J.; Hopf, H.; Desvergne, J. —P.
J. Am. Chem. Soc. 2005, 127, 17984. (g) Montalti, M.; Dolci, L. S.;
Zaccheroni, N.; Stuart, M. C. A.; van Bommel, K. J. C.; Friggeri,
A. Langmuir 2006, 22, 2299. (h) Chung, J. W.; Yoon, S.-J.; Lim,
S.-J.; An, B.-K.; Park, S. Y. Angew. Chem., Int. Ed. 2009, 48, 7030.
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stores energy within the stacks and the stored energy transfers
to Agt through a ligand-to-metal energy transfer process.
The reduction of Ag" to Ag” may proceed by the energy
transfer process and the silver nanoparticles form by the
aggregation of Ag® around the triphenylene stack.

Conclusion

In conclusion, we demonstrated that an achiral disklike
molecule 2 could induce a helical stack by introducing an
imidazole group, which formed a three-dimensional net-
work structure of twisted flexible nanofibers. In addition,
the imidazole in 2 acted as a molecular adaptor to form
hydrogen bonds and accumulate metal ions. The supra-
molecular connection of 2 with benzene-1,3,5-tricar-
boxylic acid through the hydrogen bonds exhibited a
thermotropic liquid crystalline properties. The accumula-
tion of metal ions and photoreduction enabled metal
nanoparticles to be deposited onto the self-assembled
nanofibers. The present findings provide a rational
approach to the hierarchical organization of complex
nanostructures and they open up new possibilities for
the design of integrated molecular components in optical
and electronic nanodevices.
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