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Triphenylenes bearing chiral amide termini were found to
form self-assembled nanofibers by the combination of �–�
stacking of triphenylene moieties with a hydrogen-bond network
of amide terminates.

Since the discovery of discotic liquid crystals by
Chandrasekhar,1 self-assembled one-dimensional stacks com-
posed of polyaromatic molecules have attracted increasing atten-
tion as potential molecular components in organic electronic and
optoelectronic devices due to their fast one-dimensional charge-
and energy-transfer capabilities.2 Supramolecular conductors
have great advantages in anisotropy, processibility, and self-
healing characteristics of structural defects. The properties of or-
ganized states strongly depend on the ordering of aromatic disks
in the stacks and the length of stacks. Shinkai et al. reported the
eclipsed overlap formation of triphenylene moieties within the
stacks due to hydrogen-bonding interactions among amides.3

The combination of intermolecular noncovalent bonds with �–
� stacking between �-conjugated triphenylenes enables control
of the ordering and molecular arrangement of triphenylenes
within the stacks.4 Here we describe the stabilization of one-di-
mensional stacks of triphenylenes by a peripheral hydrogen net-
work.

Triphenylenes bearing six R- and S-methylbenzylamide ter-
mini were prepared from 2,3,6,7,10,11-hexahydroxytriphenyl-
ene in three synthetic steps (Scheme 1).5,10 Compounds R-1, S-
1, and S-2 were obtained by the reaction of hexaacids with chiral
phenylethylamine in the presence of 1,10-carbonylbis-1H-imi-
dazole, and they were fully characterized by 1H and 13CNMR
spectroscopy andMALDI-TOFmass spectroscopy. The physical
gels were formed when a mixture of powdered compound and
organic solvent was heated to form a homogeneous fluid and
then allowed to cool at 25 �C.6 The gelation properties were in-
vestigated in various organic solvents. Compound S-1 can gelate
in 2-methoxyethanol, anisol, DMSO, and NMP. The critical ge-
lation concentrations of S-1 and S-2 for 2-methoxyethanol were
0.8 and 2.1wt/vol%, suggesting that S-1, having shorter
spacers, forms a more stable physical gel than S-2. In the FT-

IR spectra, the characteristic peaks appeared at 3268 and 1658
cm�1, which are assignable to N–H and C=O intermolecular hy-
drogen-bonding stretching vibrations, respectively.5 The forma-
tion of intermolecular hydrogen bonds between terminate amide
units is one of the driving forces in gelation. Thermal properties
were investigated using DSC and temperature-controlled polar-
ized optical microscopy (TPOM). The DSC trace of S-1 and S-2
exhibited one transition peak at 171 and 124 �C, and S-1 and S-2
did not display any liquid crystalline textures in TPOM. Thus,
the transition peaks observed in DSC correspond to the melting
points of S-1 and S-2.

The gelation in organic solvents suggests that supramolecu-
lar aggregates form through weak intermolecular interactions.7

The morphology of the aggregates was examined by TEM and
AFM (Figure 1). TEM and AFM images of S-1 gel showed twist-
ed fibrous structures with a length of several micrometers and a
minimum width of about 30 nm. The gels of R-1 and S-2 had a
similar morphology. The XRD pattern of dried S-1 gel was char-
acterized by a broad reflection of 1.8 nm, which could be attrib-
uted to the average distance between one-dimensional stacks. In
addition, there was a weak peak at 0.35 nm due to the stacking
between triphenylene moieties within the stacks.

To obtain detailed information about the molecular arrange-
ment of triphenylene within the aggregates, the temperature-de-
pendent UV–vis, fluorescence, and CD spectra of S-1 were
measured in 2-methoxyethanol at a concentration of 6.1mM
(1.0wt/vol%). The gel was subjected to UV–vis, fluorescence,
and CD spectra at temperatures ranging from 25 to 75 �C. With
heating, the intensity of the absorption bands from 250 to 340 nm
increased (Figure 2a). The fluorescence spectrum of S-1 in 2-me-
thoxylethanol at 25 �C exhibited two maxima at � ¼ 380 and
405 nm with a red-shifted shoulder between 425–550 nm. Upon
increasing temperature, the fluorescence intensity of the emis-
sion at 380 nm increased and the intensity of the shoulder de-
creased (Figure 2b). These spectral changes are attributed to
the stacks of triphenylene rings through intermolecular �–� in-
teraction within the fibrous aggregates observed in TEM andScheme 1.

Figure 1. TEM (a) and AFM (b) images of fibrous aggregates
made of S-1.
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AFM.3 While S-2 formed fibrous aggregates, S-2 did not show a
change of absorption and fluorescence spectra with varying tem-
perature and these spectra in the gel were the virtually same as
those of DMF solution. Longer alkyl spacers between triphenyl-
ene and chiral amide termini inhibit the formation of triphenyl-
ene stacks.

The formation of a hydrogen-bond network among the chi-
ral amide termini may affect the molecular arrangement of tri-
phenylene stacks.8 Although the CD spectrum of DMF solution
of S-1 showed weak peaks, 2-methoxyethanol gel of S-1 exhib-
ited an intense CD spectrum corresponding to the absorption
band (Figure 2c). The CD activity in the gel state suggests the
formation of helical stacks. The intensity of the CD spectra de-
creased with increasing temperature due to the collapse of the
helical stacks. The gel of R-1 showed a mirror CD spectrum to
that of S-1, revealing the opposite molecular arrangement of tri-
phenylene rings within the stacks. The gel of S-2 showed weak
CD activity compared to S-1. From the results of the tempera-
ture-dependent spectral changes of S-2, the hydrogen bond
among chiral amide terminates is a main driving force for the
formation of fibrous aggregates lacking stacking of triphenyl-
enes. On the other hand, S-1 assembles due to the combination
between the peripheral hydrogen-bond network and �–� stacks
of triphenylenes.

Aromatic disks can form charge-transfer (CT) complexes by
the addition of electron acceptors. The columnar liquid crystal-
line phase of triphenylene derivatives can be stabilized by the
formation of CT stacks.9 When 2,4,7-trinitro-9-fluorenone
(TNF) solution was added to 2-methoxyethanol gel of S-1 (1:1
molar ratio), the absorption spectra and the color of the gel re-
mained unaltered at room temperature. After heating above
70 �C and cooling to room temperature, a brown-colored gel

was formed, indicating the formation of CT complexes.10 The
hydrogen-bond network around a triphenylene stack prevents
the penetration of TNF at room temperature, and the dissociation
of hydrogen bonds by heating induces the formation of CT com-
plexes. A TEM image of CT complexed S-1 with TNF was sim-
ilar to that of S-1. The gel–sol dissociation temperature (Tg) of S-
1 with TNF was enhanced by 30 �C from that of S-1 gel
(Tg ¼ 52 �C). The enhancement of Tg suggests the stabilization
of aggregates through the formation of CT stacks. In contrast,
the 2-methoxyethanol gel of S-2 exhibited a pale brown color
upon addition of TNF at room temperature.

We demonstrated the formation of long and flexible nano-
scopic fibrous assemblies made of triphenylenes with chiral
amide termini in solvents by the combination of a hydrogen-
bond network with �–� stacking of triphenylenes. The spacer
length affected the ordering of triphenylenes. We believe that
one-dimensional stacks of triphenylenes stabilized by a periph-
eral hydrogen-bond network have good potential for the devel-
opment of conductive molecular wires.
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Figure 2. a) Absorption and b) fluorescence spectra of S-1 in 2-
methoxyethanol recorded at various temperature ([S-1] = 6.1
mM). c) CD spectra of S-1 (solid line) and R-1 (dotted line) in
2-methoxyethanol at 25 �C.

Chemistry Letters Vol.38, No.9 (2009) 901

Published on the web (Advance View) August 8, 2009; doi:10.1246/cl.2009.900

http://dx.doi.org/10.1080/02678299308027301
http://dx.doi.org/10.1038/371141a0
http://dx.doi.org/10.1002/adma.19970091307
http://dx.doi.org/10.1002/adma.19960081012
http://dx.doi.org/10.1002/adma.19960081012
http://dx.doi.org/10.1126/science.1097789
http://dx.doi.org/10.1126/science.1097789
http://dx.doi.org/10.1039/b302415f
http://dx.doi.org/10.1039/b301862h
http://dx.doi.org/10.1039/b414649b
http://dx.doi.org/10.1021/ja073962f
http://dx.doi.org/10.1039/b716920e
http://dx.doi.org/10.1021/ma900169j
http://dx.doi.org/10.1246/cl.2004.994
http://dx.doi.org/10.1021/cr9700282
http://dx.doi.org/10.1002/1521-3773(20000703)39:13%3C2263::AID-ANIE2263%3E3.0.CO;2-V
http://dx.doi.org/10.1002/ange.200701925
http://dx.doi.org/10.1002/ange.200701925
http://dx.doi.org/10.1002/adma.200303996
http://dx.doi.org/10.1002/adma.200303996
http://dx.doi.org/10.1021/ja8093718
http://dx.doi.org/10.1126/science.284.5415.785
http://dx.doi.org/10.1021/la990801j
http://dx.doi.org/10.1002/anie.200503142
http://dx.doi.org/10.1002/anie.200503142
http://dx.doi.org/10.1002/anie.200704747
http://dx.doi.org/10.1002/anie.198909141
http://dx.doi.org/10.1002/anie.198909141
http://dx.doi.org/10.1002/adma.19900020306
http://dx.doi.org/10.1002/adma.19900020306
http://dx.doi.org/10.1039/ft9928801275
http://dx.doi.org/10.1039/ft9928801275
http://dx.doi.org/10.1039/b103390p
http://dx.doi.org/10.1002/1521-3773(20020916)41:18%3C3414::AID-ANIE3414%3E3.0.CO;2-T
http://dx.doi.org/10.1246/cl.2009.900

