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ABSTRACT: Amphiphilic monomers, which were quantita-
tively synthesized from a dehydration reaction between a
glycolipid and naphthalene-boronic acids, self-assembled in
organic solvents to selectively form tape-like structures
(nanotape) and tubular structures (nanotube) depending on
the bond position of the boron atom in the naphthalene ring.
The nanotube has a strong narrow fluorescence band attri-
butable to the monomer species of the naphthalene group,
whereas the nanotape has a weak broad fluorescence band at a
relative longer wavelength region based on the excimer species
of the naphthalene group. Light energy adsorbed by the naphthalene groups densely and regularly organized in the bilayer
membrane wall of the nanotube was transferred, with high quantum efficiency, into anthracene as an acceptor encapsulated in the
nanochannel. The supramolecular nanotube proved to be able to act as a light-harvesting antenna.
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■ INTRODUCTION
Supramolecular and biomimetic chemistry have enabled us to
construct artificial light-harvesting antenna systems, based on
not only rod-like nanostructures1 self-assembled from natural
dyes such as chlorophyll and bacteriochlorophyll chromophores
but also nanofibers, nanodisks (and those aggregated gels),2−4

micelles, and vesicles5 self-assembled from functionalized dyes.
Tubular nanoarchitectures such as supramolecular nanotubes6,7

and bionanotubes8−10 including tabacco mosaic virus (TMV),
which are formed by self-assembly of synthetic amphiphiles
and biomacromolecules integrated with dye moieties, have also
attracted much attention in the field of opto-electronic soft
materials. The unique morphology having a completely one-
dimensional structure with well-defined size dimensions and
individually functionalized inner and outer surfaces,11 which are
different from the branching structure of nanofibers, should lead
to a directional energy transfer and charge transfer. Actually, the
embedded dye moieties within the wall of the above nano-
tubes have been known to show an excellent light-harvesting,
photocatalytic, and electrical conduction abilities based on the
efficient energy and charge transfers. The supramolecular nano-
tubes have nanochannels of 1−100 nm inner diameters which
can act as hosts for small molecules, macromolecules, and nano-
particles.12 However, the utilization of the nanochannels for the
organization and alignment of the dye molecules has not been
reported so far, while that of the inorganic porous channels in
zeolites and mesoporous silica has been widely performed.13

The supramolecular nanotubes have advantages in terms of
the one-step formation process without template, controllable
inner and outer diameters, functionalizable surfaces and mem-
brane walls, and hierarchical organization into macro-scale soft
materials such as gels and liquid crystals.14

Herein we present the newly designed and synthesized
simple amphiphilic monomers 1 and 2 (Figure 1) quantitatively

obtained from dehydration reaction between a glycolipid and
naphthalene-boronic acids (see Experimental Section and
Supporting Information Figure S1), to selectively construct
supramolecular nanotubes as a light-harvesting scaffold. We
found that light energy adsorbed by the naphthalene groups
densely organized within the bilayer membrane wall of the
nanotube is transferred to anthracene encapsulated as an
acceptor in the nanochannel, resulting in significant enhance-
ment of emission from the anthracene. The confinement of the
acceptor dye in the nanochannel composed of donor dyes leads
to an effective energy transfer.
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Figure 1. Amphiphilic monomers 1 and 2.
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■ RESULTS AND DISCUSSION

Self-Assembly and Molecular Packing Analysis. The
self-assembly experiment was performed as follows: Each syn-
thetic amphiphile (1 mg) was dispersed in toluene (1 mL)
under reflux conditions. The resultant hot solutions were gradually
cooled to room temperature. The solution of 2 transformed
into organogels having a strong fluorescence (Figure 2a), while

that of 1 gave precipitates. The critical gelator concentration of
the nanotube organogel was 0.1 wt % in toluene. Valuable-
temperature transmittance measurement for the nanotube organo-
gel allowed us to estimate the gel-to-sol transition temperature
(=65 °C). Scanning electron microscopic (SEM) and transmis-
sion electron microscopic (TEM) observation for the precipi-
tate of 1 reveals the formation of tape-like structures in 20−
100 nm widths (Supporting Information Figure S2). On the
other hand, SEM observation for the xerogel of 2 displays
well-defined open ends in the fibers, indicating that the self-
assembled morphology in the organogel is identified as a
tubular structure (Figure 2b). TEM observation clearly showed
the uniform nanochannel with 15 nm inner diameter of the
tubular structure (Figure 2c). Self-assembled morphologies
strongly depended on the bond position of the boron atom in
the naphthalene ring.
Powder X-ray diffraction (XRD) and infrared (IR) spectro-

scopic measurements afforded information about the molecular
packing of the nanotape and nanotube (Figure 3). The XRD
pattern gave a single diffraction peak in the small angle region.
The membrane-stacking periodicities (d) of the nanotape and
nanotube were 6.40 and 5.90 nm, respectively (Supporting
Information Figure S3). Both d values were longer than that of
a bilayer membrane (d = 4.53 nm), in which the glycolipid
without naphthalene-boronic acids packs in interdigitated
fashion.15 The membrane thickness (18 nm) of the nanotube
estimated from TEM image was closely related to three times
the value of d, indicating that the nanotube consisted of stack-
ing of three bilayer membranes. The IR spectra of the nanotape
and nanotube showed two peaks at 731 and 720 cm−1 assign-
able to the γ(CH2) rocking vibration, suggesting that the lateral
chain packing of the hydrocarbon chains of 1 and 2 is of an
orthorhombic perpendicular type (Supporting Information

Figure S4a).16 The subcell structure strongly supported the
interdigitated molecular packing of 1 and 2 within the bilayer
membrane. However, the intermolecular interaction within
the bilayer membrane was remarkably different between the
nanotape and nanotube. The hydrogen bond among 2 in the
nanotube was stronger than that among 1 in the nanotape,
since the amide I band of the nanotube was observed at lower
wavenumber than that of the nanotape (Supporting Informa-
tion Figure S4b). On the other hand, the π−π stacking among
2 in the nanotube was weaker than that among 1 in the nano-
tape as mentioned below. As a result, we were able to indepen-
dently form the nanotape and nanotube.

Absorption and Fluorescence Properties. The absorp-
tion band for the nanotape dispersed in CHCl3 showed a red
shift compared with that of 1 dissolved as a monomer in THF
(Figure 4). On the other hand, the absorption band for the

nanotube dispersed in CHCl3 had almost the same band as
that of 2 dissolved as a monomer in THF. This means few
interactions are present between the naphthalene groups within

Figure 2. (a) Photograph of the nanotube organogel having a strong
fluorescence. (b) SEM and (c) TEM images of the nanotubes self-
assembled from 2.

Figure 3. Schematic images of (a) the nanotape, (b) the nanotube,
and (c) an interdigitated molecular packing within the bilayer mem-
branes. Both assemblies are drawn as single-bilayer-membrane
structures, although they are actually formed by stacking of the bilayer
membranes. Fluorescence quantum yields of the nanotape and nano-
tube are also shown as well as those (in parentheses) of amphiphilic
monomers 1 and 2.

Figure 4. (a) Absorption spectra of the amphiphilic monomer 1 in
THF (black dotted line) and the nanotape in CHCl3 (blue dotted
line). Fluorescence spectra of the amphiphilic monomer 1 in THF
(black solid line) and the nanotape in CHCl3 (blue solid line). (b)
Absorption spectra of the amphiphilic monomer 2 in THF (black
dotted line) and the nanotube in CHCl3 (red dotted line). Fluo-
rescence spectra of the amphiphilic monomer 2 in THF (black solid
line) and the nanotube in CHCl3 (red solid line).
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the bilayer membranes of the nanotube in the ground state
despite the dense molecular packing. The orientation of the
naphthalene groups in the nanotube is obviously different from
that of the naphthalene groups in the nanotape. Fluorescence
bands for the nanotape and nanotube were obviously different
from each other as expected from the absorption features.
Namely, the nanotape exhibited a broad emission band in the
405 nm region based on the excimer species of the naphthalene
groups, while the nanotube exhibited a relative narrow band at
350 nm based on the monomer species of the naphthalene
groups even under the excited state (Figure 4).17 Fluorescence
quantum yield (Φ) of the nanotape was markedly lower than
that of 1 as a monomer (Figure 3), which can be explained
by the strong interaction in the excited state between the naph-
thalene groups, that is, solid-state quenching. In contrast, the Φ
of the nanotube slightly increased from that of 2 as a monomer.
The suppression and restriction of the intermolecular motion
should promote an aggregation-induced fluorescence increment,18

since the naphthalene groups were tightly fixed in the solid-
state or crystalline-like bilayer membranes of the nanotube.
In the nanotube system, the contribution of the aggregation-
induced fluorescence increment will be larger than that of
the solid-state quenching. In addition, the curved molecular
packing to form the tubular morphology leads to isolate the
naphthalene groups within the bilayer membrane wall and
will inhibit the quenching process based on the formation of
associated species in the ground and excited states. As a result,
the nanotube showed the higher Φ comparing with the nano-
tape, although the absorption efficiency (ε = 5.4 × 103 M−1

cm−1, 280 nm) of the nanotube was similar to that (ε = 7.0 ×
103 M−1 cm−1, 295 nm) of the nanotape.
Energy Transfer from the Nanotube to the Guest.

Anthracene was used as a guest fluorescent acceptor, since the
absorption band of anthracene overlapped well with the fluores-
cence band derived from the naphthalene moieties in the nano-
tube (Supporting Information Figure S5). Namely, the combi-
nation of both chromophores suits the induction of the energy
transfer.19 The encapsulation method is shown in the
Experimental Section and Supporting Information Figures S6
and S7. We observed neither morphological change nor decom-
position of the nanotubes after encapsulation of anthracene
(Supporting Information Figure S8). The inner diameter and
membrane thickness are similar to those of the nanotubes
before encapsulation of anthracene. Fluorescence microscopic
observation showed straight fluorescence images (Supporting
Information Figure S9), indicating that high-axial ratio nano-
structures, namely, the nanotubes encapsulating anthracene,
stably exist in CHCl3 solution without disassembly or molecular
dispersion.
UV/vis absorption spectrum of the nanotube encapsulating

anthracene as a guest acceptor in the nanochannel (10 mol %
anthracene/naphthalene in the nanotube) reveals a large ab-
sorption band at a peak wavelength of 280 nm and a small
absorption band at a peak wavelength of 350 nm (Supporting
Information Figure S10). The two bands are assignable to the
naphthalene groups densely packed in the nanotube membrane
wall and the encapsulated anthracene in the nanochannel, res-
pectively. Figure 5 shows the change in the fluorescence spec-
trum of the nanotube encapsulating anthracene in the nano-
channel according to the concentration of the encapsulated
anthracene (0−10 mol %). The fluorescence intensity of the
naphthalene groups in the nanotube membrane wall at 350 nm
decreased with increasing the concentration of the encapsulated

anthracene. On the other hand, a fluorescence band of the
anthracene newly appeared at 400 nm. This phenomenon was
ascribable to an energy transfer from the naphthalene groups in
the nanotube membrane wall to the encapsulated anthracene in
the nanochannel, as emission upon direct excitation at 280 nm
of the anthracene was negligible (<0.5%). Total Φ of two fluo-
rescence components, which composed of the naphthalene
groups in the nanotube membrane wall and the encapsulated
anthracene in the nanochannel as the result of the energy
transfer by the excitation at 280 nm, increased with increasing
the concentration of the encapsulated anthracene (Figure 6a).

Such an orderly relationship between the total Φ and the an-
thracene concentration means that the effective energy transfer
is unaccompanied with radiation and reabsorption pathways.
The fluorescence of the encapsulated anthracene enhanced by
the energy transfer under excitation at 280 nm is much higher
than that of the anthracene by the direct excitation at 350 nm,
representing that the nanotube functions as excellent light-
harvesting antenna (Figure 6a, △, × ). Figure 7 shows the
fluorescence decay profiles of the nanotube itself and nano-
tube encapsulating anthracene. The fluorescence decay of the

Figure 5. Fluorescence spectra of the nanotube encapsulating anthra-
cene in the nanochannel (solid lines) and the only nanotube (dotted
line) in CHCl3. Schematic illustration of the energy transfer from the
naphthalene groups densely organized within three bilayer membranes
of the nanotube wall (the host) to the encapsulated anthracene (the
guest) in the nanochannel.

Figure 6. (a) Fluorescence quantum yield excited at 280 nm (○, △,
■) and 350 nm ( × ) as a function of anthracene concentration. From
the naphthalene groups in the nanotube (○); from the encapsulated
anthracence in the nanochannel (△, × ); total of ○ and △ (■). (b)
Energy transfer efficiency as a function of anthracene concentration.
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naphthalene groups in the nanotube was remarkably shortened
after encapsulation of anthracene, accompanied with the fast
rise in the decay profile by the fluorescence of anthracene.
Therefore, the quenching process is attributable to the resonance
energy transfer without a radiation process. Energy transfer
efficiency (ηET = Φ/Φinit), which was estimated from the
fluorescence quenching rate of the naphthalene groups in the
nanotube membrane wall, reached 75% when the concentration
of the encapsulated anthracene was 10 mol % (Figure 6b). The
confinement of anthracene into the nanochannel with 15 nm
inner diameter by the encapsulation should contribute to the
high energy transfer efficiency. In fact, the energy transfer from
the naphthalene groups in the nanotube membrane walls to free
anthracene in bulk solution hardly occurred (Figure 8), reflecting

that the donor−acceptor distance (Förster distance) is a most
important factor for the ηET

■ CONCLUSION

We have for the first time succeeded in the construction of
the light-harvesting antenna system by combination of the
supramolecular nanotube host as the fluorescent donor and
guest dye molecules as the fluorescent acceptor. The energy
transfer can be enhanced by appropriate selection and com-
bination of aromatic groups in the nanotube membrane wall

and guest acceptors in the nanochannel. Furthermore, control
of the confinement effect based on the encapsulation of guest
acceptors in the nanochannel will enable us to achieve the high
energy transfer with 100% quantum efficiency,20 which can be
seen in the photosynthetic system in nature. Precise design of
the amphiphilic monomers and introduction of other boronic
acids bearing various aromatic rings such as thiophene, bi-
phenyl, anthracene, and pyrene instead of the naphthalene used
in the present study should be contributable to not only control
of the confinement effect but also expand the absorption band
region acceptable to sunlight irradiation. The present light-
harvesting antenna system will open ways to develop optical
and electronic soft materials applicable in photocatalysis and
dye-sensitized solar cells.

■ EXPERIMENTAL SECTION
Synthesis of Amphiphilic Monomer 1. The synthetic scheme

is in Supporting Information. The glycolipid, N-(9-cis-octadecenoyl)-
β-D-glucopyranosylamine, was synthesized as reported previously.
1-Naphthaleneboronic acid was purchased from Tokyo Chemical Co.
and was used in the following reaction without purification. Quan-
titative dehydration reaction between the glycolipid (0.44 g, 1 mmol)
and 1-naphthaleneboronic acid (0.17 g, 1 mmol) in toluene was
performed under the reflux condition equipped with a Dean−Stark
apparatus. After 3 h, the solvent was completely removed by evapo-
ration. The obtained residue was washed with anhydrous THF several
times and was stored in vacuum desiccators. 1H NMR (400 MHz,
DMSO-d6, δ): 8.39 (d, J = 9.1 Hz, 1H: NH), 8.02 (dd, J = 1.2 and
6.8 Hz, 1H: naphthalene), 7.98 (d, J = 8.0 Hz, 1H: naphthalene), 7.93−
7.87 (m, 2H: naphthalene), 7.54−7.47 (m, 3H: naphthalene), 5.47 (d,
J = 5.3 Hz, 1H: glucose-3OH), 5.33 (m, 2H: CHCH), 5.13 (d,
J = 5.6 Hz, 1H: glucose-2OH), 4.96 (t, J = 9.1 Hz, 1H: glucose-1), 4.19
(m, 1H: glucose-6), 3.95 (m, 1H: glucose-4), 3.74−3.73 (m, 2H:
glucose-5, 6), 3.53 (m, 1H: glucose-3), 3.27 (m, 1H: glucose-2), 2.18 (t,
J = 7.3 Hz, 2H: COCH2), 2.13 (m, 4H: CH2), 1.49 (m, 4H:
CH2), 1.24 (m, 18H:CH2), 0.86 (t, J = 6.5 Hz, 3H:CH3).
ESI-MS (m/z): 596.38 [M + OH]−. Anal. Calcd for C34H50BNO6: C,
70.46; H, 8.70; N, 2.42. Found: C, 70.10; H, 8.79; N, 2.40.

Synthesis of Amphiphilic Monomer 2. 2-Naphthaleneboronic
acid was purchased from Tokyo Chemical Co. and was used without
purification. The synthesis and purification procedure of 2 was similar
to that of 1 as described above. 1H NMR (400 MHz, DMSO-d6, δ):
8.38 (d, J = 9.1 Hz, 1H: NH), 8.34 (s, 1H: naphthalene), 7.95 (dd, J =
1.2 and 8.0 Hz, 1H: naphthalene), 7.92−7.86 (m, 2H: naphthalene),
7.82 (dd, J = 1.2 and 8.0 Hz, 1H: naphthalene), 7.57−7.50 (m, 2H:
naphthalene), 5.46 (d, J = 4.9 Hz, 1H: glucose-3OH), 5.36−5.33 (m,
2H: CHCH), 5.12 (d, J = 5.3 Hz, 1H: glucose-2OH), 4.96
(t, J = 9.1 Hz, 1H: glucose-1), 4.19 (dd, J = 4.9 and 10 Hz, 1H:
glucose-6), 3.89 (td, J = 3.1 and 9.1 Hz, 1H: glucose-4), 3.68−3.65 (m,
2H: glucose-5, 6), 3.50 (ddd, J = 4.9, 7.3, and 9.1 Hz, 1H: glucose-3),
3.26 (ddd, J = 5.3, 7.3, and 9.1 Hz, 1H: glucose-2), 2.12 (t, J = 7.3 Hz,
2H: COCH2), 1.99 (m, 4H: CH2), 1.50 (m, 4H: 
CH2), 1.25 (m, 18H: CH2), 0.85 (t, J = 6.7 Hz, 3H: CH3).
ESI-MS (m/z): 596.38 [M + OH]−. Anal. Calcd for C34H50BNO6: C,
70.46; H, 8.70; N, 2.42. Found: C, 70.19; H, 8.75; N, 2.41.

SEM Observation. The nanotube organogel was lyophilized, and
then the resultant xerogel was dropped onto the grid. The nano-
tubes were observed by SEM (Carl Zeiss, FE-SEM Supra 40) at 1 kV
equipped with a chamber SE detector (SE2 mode).

TEM Observation. The CHCl3 dispersion of the nanotape or
nanotube was dropped onto a carbon grid and dried by standing at
room temperature. TEM (Hitachi, H-7000) was operated at 75 kV.

Powder XRD and IR Measurements. The obtained nanotape
and nanotube were lyophilized and subjected to measure XRD at
25 °C with a Rigaku diffractometer (Type 4037) using graded d-space
elliptical side-by-side multilayer optics, monochromated Cu Kα radia-
tion (40 kV, 30 mA), and an imaging plate (R-Axis IV). IR spectra were
measured with a Fourier transform IR spectrometer (JASCO FT-620)

Figure 7. Fluorescence decay profiles of the nanotube 350 nm (black
plots), and the nanotube encapsulating anthracene (10 mol %) moni-
tored at 350 nm (green plots) and 425 nm (red plots) (excitation
wavelength, 280 nm).

Figure 8. Fluorescence spectra of the nanotube in the presence (pink
and green solid lines) and absence (black dotted line) of 10 mol %
anthracence in CHCl3 solution. The sample solution corresponding
to the pink solid line was prepared by the mixing of the nanotube
solution with anthracene. The nanochannel filled with CHCl3 showed
no encapsulation ability for anthracene based on lack of capillary force,
in which anthracene exists as free in the bulk solution.21
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and an attenuated total reflection (ATR) accessory system (Diamond
MIRacle, horizontal ATR accessory with a diamond crystal prism, PIKE
Technologies, USA).
Fluorescence Microscopic Observation. Fluorescence micro-

scopic observation for the nanotube encapsulating anthracene in
CHCl3 was performed using an inverted microscope (Olympus IX71)
equipped with a CCD camera (Hamamatsu ORCA-ER). Excitation
optical source was prepared by a high pressure mercury lamp (100 W,
Olympus BH2-REL-T3) and a fluorescence mirror unit (Olympus
U-MGFPHQ: a 330−385 nm band-pass filter).
Spectroscopic Measurements. UV/vis and fluorescence spectra

of the THF solutions of the amphiphilic monomers 1 and 2 and the
CHCl3 dispersed solution of nanotape, nanotube, and the nanotube
encapsulating anthracene were measured at 25 °C using a U-3300
spectrophotometer (Hitachi) equipped with BU150A temperature
control (YAMATO) and F-4500 spectrophotometer (Hitachi) equipped
with DCI temperature control (HAAKE), respectively. The quantum
yields of naphthalene (7.6 × 10−5 M in cyclohexane) and anthracene
(1.0 × 10−5 M in ethanol) solutions were evaluated as standard samples.
The calculated values, 0.23 at 270 nm for naphthalene and 0.27 at
355 nm for anthracene, were identical to the reported one within
±0.01. The CHCl3 dispersed solution of the nanotube and nanotube
encapsulating anthracene were excited by illumination with a UV-
pulsed beam from an Nd:YAG laser (EXSPLA 2143B; third harmonic,
355 nm; pulse duration, 30 ps; beam diameter, 9 mm; repetition rate,
10 Hz; beam power, 1 mJ per pulse; not focused on the sample). All
measurements were performed at room temperature (298 K) and
repeated three times.
Encapsulation Method. Preparation of the nanotube encapsu-

lating anthracene was performed by mixing a CHCl3 solution of
anthracene with the lyophilized nanotube. Capillary action enabled the
nanotube to encapsulate anthracene into the nanochannel. After aging
overnight, the solution was filtered through a polycarbonate mem-
brane with 0.2 μm pore size. The residual nanotube was washed
several times to remove anthracene outside of the nanotube. Complete
destruction of the nanotube by dissolving in DMSO caused the release
of the encapsulated anthracene to the bulk solution. The concentration
of the released anthracene was determined by fluorescence spectros-
copy. The calculated value was adopted as the concentration of the
encapsulated anthracene (Supporting Information Figure S6).
To monitor the release behavior of the encapsulated anthracene

from the nanochannel to bulk solution, the nanotube encapsulating
anthracene was dispersed in CHCl3 and then the solution was left to
stand for 80 h. The release ratio was estimated to be a few percent
even after 12 h (Supporting Information Figure S7), which scarcely
influenced the energy transfer efficiency.
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