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Hierarchical polymer assemblies constructed by the mutual template effect of
cationic polymer complex and anionic supramolecular nanofiber
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Creation of higher-ordered polymeric architectures composed of alternative assemblies of single-walled
carbon nanotubes (SWNTs) and fibrous porphyrin J-aggregates can be easily achieved utilizing the
cationic semi-artificial polysaccharide which can act not only as a tubular host for SWNTs but also as a
one-dimensional template for porphyrin molecules. This new class of hierarchical polymer assembly is
formed, for the first time, by the mutual template effect of two components, i.e., the cationic SWNT
complexes and the anionic porphyrin supramolecular nanofibers. In the present system, the
self-assembling behaviors of the SWNT complexes as well as the final properties of the SWNT
nanoarchitectures are strongly affected by the packing mode of porphyrin molecules on the cationic
semi-artificial polysaccharide. Furthermore, we have confirmed that the light energy captured by the

porphyrin J-aggregates is effectively transferred to SWNTs.

Introduction

Creation of supramolecular nanoarchitectures using polymers
as building blocks has been a difficult challenge for chemists
because of its complexity but still been an important target
because of its potential that they are directly useful for de-
signing functional nanomaterials."® Unlike the well-established
self-assembly systems of programmed molecules, however, there
is no established general strategy on how functional polymers
can be built up toward well-ordered nanoarchitectures exhibit-
ing the desired functions. To overcome the difficulty mainly
arising from the strong cohesive nature of polymers, we have
so far employed a supramolecular approach that B-1,3-glucans,
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helix-forming natural polysaccharides, can wrap an individual
polymer such as single-walled carbon nanotubes (SWNTs) or
polythiophenes, leading to the creation of supramolecular one-
dimensional (1-D) complexes.” Advantageously, when a semi-
artificial B-1,3-glucan bearing a molecular recognition site is used
as a wrapping component instead of natural one, the surface
of the resultant complex acquires the potential self-assembling
capability toward further organization of the complexes. In fact,
we have successfully demonstrated that B-1,3-glucans modified
with cationic trimethylammonium groups (CUR-N*) or anionic
sulfonate groups (CUR-SO;") helically wrap SWNTs and endow
the self-assembling ability toward SWNTs, resulting in the con-
struction of the highly-ordered SWNT nanoarchitecture through
the electrostatic interactions between the cationic and the anionic
complexes.® Along this line aiming at the creation of highly-
ordered polymer assemblies by the novel strategy, we herein
show a new polymer-assembling system using the programmed
polymeric molecules, where the well-established supramolecular
porphyrin nanofiber acts as a complementary 1-D building block
for a polymer assembly, resulting in a new class of polymer-small
molecule nanocomposites (Fig. 1). Importantly, it is expected
for the present system that the dynamic association/dissociation
ability of the porphyrin-based supramolecular nanofibers leads to
the creation of various polymer assemblies through their structural
conversion, which could not be realized only by covalent-bond-
based polymer components.

It has been known that tetrakis(4-sulfonatophenyl)porphyrin
(H,TPPS*) generates the di-acid form (H,TPPS*) under the
acidic conditions, ie., below pH = 3.0, where pKa value for
H,TPPS* is 4.9, and therefore tends to self-assemble into the
well-regulated fibrous structure (J-aggregate) through electrostatic
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Fig. 1
schematic illustration of the present concept.

interactions.®** As the resultant supramolecular nanofiber struc-
ture carries anionic charges arising from the sulfonate groups,
it would be useful as a supramolecular 1-D building block to
form a supramolecular polymeric architecture with CUR-N* or
its SWNT complex. It thus occurred to us that the self-assembly of
H,TPPS* molecules and the cationic CUR-N*/SWNT complexes
would lead to highly-ordered self-organization of SWNTSs, where
the H,TPPS* J-aggregates act as a supramolecular adhesive agent
for the cationic complexes. If the H,TPPS* J-aggregates could
act as a photosensitizing component, the resultant polymeric
architecture may exhibit the excellent light-harvesting abilities,
transferring the light energy to SWNT.>*! In addition, one can
expect for this system that a structural change in the H,TPPS*
aggregate by external stimuli may induce a drastic change in the
SWNTs orientation mode; that is, the resultant composite would
acquire the dynamic properties arising from a structural charge
in the supramolecular nanofibers, resulting in the formation of
“soft” polyion complexes.

Results and discussion

Self-assembly of H,TPPS* molecules into their J-aggregate pro-
ceeds only under the acidic conditions, ie., below pH = 3.0,
where the electrostatic interactions among the protonated central
pyrrole groups and the peripheral sulfonate groups play a crucial
role.*™ Thus, as a preliminary experimental condition, H,TPPS*
solution was mixed with aqueous solution containing only CUR-

H,TPPS*

(a) Structures of CUR-N* and the diacid (H,TPPS*) and free-base (H,TPPS*) forms of the tetrakis(4-sulfonatophenyl)porphyrin, and (b)

N* without SWNTs, adjusting the pH to 3.4 with AcOH/AcONa
buffering solution. Although this pH value is slightly higher
than the critical pH for H,TPPS* molecules to form the J-
aggregate, we expected that H,TPPS* molecules would be self-
organized into the J-aggregate with the aid of CUR-N* template.
To clarify the template effect of CUR-N* on the formation of the
H,TPPS* J-aggregate, UV-vis spectroscopic measurements were
performed with gradually changing the [trimethylammonium (in
CUR-N")]/[sulfonate (in H,TPPS*)] ratio. As shown in Fig. 2a,
UV-vis spectrum of H,TPPS* in the absence of CUR-N* shows
characteristic peaks at 435 nm (Soret-band) and 645 nm (Q-band)
arising from monomeric H,TPPS*.%* Upon addition of CUR-
N*, however, both Soret- and Q-bands were significantly red-
shifted to 490 nm and 710 nm, respectively, which is indicative
of the formation of the J-aggregate (Fig. 2a).'®!%!¢ Further-
more, an intense split-type band of induced circular dichroism
(ICD) in the J-aggregate region was observed (Fig. 2c). This
result suggests that the effective interaction between H,TPPS*
molecule and CUR-N* template facilitates the formation of
the H,TPPS* J-aggregate. These spectral changes are almost
saturated at [trimethyl ammonium]/[sulfonate] = 0.5, indicating
that two sulfonate groups in an individual H,TPPS* molecule
are neutralized by two trimethylammonium groups of CUR-N*.
In this case, two other sulfonate groups can still take part in
the intermolecular interaction with adjacent H, TPPS* molecules,
so that the J-aggregate can be created with the aid of CUR-N*
template.”” Further increase in the cationic component, i.e., in the
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Fig.2 UV-vis and CD spectral changes of H, TPPS* upon addition of only CUR-N* (a) and (c), and CUR-N*/SWNT complex (b) and (d), respectively:

25°C, 1.0 cm cell.

[trimethylammonium]/[sulfonate] ratio from 1.0 to 3.0, somewhat
broad peak assignable to H,TPPS* H-aggregate was newly
observed at 410 nm, with decreasing the peak intensity attributable
to the J-aggregate. These results suggest that all sulfonate groups in
the H,TPPS* molecule interact with trimethylammonium groups,
where H,TPPS* molecules are no longer self-assembled into the
J-aggregate due to the lack of the intermolecular electrostatic
interactions."

We then mixed CUR-N*/SWNT complex with H,TPPS*,
expecting that the H,TPPS* J-aggregate would form on the
CUR-N*/SWNT complex, which would also lead to the self-
organization of SWNTs due to the electrostatic interaction. When
the [trimethylammonium]/[sulfonate] ratio was increased from 0.0
t00.67, the Soret- and Q-bands of monomeric H,TPPS* gradually

decreased and new peaks assignable to the J-aggregate appeared
at 490 nm and 710 nm, as shown in Fig. 2b, as in the case of
CUR-N* template system. As a reference experiment, we have
confirmed that there is no specific interaction between SWNTs
and H,TPPS* under the same conditions as those for CUR-
N* or CUR-N*/SWNT template system; that is, when SWNTs
was mixed with H,TPPS* solution, no significant change in
UV-vis spectra of H,TPPS* was observed. CD spectral changes
strongly support the view that H,TPPS* molecules form the J-
aggregate on the CUR-N*/SWNT complex, as shown in Fig. 2d,
being affected by chiral CUR-N*. The split-type of ICD signals
appears at 490 nm and 498 nm and the cross section wavelength
of the peaks is consistent with the absorption maximum of the
H,TPPS* J-aggregate. Beside, the CD intensity also reached to the
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maximum when the [trimethylammonium]/[sulfonate] ratio was
at 0.67, implying that H,TPPS* molecules self-assemble on the
CUR-N*/SWNT complex through the electrostatic interaction,
leading to the creation of the J-aggregate structure.

The charge neutralization of cationic CUR-N* by anionic
H,TPPS* would cause the drastic morphological changes from
each component as observed in our previous systems.*' Taking
the conditions for UV-vis and CD spectroscopic data into account,
we firstly carried out TEM (transmission electron microscopic)
observation for H,TPPS* assemblies supported by CUR-N*,
adjusting the [trimethylammonium]/[sulfonate] ratio to 0.50. It is

well accepted that H,TPPS* itself forms rod-like structure under
the acidic conditions. H,TPPS* in the presence of CUR-N*,
however, self-assembled to sheet-like structure with 80-300 nm
in length in which H,TPPS* rod-like structure and CUR-N*
would be piled up alternately (Fig. Sla ESIT). From this result, we
presumed the self-organization of the CUR-N*/SWNT complex
with the aid of the H,TPPS* J-aggregate structure. Expectedly,
the H,TPPS* J-aggregate formation on the CUR-N*/SWNT
complex ([trimethylammonium]/[sulfonate] = 0.50) leads to the
creation of the sheet-like nanostructure with the width about
20 nm, as shown in Fig. 3a, which corresponds to the aggregate of
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Fig.3 TEM image of the sheet-like structure ([trimethylammonium]/[sulfonate] = 0.50) (a) and its magnified image (b). EDX spectrum of the sheet-like

structure (c).
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several tens CUR-N*/SWNT complexes. In addition, the length
of the sheet-like structure can be estimated to be ca.l um, the
value of which is almost consistent with the average length of used
SWNTs (0.6-1.2 um, Fig. S2a ESIY), indicating that the CUR-
N*/SWNT complex acts as a 1-D building block. Importantly, the
magnified TEM image revealed the presence of the highly-ordered
fibrous assemblies within the sheet-like structure, as shown in Fig.
3b, indicating that the CUR-N*/SWNT complexes are regularly
piled up with the aid of the anionic H,TPPS* J-aggregates. The
direct evidence that the sheet-like structure contains the H,TPPS*
J-aggregates was obtained from EDX (energy dispersive X-ray
spectroscopy) analyses: as shown in Fig. 3c, characteristic peaks
assignable to nitrogen and sulfur atoms were clearly detected at
0.39 keV and 2.30 keV, respectively. It should be emphasized
here that no sheet-like structure can be seen from H,TPPS*
without CUR-N*/SWNT complex under the same conditions
(Fig. S1b ESIt)." This fact suggests that the assistance of the
CUR-N*/SWNT complex as a cationic template is indispensable
for the H,TPPS* J-aggregate formation. Spectral changes as
shown in Fig. 2a-2d indicate that, at the given pH condition, i.e.,
pH = 3.4, most H,TPPS> molecules exist their monomeric state.
Once upon addition of CUR-N* or CUR-N*/SWNT complex,
the equilibrium between H,TPPS* monomer and its J-aggregate
is shifted to the J-aggregate formation, which further promotes the
assembly of the CUR-N*/SWNT complex toward the sheet-like
structure. The present sheet-like structure is thus formed, for the
first time, by the mutual template effect of two components. When
the [trimethylammonium]/[sulfonate] ratio was changed from 1.3
to 3.0, where the J-aggregate no longer act as the template for
the assembly of the CUR-N*/SWNT complexes, the sheet-like
structure could not be observed (Fig. S2b ESI).

In order to reconfirm that the H,TPPS* J-aggregate is
indispensable for the alignment of CUR-N*/SWNT com-
plexes, the solution containing the sheet-like structures
([trimethylammonium]/[sulfonate] = 0.5) was neutralized by
NaOH aqueous solution to dissociate the J-aggregate structure
supported by the intermolecular NH*-SO;™ electrostatic inter-
action. Upon addition of NaOH aqueous solution (1.0 M), the
solution pH was increased from 3.4 to 6.9, which would lead to
the dissociation of the J-aggregate into monomeric H,TPPS*.
UV-vis and CD spectral changes also support this view (Fig.
4a and 4b); that is, the absorption peaks assignable to the
H,TPPS* J-aggregate was dramatically decreased with increasing
pH values, and a new peak assignable to monomeric H, TPPS*
appeared at 414 nm. The split-type ICD also disappeared during
this treatment, suggesting that H,TPPS* molecules no longer
interact with the cationic CUR-N*/SWNT complex. TEM ob-
servation provided the direct image that the sheet-like structures
consisting of CUR-N*/SWNT complexes are transformed to
the individual fibrous assemblies with several nanometer widths,
where H,TPPS*” molecules would be adsorbed onto the complex
surfaces in a random fashion (Fig. 4c). Interestingly, when the
pH value of the solution mixture was restored to 3.4, the sheet-
like nanostructure was reconstructed (Fig. 4d) and the original
absorption spectral peaks assignable to the J-aggregate emerged
again. In this case, dissociated H,TPPS* molecules were not
entirely self-assembled to the initial J-aggregate as shown in
the UV-vis spectra. This is due to the adsorption of some
H,TPPS* molecules onto the complex surfaces in a random

fashion, which suppress the reformation of the J-aggregate. These
results clearly suggest that the intermolecular interactions among
H,TPPS* molecules, i.e., J-aggregate formation and dissociation
of H,TPPS* molecules, are controllable on the complex surface,
which eventually governs the self-assembling properties of the
polymer complex.

Finally, we measured the fluorescence spectrum of the H, TPPS*
J-aggregate in the presence of CUR-N*/SWNT complex, ex-
pecting that the reliable evidence for the inner structure of
the sheet like-structure was obtained; that is, in the present
system, CUR-N*/SWNT complex would be surrounded by an
H,TPPS* J-aggregate in the sheet-like structure, so that the
photo energy captured by the J-aggregate would be effectively
transferred to SWNTs. Accordingly, upon excitation at 490 nm,
the fluorescence intensity of the H,TPPS* J-aggregate drastically
decreased with increasing CUR-N*/SWNT complex concen-
trations, as shown in Fig. 5. The effective quenching of the
fluorescence supports the view that CUR-N*/SWNT complex
and the H,TPPS* J-aggregate is piled-up alternatively to form
the sheet-like structure.?

In addition to the steady-state fluorescence, the fluorescence
decay of H,TPPS* at 660 nm was investigated by time-resolved
means, which are expected to support the excited-state interactions
between the H,TPPS* J-aggregate and SWNT. A fluorescence
lifetime of 0.45 ns was registered for H,TPPS* in the presence
of CUR-N*/SWNT complex. As a reference sample, lifetime of
0.76 ns was observed for H,TPPS?>" on CUR-N* template without
SWNT. In this case, the H,TPPS* J-aggregate would be aligned
on CUR-N" template to create the sheet-like structure as shown in
Fig. S1,T and therefore some deactivation of the excited sate arising
from the interaction between H, TPPS* and CUR-N* would occur
in the sheet-like structure. Along this line, the further short-lived
component observed in the presence of CUR-N*/SWNT complex
would be mainly attributed to the electron transfer from H,TPPS*
to SWNT (Fig. 6a and 6b).* The related photoinduced electron
transfer in the porphyrin/carbon nanotube hybrid systems has
been reported by several research groups, where m-radical cation
of porphyrin was detected as a transitional species.”? Together with
the similarity of the present system in comparing with the related
porphyrin/carbon nanotube hybrid systems, we believe that the
present system would lead to the development of novel photonic
nanomaterials, where the light-harvesting properties would be
tunable at a molecular level, dominating the final composite size,
mechanical strength, electronic properties, and others.

Conclusion

In conclusion, we have demonstrated that the cationic B-1,3-
glucan/SWNT complex can be successfully organized with the
support of the anionic supramolecular H, TPPS* nanofiber struc-
tures. This self-organized nanostructures were dissociated and
reconstructed in a reversible manner by the pH change, which
indicates that the supramolecular nanofiber could act as a comple-
mentary 1-D building block for the construction of higher-ordered
polymer assemblies. Therefore, the final assembling architecture is
strongly affected by the [trimethylammonium]/[sulfonate] ratio,
accompanying a morphological change in the H,TPPS* fibrous
assembly. It is worthy to emphasize as a novel concept in a molec-
ular assembly that in the present system, the CUR-N*/SWNT
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Fig.4 Reversible UV-vis and CD spectral changes of the sheet-like structure (a) and (b); pH = 3.4 (red line), pH = 6.8 (black line) and after restoring to
pH = 3.4 (blue line). TEM images of the dissociated structure at pH 6.9 (c) and the reconstructed sheet-like structures at pH 3.4 (d).

complex acts as a 1-D template for H,TPPS>* molecules, pro-
moting the self-organization of H,TPPS* even under somewhat
weak acidic conditions. Simultaneously, this self-assembling event
of H,TPPS* on the polymer template induces the higher-ordered
polymeric assemblies in a mutual supporting manner, acting as
a supramolecular glue for the polymer complex. The mutual
template effects of the 1-D complex and the supramolecular
nanofiber structures characterize the present system. Additionally,
the supramolecular nanofiber structures, surrounding the cationic
SWNT complex, play a role of light-harvesting chromophores
upon photo-irradiation: in the polymeric assemblies, thus the
photo energy transfers from the peripheral H, TPPS* J-aggregate
to central SWNTs. Throughout the present system, we can provide
a novel concept to create hierarchical polymer assemblies assisted
by the supramolecular nanofiber structure as an adhesive agent.

Experimental
General

UV-vis spectroscopic studies were performed by using a SHI-
MADZU UV-3100 and a Jasco V-580 spectrophotometer, respec-
tively. CD spectra were obtained using a Jasco V-710 spectrometer.
Fluorescence spectra were measured using a Perkin—Elmer LS-
55 luminescence spectrometer. Transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) images were acquired
by using a JEOL TEM-2010 (accelerate voltage 120 kV) and a
TECNAI-20, FEI (accelerate voltage 200 kV), respectively. The
sample solution was placed on a copper TEM grid with a holey
carbon support film. The TEM grid was dried under reduced
pressure for 6 h before TEM observation. Energy dispersive X-ray
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Fig. 5 Fluorescence spectral change of H,TPPS* upon addition of
CUR-N*/SWNT: 25 °C, 1.0 cm cell, excitation at 490 nm.

spectroscopy (EDX) spectra were obtained using a TECNAI-20,
FEL

Materials

Curdlan (MW = 1,000,000) was obtained from Wako Chemicals.
SWNTs produced by the Hipco (high-pressure decomposition
of carbon monoxide) process were purchased from Carbon
Nanotechnologies, Inc. and metallic catalysts were purified ac-
cording to the literature. Tetrakis(4-sulfonatophenyl) porphyrin
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(H,TPPS*) was obtained from Aldrich. The synthesis of CUR-
N* was carried out according to the method previously reported
by us.”

Sample preparation for measurements

Preparation of CUR-N*/SWNT complex. SWNTs (1.3 mg)
were mixed with 0.50 mL of distilled water and the mixture
was sonicated for 10 min, and the aqueous solution containing
CUR-N* (0.20 mL, 5.0 mg mL™) was added and dispersed by
sonication for 50 min using a probe type sonicator with the sample
immersed in a water bath. To remove an excess amount of curdlan,
the obtained homogeneous black solution was subjected to gel-
column chromatography (Sephadex, G-100, eluted with water).

Phenol/sulfuric-acid reaction. The amount of CUR-N* wrap-
ping on SWNT was estimated by the phenol/sulfuric-acid reaction
method. Firstly, a calibration curve was created by using mannose
as a standard saccharide. An aqueous solution containing 5%
(w/v) phenol was then added to 200 mL of the mannose solutions.
Immediately after addition of 1.0 mL of sulfuric acid to the
mixture, the resultant solution assumed an intense yellow color.
To complete the coloration reaction, the obtained solution was
kept for 40 min at room temperature. The absorption maximum
at 490 nm was plotted as a function of mannose concentration.
The complex solution containing an unknown amount of curdlan
was treated with phenol followed by sulfuric acid according to
the same procedure. From the calibration chart, the amount of
CUR-N* wrapping on SWNT was estimated.

Sample preparation for UV-vis, CD and fluorescence spectro-
scopic measurements of CUR-N*/SWNT-H,TPPS* composite in
AcOH/AcONa buffering solution. H,TPPS* was dissolved in
AcOH/AcONa buffering solution (pH 3.4) to prepared 6.5 uM
aqueous stock solution. The H,TPPS* solution was then mixed
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Fig. 6 (a) Fluorescence decay kinetics for H, TPPS* observed at 660 nm in the presence of CUR-N*/SWNT complex (red line) and CUR-N* (blue line)
upon excitation at 355 nm, (b) transient fluorescence spectra in the presence of CUR-N*/SWNT complex at 0-0.1 ns (violet line) and 0.5-0.8 ns (blue
line) after pulse exposure: [trimethylammonium]/[sulfonate] ratio of the samples was adjusted to 1.0.
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with 0.65 mM of CUR-N* or of CUR-N*/SWNT aqueous solu-
tions in the concentration range of cationic trimethylammonium
groups from 0 uM to 19.5 uM. The resultant clear aqueous
solutions were directly subjected to UV-vis, CD and fluorescence
spectroscopic measurements.

Sample preparation for fluorescence lifetime measurements.
Sample solutions were prepared based on the document in-
cluded with the samples. Fluorescence lifetime and spectrum
measurements were carried out at room temperature. A third
harmonic generation at 1 kHz repetition rate from a Nd: YAG laser
(PL2250MO, EKSPLA Inc.) was used as excitation light sources,
and the fluorescence was monitored by multi photon counting
technique with a Hamamatsu C7700 wide dynamic range streak
system.
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