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Construction of one-dimensional (1D) nanostructures based
on self-assembly of small molecules has received much
attention.”! Supramolecular gels derived from the 1D self-
assembly of low-molecular-weight organogelators (LMOGs)
have potential applications in various areas, such as drug
delivery systems, biomaterials, electronic devices, and tem-
plates for nanostructures.?’! Therefore, much effort has been
made to develop novel LMOGs and to elucidate their
nanostructures and new physical properties.>*) Among the
various LMOGs, macrocycles are the attractive candidates.
The first example of the macrocyclic gelator is the calix[8]-
arene with long alkanoyl chains at the para position of the
phenol groups reported by Shinkai and co-workers.*! Since
then, gelators based on - and y-cyclodextrins,™ peptido-
mimetic cyclophane,® resorcinarene,”! crown ether,® arylene
ethynylene macrocycle,”” as well as cucurbit[7]uril
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(CB[7]))" have been developed. However, the construction
of supramolecular gel based on the self-assembly of well-
defined macrocycles remains challenging since the rational
design of the macrocycles capable of forming gels by 1D self-
assembly is not possible at the present stage. If we can find
such macrocycles, an additional function based on the guest-
binding properties of macrocycles'!! may be added to the
fibril structures formed by stacking of the macrocycles. For
example, crown ether based gelators formed gels by inclusion
of tetraammonium cationic guests.**®! In the CB[7]-based
hydrogel, a guest-induced stimuli-responsive system was
achieved by the use of the inclusion ability of CB[7].l! The
development of a new type of macrocyclic gelator may lead to
the formation of a supramolecular gel with new structural and
physical properties pertaining to the macrocycle itself.
Recently, we found that pyromellitic diimide-based mac-
rocycle 1 (Figure 1) gelated N,N-dimethylaniline. We
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Figure 1. Structure of pyromallitic diimide-based macrocycle 1 and its
CPK representation.

reported that 1 preferentially includes m-donating guests
with a charge transfer (CT) interaction as the driving force.!*”
Further investigation of the inclusion properties of 1 with -
donating compounds led us to discover the solvent-selective
gelation of 1 in N,N-dimethylaniline. By taking advantage of
1D assembling of 1 in N,N-dimethylaniline, we prepared
functional porous organic nanofibers, in which the pores were
constructed by the tubular assembly of 1. Herein, we report
the preparation and the structural study of new porous
organic nanofibers along with their potential application as
chemosensors.

When a hot solution of 1 (1.0 wt %) in N,N-dimethylani-
line was allowed to cool to room temperature, a deep-violet
colored gel was formed (Figure 2). The color of the gel is
ascribed to the CT interaction between m-accepting 1 and -
donating N,N-dimethylaniline (4,,,=530nm). Of all the
aniline derivatives that were tested, only N,N-dimethylaniline
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Figure 2. Pictures of the gelation behavior of 1 in N,N-dimethylaniline
(1.0 wt%).

had the ability to induce gelation of 1 (Table 1 and see the
Supporting Information)."” After centrifugation of the gel,
the deep-violet precipitate was collected and gave a solid-
state UV/Vis spectrum displaying a CT band similar to that of
the gel (see the Supporting Information). The composition of
the precipitate was predicted to be 1-(N,N-dimethylaniline),
based on analysis of its 'H NMR spectrum in CDCl,. CT
complexation between 1 and N,N-dimethylaniline may be a
driving force of the gelation.

Table 1: Solvent-selective gelation behavior of 1.7

Solvent Behavior

aniline

N-methylanilne
N-ethylaniline
N-isopropylaniline
N,N-dimethylaniline
N-methyl-N-ethylaniline
N,N-diethylaniline
N,N-dimethyl-o-toluidine
N,N-dimethyl-m-toluidine
N,N-dimethyl-p-toluidine

(1.0 wt %)

TTOUUOTUOTLVAVLK VBN

[a] G: gel formed (critical gel concentration); S: soluble; P: precipitate
formed.

The xerogel was prepared by drying in vacuo, and the pale
yellow color of the xerogel indicated the absence of N,N-
dimethylaniline in the xerogel, which was supported by the
'HNMR spectrum of the xerogel (see the Supporting
Information). These results indicated that the gelation was
derived from the complexation between 1 and N,N-dimethy-
laniline, and that N,N-dimethylaniline was removed by drying
in vacuo. The morphology of the sample was then inves-
tigated by field emission scanning electron microscopy (FE-
SEM), which revealed fibril structures and their 3D networks
(Figure 3)."! Further examination of the xerogel by high-
resolution transmission electron microscopy (HR-TEM,
Figure 4) showed that the tubular hollows along the fiber
growth axis have a diameter that is comparable to the size of 1
(ca. 1 nm). This result suggests that the hollow is composed of
a one-molecule-thick array of 1. The tubular stacking was also
inferred from X-ray diffraction measurements of the xerogel.
The diffractogram is dominated by three sharp peaks at 26 =
6.5,7.6°, and 15.5°, which can be assigned to the height (13.6
and 11.7 A) and width (5.7 A) of the macrocycle 1, respec-
tively, and is in good agreement with the structure optimized
by B3LYP/6-31G* calculations (height: 13.1 and 11.1 A;
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Figure 3. FE-SEM images of the xerogel: a) large-area image; b) mag-
nified image.

a)

Figure 4. HR-TEM images of the xerogel: a) large-area image; b) mag-
nified image.

width 4.7 A, see the Supporting Information). XRD measure-
ments of the nanofibers collected by centrifugation showed
three similar distinctive peaks, suggesting their similar tubular
structures.

Single crystals of (1-(N,N-dimethylaniline),(tetra-
chloroethane), were obtained by recrystallization of 1 from
a mixture of N,N-dimethylaniline and 1,1,2,2-tetrachloro-
ethane (v/v=1:1). X-ray crystal structural analysis also
showed that 1 stacks regularly to form a tubular structure
(Figure 5)."! This result is in line with our previous study, in

Figure 5. Crystal structure of 1-(N,N-dimethylaniline),-(1,1,2,2-tetra-
chloroethane),. Solvent molecules are omitted for clarity.
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which 1 showed a strong tendency to self-assemble to form
channel-type structures in the solid state, and the guest
molecules were continuously included in the long cavity of the
channel, as was observed in the inclusion complexes of (p-
xylene),@1 and (toluene);@1.'”) When 1 self-assembles with
the aid of m-donating benzene derivatives, the formation of
channel-type structure is favorable probably as a result of the
adequate structural fitting of the pseudohexagonal shape of
1.3 Accordingly, N,N-dimethylaniline can help 1, through
CT interactions, to self-assemble to form nanofibers of
tubular structure, which then accumulate into bundles
referred as nanofibers."" Because the CT interaction between
N,N-dimethylaniline and pyromellitic diimide moieties in 1 is
weak,'”! guest molecules can be removed rather easily by
drying in vacuo. The tubular arrangement of 1 would remain
intact after the removal of N,N-dimethylaniline (Scheme 1).

—

N,N-dimethylaniline

Thus, the nanofibers of the xerogel have channel-type
empty cavities, and the cross section of a nanofiber may have
nanoporous structure similar to honeycomb. Therefore, -
electron donating guests can be preferentially included in the
n-electron deficient cavities of the nanoporous fibers with CT
interactions as the driving force. The adsorption property of
the xerogel was thus examined by using N,N-dimethylaniline,
N-methylaniline, aniline, and 1,3-dimethoxybenzene as
adsorbents. The xerogel was placed in a chamber and filled
with vapor of a guest at room temperature under ordinary
pressure. The pale yellow color of the xerogel changed after
adsorption of the guest, and the color change could be easily
differentiated by the naked eye according to the m-donating
ability of the guest (Figure 6). Corresponding to this color
change, the UV/Vis spectrum of the xerogel exposed to a

a) b) c)

d) e)

Figure 6. Photographs of the xerogel after adsorption of N,N-dimethyl-
aniline (a), N-methylaniline (b), aniline (c), 1,3-dimethoxybenzene (d),
and before adsorption (e).
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Scheme 1. Schematic representation of the formation of the fibril structure by tubular assembly of 1.
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vapor of the guest is slightly different from that of the xerogel
itself (see the Supporting Information). The color after
adsorption reflects the m-donating ability of the guest. The
strong m-donating guest, N,N-dimethylaniline, changed the
color of the xerogel to deep violet, while light yellow color
was observed when the vapor of the weak donor guest, 1,3-
dimethoxybenzene, was exposed to the xerogel. The same
experiment was carried out for a powder of 1, which was
prepared from a 1.0 wt % solution of 1 in CHCl;. However, it
was difficult to detect the color by the naked eye for all the
guests, and the UV/Vis spectral curves were almost the same
as that of the xerogel itself (see the Supporting Information).
The fibril structure was not observed in the powder of 1 by the
SEM images, not was the diffraction pattern observed in
XRD measurements. Thus, the tubular cavities in the nano-
fiber are essential for the color change of the xerogel, and this
result suggests that the xero-
gel could be used as a che-
mosensor for m-electron-
donating molecules.

In summary, we discov-
ered a new member of a
unique class of LMOGs. The
pyromellitic diimide based
macrocycle 1 selectively
gelates N,N-dimethylaniline
to form the supramolecular
gel with the nanofibril structure. Nanofibril structures were
fabricated from a macrocycle through a gelation process
assisted by CT interactions between a host and a guest. The
nanofibers may be constructed by the bundles of tubular
assembly of 1 with N,N-dimethylaniline serving as a glue to
form the tubular structures. By utilizing the gelation of 1,
functional organic nanofibers with channel-type empty cav-
ities formed by the stacking of 1 were prepared. In the
channel-type empty cavities in the fiber, m-donating guests
can be included, and the pale yellow color of the xerogel
changes to yellow or to orange depending on the rt-donating
ability of the guests. To the best of our knowledge, this is the
first example of the construction of self-assembled organic
nanoporous fibers from a macrocycle that can respond to
outer stimuli. This preliminary finding may be extended to
chemosensors, and studies along this line are in progress.

xerogel
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