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Redox-Active Organogelator**

Tomoyuki Akutagawa,* Keiko Kakiuchi,
Tatsuo Hasegawa, Sin-ichiro Noro,
Takayoshi Nakamura,* Hiroyuki Hasegawa,
Sinro Mashiko, and Jan Becher

Amphiphilic molecules in solution can form a variety of
molecularly assembled structures, composed, for example, of
gels, micelles, vesicles, tubes, or lamellas, in a variety of
dimensions, shapes, and sizes"™ Several types of low-
molecular-weight molecules can form organogels that gen-
erate macroscopic phase-separated molecularly assembled
structures in organic solvents.*””) Each molecule is assembled
through specific intermolecular interactions and becomes
part of a fibrous structure, which is entangled to form a three-
dimensional (3D) pore structure.*” In general, the most
important type of intermolecular interaction in an organogel
is hydrogen bonding. Therefore, the molecular structure of
organogelators has been limited to about 30 kinds of
molecules, such as fatty acids and their monovalent salts,
steroids, anthryls, amino acids, and organometallic derivatives
having hydrogen-bonding sites, such as hydroxy, carboxylic,
amino, and carbonyl groups.*””) With the exception of 2,3-bis-
n-decyloxyanthracene,™ organogelators have been designed
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on the basis of their ability  a)

to participate in hydrogen-

bonding interactions.
Organogelators have a R

tendency to form fibrous K’OL/O‘/
structures, which can b.e 1: R, R = SCH,CHyS
used to construct electri- 2: R, R =SCH,
cally active low-dimen- ¢) o

sional nanostructures

even though most organo-
gelators do not possess an
electrically active m-elec-
tron system.*” Electri-
cally and optically active
molecules, such as phtha-
locyanine, porphyrin, and
thiophene, have been used
to construct organogels
through hydrogen-bond-
ing interactions.[®1!
Sulfur-containing m-elec-
tron systems are useful
building blocks for con-
structing highly electrically
conducting  molecularly
assembled structures. For
example, a variety of molecular metals and superconductors
have been developed by incorporating the radical ions of
tetrathiafulvalene (TTF) derivatives." Organogelators incor-
porating S-containing m-electron systems have been reported,
namely amphiphilic thiophene and TTF derivatives with
hydrogen-bonding sites, which exhibit a capacity to gelate
despite the absence of m—m interactions. To the best of our
knowledge, the electronic properties of these organogelators
have not yet been characterized. New organogelators with S-
containing m-electron systems capable of self-assembling into
fibrous structures through strong intermolecular S-S and n—
7 interactions have the potential to form electron-conducting
pathways through the formation of a m-band structure. Thus,
the m-stacking interaction is intrinsically a prerequisite for the
formation of electrically active organogels.

We have constructed nanowires based on charge-transfer
(CT) complexes of amphiphilic bis(tetrathiafulvalene) (bis-
TTF) annulated macrocycles by molecular assembly as
examples of electrically conducting nanostructures.!>!'* For-
mation of molecularly assembled nanowires with a typical
dimension of 2.5 x 50 x 221000 nm® has been achieved with a
charge-transfer complex of a methylthio-substituted bis-TTF
annulated macrocycle derivative.! Herein, we report a new
amphiphilic bis-TTF annulated macrocycle derivative 1,
which can form redox-active organogels as well as electrically
active nanostructures, such as nanowires and size-controllable
nanodots (Figure 1a).

Molecule 1 was synthesized to increase the magnitude of
the intermolecular interactions: a terminal ethylenedithio
group (-SCH,CH,S-) effectively enhances the intermolecular
interactions through lateral S-S contacts in the molecularly
assembled structures compared to those in 2, which contains
methylthio groups (-SCH;).'* ¥ Molecule 1 was soluble in
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Figure 1. a) Molecular structure of amphiphilic bis-TTF annulated macrocyclic derivatives. b) Temperature-
dependent organogelation of 1. A 1 mm solution of 1 in CHCl;/CH;CN (6/4) at 333 K was slowly cooled to
298 K. Organogelation was accompanied by a color change from yellow (T=333 K) to orange (T=298 K).

c) Surface structure of the cast film of dried organogels on mica. d) Surface structure of a spin-coated film of
dried organogels on mica. The rotational speed of the spinner was fixed at 4000 rpm. AFM images were
recorded in a 10x 10 um? scanning area.

CH,Cl,, CHCl,, toluene, 1,2-dichloroethane, but less-soluble
in CH;CN, acetone, CH;0OH, C,H;OH, and n-hexane. Slow
cooling of a solution of 1 (1 mm) in CHCly/CH;CN (6/4) from
333 K resulted in the generation of organogels at 293 K
(Figure 1b). The yellow solution of 1 changed to an orange
organogel upon cooling. The formation of organogels
depended on the volume fraction of CH;CN in the CHCl,/
CH;CN mixed solvent system. No organogels formed at room
temperature at volume fractions of CH;CN less than 40%.
Other mixed-solvent systems such as CHCl;/CH;OH (4/6),
CsH¢/CH;CN (4/6), and CICH,CH,CI/CH;CN (4/6) also
yielded organogels. However, the mixed-solvent systems of
CHCILy/CH;COCH;, CHCL/C,H;OH, and CHCly/C,H;CN
prevented formation of organogels.

Multiple hydrogen-bonding sites are the functional units
that lead to one-dimensional fibrous structures in most
organogelators. Although 1 possesses no hydrogen-bonding
sites, the strong intermolecular m—m interactions enabled
formation of an organogel. Organogelation of 1 results from
replacing the terminal functional group by the ethylenedithio
group since the bis(methylthio)-substituted bis-TTF annu-
lated macrocycle 2 is incapable of forming organogels. It is
known that a terminal ethylenedithio group sufficiently
increases the dimensionality of intermolecular interactions
through lateral interatomic S-S contacts along the peripheral
direction in the 7 stacks."” Together with the m—m interaction,
these intermolecular S-S interactions provide a two-dimen-
sional electronic structure for a stable metallic and super-
conducting state in certain ion-radical salts of bis(ethylene-
dithio)-TTF." Intermolecular S-S contacts of the terminal
ethylenedithio group in 1 play an important role in increasing
the intermolecular interaction to form fibrous structures in
the organogel. The intermolecular interactions between
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electrically active TTF units, which lead to a s-band structure
in the solid state, are important for obtaining electrically
conducting nanoscale materials.

Figure 1c,d shows organogel structures fabricated as a
dried gel by cast and spin-coating techniques (1 mm CHCly/
CH;CN (6/4)), respectively, on mica. In the case of the cast
film, the fibers were entangled to form a 3D structure. The
film surface morphology was characteristic of an organo-
gel:1 introduction of organic solvents into the 3D pore
yielded an organogel. By contrast, isolated fibrous structures
were observed in the case of the spin-coated film. The average
width and height of the fibers were 50 and 8 nm, respectively,
as revealed by AFM measurements.

The fibrous shape of the organogels is conducive to
constructing novel low-dimensional nanostructures. We
employed the Langmuir-Blodgett (LB) technique to obtain
nanostructures from organogelator 1. Transfer of the film
from the Langmuir layer on an aqueous 0.01m KCI subphase
onto mica resulted in the formation of fibrous structures with
an average dimension of 7x 70 x ca. 10000 nm>. A 2.2-nm-
thick two-dimensional monolayer underlays the fibers and
covers 90% of the surface area (Figure 2a). The fibers were
distributed randomly on the monolayer. Although a uniform
Langmuir layer was observed in the film transferred from
pure water, no fiberlike domains were formed, thus suggest-
ing that the addition of ions into the subphase contributed to
the formation of the fibrous structures of donor 1 in the LB

Figure 2. Surface structure of Langmuir—Blodgett films of 1 on mica.
The films were fabricated by using a standard Langmuir trough at

291 K with a subphase containing 0.01 m KCl. The spreading solvent
was a 0.5 mwm solution of 1 in CHCl;/CH;CN (6/4) and the barrier
speed was 50 mm?min~". Films were deposited by the vertical-dipping
method at a constant surface pressure of 5mNm™. a, b) The AFM
images were recorded over an area of 10x10 and 2x2 pm?. ¢, d) Ex-
panded AFM images of a nanodot array. The nanodot-array structure
has a connection of six nanodots (500x 500 nm? image) and nanodot-
ring structure is composed of about 40 nanodots (1.5x1.5 pm?).
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film. The addition of electrolytes, such as NaCl, NaBr, and
KCl, to water decreases the surface tension of amphiphilic
molecules at the air-water interfacel™ as a result of the
stronger adsorption of the molecules on the electrolyte-
containing interface than on pure water. The decrease in the
surface tension of donor 1 on the 0.0lm KCI aqueous
subphase accelerates the formation of micellelike molecularly
assembled structures.

Each fiber was composed of a one-dimensional nanodot
array (Figure 2b). The average diameter and height of the
nanodots were 70 and 7 nm, respectively. The nanodots in the
films often formed a regular array and ring structures
(Figure 2¢,d). The diameter of a nanodot ring consisting of
about 40 nanodots was roughly 500 nm. The circumference of
the nanodot ring (ca.3 pum) was almost consistent with the
sum of the average diameter of 40 nanodots (40 x 70 nm?).

Although 1 forms nanofibers of nanodot arrays, these
nanostructures are not expected to have a high electrical
conductivity because of the closed-shell electronic structure.
Molecule 1 shows a two-step redox behavior, with the first
and second oxidation potentials at Ej,=0.60 and Ej,=
0.94V in CH,CI, (versus the saturated calomel electrode
(SCE)), respectively, each of which corresponds to a two-
electron (2¢”) oxidation reaction. The high electron-donating
capacity of 1 enabled us to apply chemical oxidation by
dissolving two equivalents of iodine (I,) in a 0.5 mm solution
of 1 in CHCLy/CH;CN (8/2).

The obtained CT complex of donor 1 with an open-shell
electronic structure was subjected to spin coating using a drop
(ca.1pL) of a 0.5 mMm solution of 1/(1,), in CHCl;/CH;CN on
freshly cleaved mica. The rotational speed of the spinner was
varied between 500 and 6000 rpm. Isolated nanodots were
observed in spin-coated films (Figure 3a-d). No organogel
was formed in the case of the 0.5 mm solution of 1/(1,),, thus
indicating that the ability of 1 to form a fibrous structure was
poor in the oxidized state. The diameter and height of the
nanodots clearly depended on the rotational speed of the
spinner (Figure 3¢), with the nanodot diameter decreasing
with increasing rotational speed. For example, the average
diameter and height of the nanodots at a rotational speed of
6000 rpm were 200 and 20 nm, respectively, while those at
500 rpm were 800 and 400 nm, respectively. The diameters of
the nanodots increased exponentially as the rotational speed
decreases. The diameters of the nanodots can be varied from
200 to 1000 nm by adjusting the rotational speed of the
spinner between 6000 and 500 rpm. The size of the nanodots
can also be controlled by changing the experimental con-
ditions, for example, the concentration of the CT complex and
wetting angle of the substrate. Much smaller nanodots with a
diameter of approximately 150 nm and a height of 13 nm were
obtained in a diluted solution of the CT complex (0.1 mm) at a
rotational speed of 4000 rpm. Small nanodots with a typical
diameter of 20 nm and a height of 1.2 nm were often observed
on the same spin-coated film.

The conductance of single nanodots fabricated on highly
ordered pyrolytic graphite (HOPG) substrates was measured
by conducting AFM (C-AFM)."! The Pt-coated AFM tip
directly contacted a single nanodot, thus forming an HOPG/
nanodot/Pt sandwich. The red circles in Figure 4a at pointsI
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Figure 3. a—d) AFM images of size-controllable nanodots of the 1/(l,), complex with an open-shell electronic structure on mica. The rotation
speed of the substrate on the spinner was 6000, 4000, 2000, and 500 rpm for (a)—(d), respectively. The scale of all AFM images is 10x 10 um?.
e) Rotational-speed dependence of the average diameter and height of the nanodots on mica. The average diameter and height of the nanodots

were obtained by statistical analysis of the AFM images (10x 10 pm?).
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Figure 4. a) AFM image of nanodots of 1/(l,), on HOPG for conducting-AFM (C-AFM) measurements (2x2 um?). After measurement of the
topological image, the Pt-coated AFM tip contacted the bare HOPG surface (point I) and a single nanodot (point Il) to measure their I-V
characteristics. The nanodot structures were retained after the conductivity measurement, as confirmed by AFM measurement. b) AFM image of
fibrous structures of 1 on HOPG (10x 10 um?) prepared by spin casting of a 1 mm solution (CHCl;/CH,CN 6:4). A Pt-coated AFM tip contacted a
bundle of fibers with a height of about 2 nm (point IV). c) I-V characteristics at points | (HOPG), Il (single nanodot in air), Ill (single nanodot in
vacuum at 5x107* Pa), and IV (bundle of fibers). DC bias was applied from —0.2 to 0.2 V.

(bare HOPG) and II (single nanodot with a diameter of
200 nm and a height of 23 nm) correspond to the contact area
of the C-AFM tip during /-V measurements. The conduc-
tance of bare HOPG and a single nanodot were obtained
from the slope of the I-V curve to be 730 and 20 nS,
respectively, at 5x 107* Pa. The conductance of the nanodot
increased to 86 nS under ambient conditions because of the
effects of oxygen and/or water. The fibrous structure of 1 was
formed on HOPG by spin coating using a 1 mM solution of 1
in CHCL/CH;CN (6/4). The surface morphology shows a
neuronlike network structure (Figure 4b), with the bundles of
fibers randomly distributed on the HOPG. The conductance
of a fiber bundle with a height of about 2 nm (point IV in
Figure 4b) was about 0.03 nS, which is four to five orders of
magnitude smaller than that of a single nanodot with an open-
shell electronic structure. The high conductance of single
nanodots of the CT complex reflect the high concentration of
the conduction carriers.
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In conclusion, a new organogelator consisting of an
amphiphilic bis-TTF annulated macrocyclic derivative was
synthesized. The terminal ethylenedithio group increased the
intermolecular interactions through lateral S-S contacts, in
addition to the m—m interaction, which was responsible for
organogelation. A three-dimensional entangled structure of
fibers was confirmed in the dried organogel. The organo-
gelator produced nanodot-array structures in Langmuir—
Blodgett films. The chemically oxidized organogelator
formed size-controllable isolated nanodot structures, which
were simply fabricated by the spin-coating technique. The size
of the nanodots depended on the rotational speed of the
substrate, and was thus controllable. The conductance of a
single nanodot with an open-shell electronic structure was
four to five orders of magnitude higher than that of fibers of 1
with a closed-shell electronic structure. Nanostructures of
molecular conductors can potentially be used in molecular
electronic devices as electrically active units.

Angew. Chem. 2005, 117, 7449 7453
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Experimental Section

1: Donor 1 was synthesized by a stepwise protection/deprotection
protocol of the cyanoethylene groups. 2-lodoethoxyethane was
introduced into ethylenedithiolo-bis(2-cyanoethylthio) TTF by depro-
tection of a cyanoethylene group, then treated under high-dilution
conditions in DMF. The [24]crown-8 macrocycle was formed by
addition of two equivalents of CsOH to the bis(TTF) compound,
which yielded the amphiphilic bis(TTF) annulated macrocycle 1. The
1/(1,), complex was prepared insitu by mixing donor 1 and two
equivalents of I, in CHCI;/CH;CN (8/2, v/v). The concentration of the
CT complex solution was fixed at 0.5 mm with respect to 1/(1,),.

The spin-coated films were produced on a mica surface (10x
10 mm?) by adjusting the rotational speed from 500 to 6000 rpm.
About 1 pL of the CT complex solution was dropped onto the
rotating mica surface, which was rotated for a further 60s. The
floating monolayers were left for 30 min after spreading of the CT
complex (NIMA633 D2/D1). The LB monolayers were transferred
onto freshly cleaved mica surfaces at a fixed surface pressure of
10 mN'm ™! by a single up-stroke.

Dynamic mode AFM images were recorded on a Seiko SPA 400
with an SPI 3800 probe station and JEOL JSPM-5200. Commercially
available Si cantilevers with a force constant of 13 Nm ™' were used. I-
V characteristics of the nanodots were measured by direct contact of
the Pt-coated AFM tip with single nanodots on the HOPG surface.
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