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Abstract

Self-assembly of tetrathiafulvalenes, their conjugated oligo-
mers, and giant macrocyclic oligothiophenes in solution leads
to important solvatochromic, thermochromic, electrochromic,
and switching properties. Furthermore, based on the self-assem-
bly in solution, various nanostructures can be constructed in
the solid state to produce nanowires, nanoparticles, nanotubes,
tapes, ribbons, and microcrystals. This article highlights the
self-aggregation of organic m-donors in solution and the
formation of nanostructures from these 77-donors in the solid
state.

¢ Introduction

Self-assembly of organic 77-conjugated systems into com-
plex, organized supramolecular structures via specific intermo-
lecular interactions is a promising way to realize functional mo-
lecular materials.'~3> Many intermolecular interactions such as
hydrogen bonding,4 metal coordination,” CT interaction,® and
7177 stacking’ have been utilized recently to construct desired
supramolecular architectures such as fibers, ribbons, tapes, nano-
tubes, and nanoparticles.!*1° Recently, we have developed a
new concept of self-assembly by the use of cooperative S---S
and ;17T stacking interactions.!! Although S--S interaction is
a weak attractive force in solution, it plays an important role
in packing of molecules in crystals.!? Thus, organic conductors
and superconductors based on tetrathiafulvalenes (TTF) are con-
structed using cooperative S---S and 77— stacking interactions.'?

Crystal engineering of organic conductors suggests that van
der Waals and dipole—dipole interactions between neutral sulfur
atoms give rise to an attractive force in crystals.!* The corre-
sponding interactions in the oxidation state are also energetically
favorable. Therefore, two TTF molecules tend to align face-
to-face to produce a stacking structure in crystals.!> Although
the closely located dimeric TTF/TTF is weakly stable in the
neutral state, the dimeric TTF/TTF'* is strongly stabilized in
the cationic state to produce a mixed-valence form and hence
the appearance of conductivity in the solid state.'® Moreover,
two cation-radicals TTF'*/TTF'* also interact attractively
(7r-dimer formation) in solution leading to the formation of a
Mott-insulating semi-conductor in the solid state.!” TTF can
be converted into its dication TTF2T; however, two dications
interact repulsively and form no stacking dimer.'®
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Figure 1. Self-aggregation and nanostructure formation of -
donors.

Although the conductive properties of TTF and its end-cap-
ped derivatives have extensively been investigated to realize
highly conductive and superconducting radical salts,'® self-
assembly and nanostructures constructed by TTFs have not yet
been completely elucidated except for the formation of bis-
arborol-TTF gel?® and the so-called “fastener effect” of TTF
derivatives with long alkyl chains.?! Recently, the production
of electroactive nanowires from gelators having TTF moieties
have been reported,?>?? although such nanowires exhibit moder-
ate to poor conductivities presumably due to their poor ability to
form a good conduction path in the oxidized state.

It is known that 77-conjugated molecules with either elec-
tron-withdrawing or large 7r-circles and disks self-aggregate in
solution,?* while the surface organization of 77-conjugated mole-
cules is frequently used by material scientists employing organic
materials as molecular switches and devices.>>?® To design a 7T-
donor molecules with these applications, detailed knowledge of
the structures of self-aggregates in solution or in mesophase is
required, because pre-aggregation of conjugated T-systems
may control the arrangement of the molecules on the solid sur-
face. With this in mind, construction of a redox-active nanoscale
architecture in solution and in the solid state has been achieved,
and structures of neutral and cationic aggregates based on TTF
oligomers and macrocyclic oligothiophenes have been investi-
gated as a sulfur-rich 77-system (Figure 1).

In this review, aggregation and self-assembly, control of
one-, two-, and three-dimensional arrangements, and nanostruc-
ture formation of photochemically and electrochemically active
TTFs and cyclic oligothiophenes will be focused on.

¢ Gelation and Fiber Formation of Sim-
ple TTF derivatives

TTF derivatives with a long alkyl chain self-aggregate into a
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one-dimensional columnar structure in the solid state and show
semi-conductive properties (fastener effect).?’?’ To utilize
this effect in the construction of electroactive nanostructures,
we focused on known simple amphiphilic TTF derivatives 1a,
1b, and 2a—2c¢ (Chart 1). Although these molecules have already
been employed by several groups as synthetic precursors of
functional 77-systems, no significant properties of 1a, 1b, and
2a—2c have been reported except for their enhanced solubili-
ty.?82% Since 1a, 1b, 2a, and 2b easily form a gel from nonpolar
hydrocarbon solvents,*” we expected a self-assembling fiber for-
mation by intuition and reexamined nanostructures constructed
by these amphiphilic TTF derivatives with extremely simple
structures.’!

The '"HNMR and UV-vis spectra of TTF—esters 1la—1c and
2a showed no concentration dependence, suggesting no self-ag-
gregation of these compounds in CDCl3 and CD,Cl,. Similarly,
a dilute solution of TTF—carboxylic acid 2b in CDCl; or CD,Cl,
showed no concentration dependence. In contrast, as expected,
2b revealed a monomer—dimer equilibrium in cyclohexane
based on vapor pressure osmometric analysis.

As mentioned above, diesters 1a and 1b exhibited a gelling
ability for hexane with a formation of a fibrous superstructure
(Figures 2a and 2b). Thus, a warm solution of 1b in hexane grad-
ually changed to form a gel at room temperature (Figure 2a). The
1b fibers were estimated to be about 2—5 m in diameter and 1—
10mm in length by SEM and AFM measurements, indicating
micron-fiber formation. XRD profiles of 1a and 1b fibers exhib-
ited a regular reflection pattern, reflecting a considerably high
crystallinity and the existence of a lamellar structure of head-
to-head or head-to-tail dimers. In contrast, 2a showed no gelat-
ion for the common organic solvents, and a yellow fibrous ma-
terial was formed from acetonitrile. A SEM image of 2a fibers
revealed a tape-like morphology with fibers having 2—-10-um
width and 100-1000-nm thickness (Figure 2c), although the
XRD profile of 2a tapes is similar to those of 1a and 1b fibers.

Carboxylic acid 2b also gelated hexane (>10mgcm™') and
cyclohexane (>30mgcm™!) at room temperature to produce a
reddish-orange gel (Figure 3a), and the microscopic image of
xerogel of 2b showed the formation of nanofibers (Figure 3b).
Although ionic amphiphilic systems often exhibit gel forma-
tion,' the ammonium carboxylate 2¢ showed no gelation or
fiber formation from the common organic solvents and produced
microcrystals from cyclohexane (Figure 3c).

Note that the colors of 2b fibers prepared from hexane and
acetonitrile are quite different (Figure 4), although both XRD
profiles are similar. Thus, 2b shows solvatochromism both in so-
lution and in the fiber formation. SEM and AFM images of 2b
fibers revealed that the reddish-orange fibers from hexane (50—
500-nm width and 20-100-nm thickness) are smaller than those
from acetonitrile (1-2-um width and 100-1000-nm thickness).
Since the alkyl—alkyl interaction in acetonitrile should be strong-
er than that in hexane and cyclohexane due to solvophobic ef-
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Figure 2. (a) 1b gel from hexane (10 mgcm ™). (b) Optical mi-
crograph of 1b xerogel. (c) SEM picture of tape-like structure of
2a in CH;CN (2 mgem™).

50 um

Figure 3. (a) 2b gel from cyclohexane (30 mgcm™). (b) Opti-
cal micrograph of 2b xerogel. (c) Optical micrograph of micro-
plates of 2¢ from cyclohexane (10 mgcm™).
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10 um

Figure 4. (a) Reddish-orange 2b fibers from dilute hexane solu-
tion and SEM image thereof. (b) Reddish-violet 2b fibers from
dilute CH3CN solution and SEM image thereof.

fect, a stronger alkyl-alkyl overlap in an acetonitrile solution re-
sults in a shorter pitch of the lamellar structure, probably leading
to a closer J-type stacking of the TTF moieties in 2b and a
marked color change of fibrous materials prepared from hexane
and acetonitrile.

The TTF-diesters 1a and 1b showed reversible two-step re-
dox potentials based on the TTF moiety. Although the first oxi-
dation potentials of 1a and 1b are 0.33 V higher than that of TTF,
the instability of the cation radicals 1a°* and 1b"* can be utiliz-
ed as a molecular switch. Thus, a compressed 1b pellet shows an
electric conductivity of o =2 x 107> Scm™!, doped with io-
dine vapor for 5 min, and the doped pellet becomes an insulator
in air. This on—off procedure can be repeated several times with-
out 1b decomposition.
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¢ Self-assembly and Chromic Proper-
ties of TTF-Annulenes

Recently, TTF-containing oligomers, polymers, and dendri-
mers have been synthesized to realize redox-active supramolec-
ular structures.'>3? In particular, conjugated TTF oligomers can
be regarded as a candidate for a building block of supramolecu-
lar systems, because of their unique electronic properties in the
neutral, radical-cationic, and poly-cationic states.®3 In 1998, Ru-
bin and co-workers first proposed tris(tetrathiafulvaleno)dodeca-
dehydro[18]annulene (3a) as a new class of 7-donor molecule
with enhanced dimensionality on MO calculations at PM3 level
(Chart 2).3* In parallel to that work, we reported the synthesis
and properties of TTF-substituted dehydro[12]- and [20]annu-
lenes.? In the course of our study on TTF-annulenes, the syn-
theses of the TTF-[18]annulenes 3b and 3¢ and TTF-[12]annu-
lene 4b were carried out using improved palladium-mediated
coupling reactions.’® These annulenes show unusual chromic
properties based on their self-aggregation behavior in solution
and form various morphologies in the solid state, depending
on the conditions employed.

The aggregation of 3b, 3¢, and 4b in solution was systemati-
cally investigated by concentration/temperature-dependent
'"HNMR measurements in toluene-dg, together with VPO analy-
sis. Assuming a monomer—dimer equilibrium, the [18]annulene
3b exhibits stronger aggregation than the [12]annulene 4b, sug-
gesting a higher stacking ability of 3b based on its larger ring
size. The aggregation ability of 3¢ with longer alkyl chains is al-
so strong compared with that of 3b, due to the enhanced solvo-
phobic effect (Table 1).

Although the electronic spectra of the annulenes 3b, 3¢, and
4b in benzene or toluene show almost no concentration depend-
ence due to the low content of the aggregates in a dilute solution
at room temperature, a film of 3b or 3c prepared from a benzene
solution exhibits a red shift of the longest absorption maximum
in the visible region with a color change from red (solution) to
violet (film), suggesting the formation of 7-stacked aggregates
in the solid state. Since these aggregation behaviors are based
on thermodynamic equilibrium, the ratio of the number of mono-
mers to the number of dimers in solution can be controlled rever-
sibly by changing temperature. Thus, the annulenes are expected
to show “thermochromism.” As shown in Figure 5, the color of a
dilute solution of the [18]annulene 3¢ in toluene changes from
red at room temperature to violet at —78 °C. In this temperature
range, a marked change of monomer/dimer ratio for 3¢ is evi-
denced by thermodynamic parameters shown in Table 1.37 A
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Table 1. Association constants and thermodynamic parameters
for dimerization of 3b, 3¢, and 4b in toluene-dg?

Compounds K AH AS
p /M1 /kl-mol~!  /J-mol~!.K!
3b 317 £21 —378 ~77.0
3¢ 321£35 —48.0 —111
4b 110 £ 4.5 ~32.0 —66.3

aDetermined by 'HNMR method. PAt 303 K.

similar result was also obtained for 3b with short alkyl chains,
although the [12]annulene 4b exhibited almost no color-chang-
ing behaviors due to the weakness of absorption in the visible re-
gion, reflecting the characteristics of a 4n7T electronic structure.

Interestingly, the [18]annulene 3b formed a fibrous super-
structure in aqueous THF media (Figure 6), while well-dispersed
single molecules of 3b were observed on a Au(111) surface, cast
with a dilute solution of 3b in CH,Cl,, by STM measurements.
The fibers were estimated to be about 50-500nm in width
(SEM) and 20-100 nm in thickness (AFM). Furthermore, the as-
sembled fibers were quite long and flexible, thus forming a com-
plicated network. This fibrous material is readily soluble in THF,
and the starting 3b can be recovered without decomposition.
Taking into account the molecular size, it was determined that
500-1000 strands of stacked molecular wire of 3b form the
nano-size fibrous structure.

Since the annulenes 3b, 3¢, and 4b are multi-redox systems
with a donor (TTF)-acceptor (dehydroannulene) combination,
conductive properties can also be expected in the solid state.
Thus, doping of iodine into a pellet of 3b fibers produced black
cation radical salt which showed a fairly high electric conductiv-
ity of 2 x 1072Scm™!.

4 Self-assembly and Fiber Formation of
Star-shaped TTF-oligomers

Star-shaped molecules such as tri-, tetra-, and hexa(ethy-
nyl)benzene derivatives exhibit unique molecular structures
and functional properties.®® Moreover, self-assembly of star-
shaped molecules can produce attractive supramolecular archi-
tectures.> To achieve anchoring of the star-shaped molecules
in solution and in the solid state, our approach is to introduce

Chart 3.
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Figure 5. Colors of solution of 3c in toluene (2.5 x 107> M) at
room temperature (left) and —78 °C (right).

Sum 10 um

Figure 6. (a) Dispersed 3b fibers in THF-H,0 (1:1). (b) SEM
picture of 3b fibers. (c) AFM image of 3b fibers.

Figure 7. Packing structure of 5a along the b axis.

TTF units as terminal substituents of poly(ethynyl)benzenes.*04!

As shown in Chart 3, we synthesized a series of star-shaped TTF
oligomers 5-7 and investigated the self-assembly and formation
of nanostructures. 734041

Although neutral TTF trimers Sa and Sb weakly aggregate
in a CDCl; solution at room temperature, the stronger stacking
of the cationic counterparts takes places under the same condi-
tions using cooperative interactions of the three TTF* units
(mixed-valence and 77-dimer interactions).*" In the solid state,
the X-ray analysis of neutral 5a shows a columnar structure
(Figure 7), reflecting the three-fold face-to-face stacking interac-
tion of the TTF units.

The neutral TTF tetramer 6 shows stronger stacking than Sb
in solution owing to the four-fold face-to-face interaction of the
TTF units.'>* As shown in Figure 8, the "HNMR spectra of 6 in
CDCl; show both concentration- and temperature-dependences.
The upper-field shift of the aromatic proton of 6 in concentrated
solutions or at lower temperatures clearly indicates the face-to-
face geometry of the central aromatic rings. Thus, although
S-S and 7-7 stacking interactions between two neutral TTF
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Figure 8. Concentration- and temperature-dependence of the
'"HNMR spectra of 6 in CDCls. (a) Measured in CDCl; at
25°C. (b) Concentration: 50 mM in CDCl;.
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Figure 9. (a) Hexagonal 7 wires from CHCl;—hexane. (b) Cast
film of 7 on a glass surface.

molecules are weak in solution, 6 shows a fairly strong aggrega-
tion in solution at room temperature.

By considering the self-aggregation of neutral 5 and 6,
hexakis(tetrathiafulvalenylethynyl)benzene (7) was designed as
an ideal molecule to construct larger aggregates and nanostruc-
tures.*! Since the six TTF units of 7 cooperatively work for S---S
and 7777 stacking interactions, 7 can show strong self-aggrega-
tion behavior. The unique TTF hexamer 7 was synthesized by
modified Sonogashira reaction in good total yields. The TTF
hexamer 7 strongly self-aggregates in CHCl3 (K, = 2.1 x
10*°M~1, 23°0), although 7 has a flexible disk-like molecular
structure. Interestingly, 7 forms hexagonally ordered nanowires
from a CHCl3;—hexane solution, while a cast film of 7 shows a
different morphology such as lamellar structure vertical to the
substrate and exhibits weak FET properties (Figure 9).

Selective oxidation of 7 with Fe(ClO4); forms the analyti-
cally pure monocation 7°+ClO4~ and trication 7°%(ClO,4™)s.
These cationic species strongly self-aggregate in CHCl;3 (K, =
2.3-2.5 x 10°M~!) and weakly aggregate in THF. However,
the stacked cylindrical structures of these cationic species with
a radius of 11A and a height of 14-16 A were observed in
THF. Furthermore, although fabrication of nanowires based on
organic ion radicals has been scarcely reported, we succeeded
in constructing hexagonally ordered nanowires of the monoca-
tion 7°*ClO4~ from CHCls;-hexane solution, probably owing
to the strong aggregation properties and molecular shape of
7 tClO, . In contrast, a cast film of 7°TClO,~ shows a lamellar
structure vertical to the substrate. Interestingly, the difference
between nanowires and a film of 7°TClO,~ leads to the different
electric conductivities of wires (1.1 x 1073Scm™!) and film
3.1 x 107°Scm™h).
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Chart 4.

¢ Giant Macrocyclic Oligothiophenes

Size- and shape-persistent macrocyclic oligoarylenes, heter-
oarylenes, and their T-expanded derivatives are regarded as an
infinite 77-conjugated system with an inner cavity,*>** and hence
giant cycles attract considerable attention from the viewpoint of
single-molecule electronics and unusual electronic properties.**
Although fully conjugated macrocyclic molecules having a mo-
lecular size within 30 A have been reported by several groups, a
limited number of 77-expanded macrocyclic oligoheteroarylenes
and oligothiophenes with full conjugation have been investigat-
ed to date.*>*® We designed and synthesized giant macrocyclic
m-expanded oligothiophenes 8a—8f (Chart 4).47

Fully conjugated giant macrocyclic oligothiophenes with
607T-, 907-, 12077-, 15077, and 1807r-frames (8a—8f) have been
synthesized using modified Sonogashira and McMurry coupling
reactions as key steps. The 60—1807T systems 8a—8f are circular
with 1.8-6.0 nm inner cavities and 3.3-7.5 nm outside molecular
diameters. Compound 8a containing ten 3,4-dibutyl-2,5-thieny-
lene, eight ethynylene, and two vinylene units has been convert-
ed into macrocyclic oligo(3,4-dibutyl-2,5-thienylene-ethyny-
lene) 8b using a bromination—dehydrobromination procedure.

Giant macrocycles 8a—8f exhibit a red shift of their absorp-
tion spectra (A yax: 442-488 nm) and a fairly strong fluorescence
(Aem: 537-605 nm) with a large Stokes shift as compared with a
linear conjugated reference compound having five thiophene
rings. Compounds 8a-8f exhibit multistep reversible redox be-
haviors with fairly low first oxidation potentials at 0.29-0.43 V
vs. Fc/Fct, reflecting their cyclic conjugation. Furthermore,
chemical oxidation of 8a—8f with FeCl; shows marked changes
in spectroscopic properties due to intramolecular and intermo-
lecular 77T interactions of giant macrocycles.

X-ray analysis of 8a confirmed a round, planar structure
with a nanoscale inner cavity, and revealed host ability for hep-
tane and a unique packing structure (Figure 10).*® Interestingly,
8c and 8d self-aggregate in the solid state to form fibrous mate-
rials (Figures 11a and 11b), which are about 200-nm thick and
more than 1-mm long. The internal structures of fibrous aggre-

Chemistry Letters Vol.36, No.12 (2007)

Figure 10. Crystal structure of 8a. (a) Top view of three
8a-heptane units. (b) Columnar packing structure (butyl groups
and included heptanes are omitted for clarity).
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Figure 11. Microscopic images of 8c (a), 8d (b), 8e (c), and 8f
(d) with 1000x magnification.

gates have been investigated by optical microscope, SEM,
AFM, and XRD analyses.* In contrast to crystal and fiber for-
mations of 8a, 8¢, and 8d, larger macrocycles 8e and 8f form
nanoparticles with a size of 300-800 nm (Figures 11c and 11d).

As mentioned above, all giant macrocycles show relatively
low oxidation potentials, and hence doping of 8a, 8c, and 8d
with iodine forms semiconductors (8a: 1.86 x 1073 Scm™';
8c: 2.63 x 1073Scm™!; 8d: 2.03 x 1073 Scm™!), indicating
their 71—7 stacking structure.

¢ Summary and Future Outlook

Definite information about self-assembly of conjugated or-
ganic 7T-donors in solution is indispensable for precise control
of molecular ordering in the solid state and solid-liquid inter-
face. A variety of electroactive nanostructures can be fabricated
on the basis of the self-assembly of these 77-donors. The present
article outlined the self-assembly and nanostructure formation of
TTFs, their oligomers, and giant macrocyclic oligothiophenes.
Simple amphiphilic TTF-esters 1a and 1b revealed gelation
and nano- to micronfiber formation, whereas TTF-carboxylic
acid 2b showed solvatochromism in the fiber formation. TTF—
annulenes 3b and 3¢ showed thermochromism and fiber forma-
tion. Interestingly, thermochromism of the annulenes reflects the
monomer—dimer equilibrium. Star-shaped TTF-oligomers 5 and
6 exhibited concentration-dependence and temperature-depend-
ence of "HNMR spectra, and 7 revealed strong stacking proper-
ties to form nanowires in the solid state. Furthermore, a film of 7
showed a lamellar structure vertical to the substrate and exhibit-
ed weak FET properties. In contrast to common organic cation
radicals, 7"t ClO,~ formed hexagonal nanofibers which revealed
fairly high electric conductivity. Giant macrocyclic oligothio-
phenes showed unique structures and different morphologies de-
pending on their ring size. Since conductive nanowires and
nanoparticles may be employed for the fabrication of nano-
switches and nano-devices in the near future, the availability
of these nanowires and nanoparticles should promote the devel-
opment of effective nano-switches and nano-devices.
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