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ABSTRACT

Synthesis of electroactive tris(tetrathiafulvaleno)dodecadehydro[18]annulenes with ester substituents has been carried out with palladium-
mediated cyclotrimerization of 4,5-diethynyl-TTFs. The TTF[18]annulenes produce stacked dimmers in solution and exhibit solvatochromism
and thermochromism. The TTF[18]annulene-hexabutyl ester forms a molecular wire from an aqueous THF solution with cooperative S −S and
π−π stacking interactions.

Self-assembly of conjugated macrocycles1 and long helical
molecules2 into complex, organized supramolecular structures
via specific intermolecular interactions is a promising way
to realize new molecular materials.3 Many intermolecular

interactions such as hydrogen bonding,4 metal coordination,5

CT interaction,6 andπ stacking7 have been utilized recently
to construct desired supramolecular architectures. Among
these, cooperative S-S andπ-π stacking interactions of
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oligomeric tetrathiafulvalenes (TTFs) can play an important
part in preparing columnar aggregates with high charge
carrier mobilities. Quite recently, several groups indepen-
dently reported the formation of molecular wires containing
TTF segments of self-assemblying systems.8,9 These self-
assembled materials having TTF moieties have been designed
as gelators which require hydrogen bonding sites9 or crown
ether substructures.8 To make self-assembled materials based
on fully conjugated oligomeric TTFs10,11 with potential
conducting and magnetic properties, we designed tris-
(tetrathiafulvaleno)dodecadehydro[18]annulenes (1aand1b)
composed of a large TTF-annulene core, ester groups, and
peripheral alkyl chains (Figure 1). We report here the

synthesis of1a,b and their solvatochromic and thermochro-
mic properties mainly caused by self-assembly of1a,b in
solution, and the formation of molecular wire from an
aqueous THF solution of1a, together with the synthesis and
properties of the analogous TTF[12]annulene2a.

Syntheses of1a,1b, and2a were carried out by using the
sequence outlined in Scheme 1. Bis(trimethylsilylethynyl)-
TTFs3aand3b have been prepared from the corresponding
diiodo TTFs. Removal of the trimethylsilyl groups in3aand
3b with KF and 18-crown-6 in aqueous THF forms unstable
4a and 4b in quantitative yields. The palladium-mediated

coupling of4a and4b in THF in the presence of CuI and
Et3N produced1a and1b in 29% and 33% yields based on
3a and3b, respectively. To compare the association proper-
ties, the corresponding TTF[12]annulene2a also has been
synthesized in 25% yield via a modification of a reported
procedure.12 The TTF[18]annulenes1a and 1b are fairly
stable at ambient temperature under air, whereas the TTF-
[12]annulene2a decomposes gradually under the same
conditions.

STM measurements of1a and 1b were performed to
confirm the size and shape of the synthesized molecules. A
dilute solution of1a or 1b in CH2Cl2 was deposited on a
Au(111) surface to obtain well-dispersed molecules. As for
1a, each molecule is imaged as a rounded triangle ca. 2.2
nm long, with an apparent height of 0.2-0.25 nm (Figure
S10, Supporting Information). A comparison of the image
with a molecular model suggests that the major contribution
for the electron tunneling seems to originate fromπ states
of annulene as well as the TTF moiety formed above the
Fermi level as a result of interaction with the Au surface.
The STM image of1b supports this assignment because a
single1b molecule showed a similar size to1a (Figure S11,
Supporting Information).13

Although1a,b and2ashow no self-aggregation in CDCl3,
CD2Cl2, or THF-d8, these compounds aggregate strongly in
benzene and toluene. The dimerization constants were
determined by curve fitting of the concentration- and
temperature-dependent1H NMR data of1a,b and2a, together
with vapor pressure osmometric (VPO) measurements.
Interestingly,1a exhibits a biggerK2 value than2a (Table
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Figure 1. TTF[18]annulenes1a and1b.

Scheme 1. Syntheses of1a, 1b, and2a
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1). The TTF[18]annulene1a has smaller∆H and∆Svalues

than the TTF[12]annulene2a, suggesting higher stacking
ability and a larger ring size for1a. Furthermore, the much
smaller∆H and∆Svalues for1b as compared to1a indicate
the stronger solvophobic effect and larger molecular size of
1b owing to longer alkyl substituents because alkyl-alkyl
interaction dominates over alkyl-benzene (toluene) interac-
tion. Although the electronic spectra of1a in benzene and
toluene show no concentration dependence due to the low
content of the dimer in a dilute solution at room temperature
(ca. 5% of the dimer is formed in a 1× 10-4 M solution of
1a in benzene), a film of1aprepared from a benzene solution
exhibits a red shift (from 505 to 540 nm) of the longest
absorption maximum with a color change from red to violet,
presumably due to the formation of the dimer or higher
aggregates. Similarly,1b shows a color change from red to
violet and a red shift of the longest absorption maximum
from 506 nm (benzene) (toluene) solution to 530 nm (film).
Furthermore,1a and1b show thermochromism (Figure 2).

Thus, the color of dilute solutions (10-4-10-5 M) of 1aand
1b in toluene changes from red at room temperature to violet
at -78 °C, and the wavelengths of absorption maxima also
shift from 509 nm at 20°C to 525 nm at-80 °C for 1a
(2.12× 10-4 M) and from 508 nm at 20°C to 529 nm at
-80 °C for 1b (2.06× 10-4 M). In these temperature ranges
and concentrations, a drastic change of the monomer/dimer
ratio for 1a and 1b is evidenced by the thermodynamic
parameters shown in Table 1 [monomer/dimer) 98/2 at
room temperature and monomer/dimer) 12/88 at-78 °C

based on the dimer model for1a] (see the Supporting
Information).

Since 1a,b and 2a show aggregation properties in a
suitable solvent, it should be possible to construct a giant-
sized molecular wire from solution states via self-assembly.
To confirm this, water was added to a solution of1a in THF
to prepare a 1:1 mixed solvent of THF and H2O. Although
no gelation was observed, the color of the solution (3.04×
10-4 M) suddenly changed from red to violet, and the
absorption maximum shifted from 498 to 519 nm, indicating
the formation of higher aggregates (Figure 3).14 After the

solution was left standing at room temperature for a few
hours, the absorption spectrum gradually changed (from 519
to 558 nm; Figure S19, Supporting Information) and a stringy
violet material was formed (Figure 4a). Interestingly, the
stringy material formed a fibrous superstructure after standing
on a glass plate at room temperature under air (Figure 4b).
As shown in Figure 4c, the dried material exhibits a marked
fibrous structure 50-500 nm thick. This fibrous material is
readily soluble in THF, and the starting1acan be recovered
without decomposition. Taking into account the molecular
size, 500-1000 strands of the stacked molecular wire of1a
form the semimicron-size fibrous structure.

In contrast to the molecular wire formation of1a, the
hexaester1b with longer alkyl chains shows a different
behavior. When water was added to a solution of1b (1.83
× 10-5 M) in THF, the color of the THF-H2O (1:1) solution
changed from red to violet, and the absorption maximum
shifted from 498 to 517 nm in analogy with1a (Figure S20,
Supporting Information). However, no precipitate or wire
was formed on standing at room temperature or at 0°C for

(14) As shown in Figure 3,1a has two absorption bands at ca. 350 nm
and ca. 500 nm due toπ-π* and CT absorptions, respectively. The CT
absorption band based on the donor (TTF) and acceptor (annulene) system
shows a red shift through aggregation (1a: 498 to 519 nm in THF-H2O),
whereasπ-π* absorption exhibits a blue shift through aggregation (1a:
360 to 344 nm in THF-H2O).

Table 1. Association Constants and Thermodynamic
Parameters for Dimerization of1a, 1b, and2a in Toluene-d8

compd
K2

(M-1)a

∆G
(kJ‚mol-1)a

∆H
(kJ‚mol-1)

∆S
(J‚mol-1‚K-1)

1a 522 ( 50 -15.2 -37.7 -76.9
1b 543 ( 67 -15.3 -46.3 -105
2a 176 ( 8.0 -12.6 -32.0 -66.3

a At 293 K.

Figure 2. Colors of a solution of1a in toluene (2.5× 10-5 M) at
room temperature (a) and at-78 °C (b).

Figure 3. Electronic spectra of solutions of1a (3.04× 10-5 M)
in THF (dotted red line) and THF-H2O (1:1) (solid blue line).
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several days. A more concentrated solution of1b (∼10-3

M) in THF-H2O (1:1) gave a colloidal solution, but no wire
formation was also observed. The difference in aggregation
behavior between1a and1b may depend on their different
solubilities and thermodynamic parameters∆H and∆S.

The TTF[18]annulenes1a,band the TTF[12]annulene2a
are multiredox systems with donor-acceptor combination.
Thus,1a exhibits two oxidation potentials in dilute solution
(1.22× 10-4 M) [1a: Eox1

1/2 ) 0.43 (broad),Eox2
1/2 ) 0.70

V, vs Fc/Fc+ in CH2Cl2], indicating formation of the cation
radical1a3(•+) and the dication1a3(2+). In contrast,2a shows
three oxidation potentials in dilute solution (1.28× 10-4 M)
[2a: Eox1

1/2 ) 0.29,Eox2
1/2 ) 0.44 (broad),Eox3

1/2 ) 0.66 V,
vs Fc/Fc+ in CH2Cl2], suggesting formation of the corre-
sponding cation radicals2a•+, 2a2+, and2a3+ and the dication

2a3(2+) due to intramolecular and intermolecular interac-
tions.15 Although 2a exhibits two reversible one-electron
reductions based on the formation of the stable 14π-electron
dianion,1a,b exhibit only one irreversible reduction process.
Doping of iodine vapor into compressed pellets of1a,band
2aproduced black cation radical salts which showed electric
conductivities of 2.4× 10-2, 5.6 × 10-3, and 4.3× 10-3

S‚cm-1, respectively.16

In summary, redox-active nanoscale aggregates of tris-
(tetrathiafulvaleno)dodecadehydro[18]annulenes1a and1b
have been constructed in solution, and the aggregation
behavior of1aand1b has been directly correlated with their
solvatochromism and thermochromism. Furthermore, a fi-
brous structure of the nanoaggregates of1a is visualized with
use of an optical microscope and a SEM micrograph.
Stacking and electroconductive properties of TTF units in
1a,b and 2a are utilized for formation of semiconductors
througth iodine doping. These nanoaggregates based on TTF
trimers open up interesting perspectives in the field of
molecular switches, devices, and machines in nanotechnology
and electronic applications.
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(15) The redox waves and potentials of1a,band2a measured by cyclic
voltammetry are solvent and concentration dependent, reflecting the
intramolecular and intermolecular interactions of intermediately formed
cationic species. See the Supporting Information.

(16) Doping of iodine vapor was carried out by using a compressed pellet
of ca. 1× 0.5 × 0.01 mm3 size, to which two gold wires were attached
apart by ca. 0.5 mm. Before doping, each sample prepared from1a,b and
2a was an insulator. After doping of iodine vapor for 5-70 min, however,
each sample showed the maximum electric conductivity, and then the
conductivity was reduced gradually to less than one-half of its maximum
value. The maximum conductivities in all cases were reported in the text.

Figure 4. Microscopic images of1a. Optical micrographs on a
glass plate from a microscope with 1000× magnification: (a)
stringy material formed in aqueous THF solution; (b) fibrous
structure obtained by drying1a threads; and (c) SEM picture of
1a threads on a silicon wafer.
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