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ABSTRACT

A series of star-shaped pyrrole-fused tetrathiafulvalene (TTF) oligomers 1�3 was synthesized via an SNAr reaction of fluorinated benzenes with
the pyrrolyl sodium salts. Electrochemical and chemical oxidations of 1�3 revealed that a radical cationmoiety on each TTF unit was successfully
accumulated in all oligomers. Self-assembled structures of neutral and oxidized species were characterized by SEM and XRD, and their
conductive properties of the iodine-doped 1�3 as well as an intermolecular mixed-valence ion radical salt were investigated.

Tetrathiafulvalene (TTF) and its analogues have been
intensively studied because of their unique π-donor
properties.1 After the discovery of the high electric conduc-
tivity of the charge transfer (CT) complex of TTF and
tetracyanoquinodimethane (TCNQ),2 many TTF analogues
have been synthesized from the viewpoint of materials and
physical sciences. In general, however, conductive molecular
complexes should be studied in a single crystal state, which
would be problematic in processing materials for applica-
tions. To overcome this problem, a supramolecular system
has currently been applied to this area, which facilitates the
development of electroactive soft materials. Inspired by

JørgensenandBechgaad’s first example ofTTF fibers,3 other
supramolecular structures consistingofTTFderivatives have
been constructed by utilizing mainly hydrogen-bonding in-
teractions, together with weaker van der Waals, π�π stack-
ing, and S 3 3 3 S interactions.4 Among them, Kato et al.
demonstrated that doping of the fibers by iodine vapor
resulted in the formation of charge-transfer states exhibiting
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semiconductivityof ca. 10�5 S cm�1.4cAlthoughother simple
TTF derivatives possessing polar functional groups like
amide and ester were reported to form gels and fibrous
structures with high conductivity upon iodine doping,5 the
synthesis and self-assembly of more sophisticated TTF oli-
gomers with planar cyclic6 and star-shaped7 structures have
also been reported. In these planar π-systems, a number of
TTF units work to enhance cooperative S 3 3 3 S and π�π
interactions and thus make an efficient conduction path
through the stacked supramolecular architectures.
With these approaches in mind to make electroactive

self-assembled structures, we have designed and synthe-
sized a series of star-shaped pyrrole-fused TTF oligomers
1�3, where TTFs are introduced in a less conjugated
manner that still maintains their rigid structures compared
with previously reported star-shaped8a or dendritic8b,9

TTF oligomers. On the basis of this molecular design, it
is expected that star-shaped structures of TTFs enhance
the intermolecular interactions to form one-dimensional
columnar assemblies, and less intramolecular conjugation
between TTF units contributes to the accumulation of
radical cation moiety on TTF oligomers.9

Synthesis of star-shaped TTF oligomers 1�3 is based
on the nucleophilic aromatic substitution (SNAr) of
fluorinated benzenes (Scheme 1).10 Pyrrole-fused
TTFs 4a,bwere chosen as key units11 because pyrrole�
benzene conjugation can be adjustable in terms of torsion an-
gles during assembly and on electrochemical/chemical stimuli.

The SNAr reaction of fluorinated benzenes with the pyrrolyl
sodium salts of 4 gave 1�3 in moderate yields (25�64%,
Scheme 1). Characterization of 1�3 was perfomed using 1H
NMR, 13C NMR, LDI-TOF MS, and elemental analyses.
For example, in the 1H NMR spectra, R-protons of pyrroles
were observed at δ 5.93 (1a), 6.41 (2a), and 6.89 ppm (3a),
respectively. The signals of 1a and 2a at higher fields are
ascribable to the ring currents of adjacent pyrrolyl moieties as
predicted by theoretical calculations (Figure S7, Supporting
Information). Moreover, the exact structure and conforma-
tion as well as self-assembly of 3a were revealed by X-ray
single-crystal structure analysis (Figure S6, Supporting
Information). Although 3a forms a dimer in the unit cell,
two of the three TTF units are bent simply to fill an empty
space, and the other one stacks with a distance of ca. 3.7 Å in
contrast to the expected stacked structures with cooperative
S 3 3 3 S and π�π interactions. The torsion angles between the
mean planes of the pyrrole and central benzene ring are 11�,
18�, and 31� and 7�, 11�, and 32� for two independent
structures, indicating the conformational flexibility of the
pyrrole�benzene linkage.

The redox behaviors of 1�3 were first investigated us-
ing cyclic voltammetry (CV) in benzonitrile (0.1 mM)
(Figure 1). Although tetrasubstituted 2a exhibits typical
two reversible oxidation waves with half-wave potentials

Figure 1. Cyclic voltammograms of 1a�3a (0.1 mM) in benzo-
nitrile with 0.1 M n-Bu4NPF6 as the supporting electrolyte, Ag/
AgNO3 as the reference electrode, glassy carbon as the working
electrode, Pt wire as the counter electrode, and a scan rate of
100 mV/s. Values are half-wave potentials.

Scheme 1. Synthesis of Star-Shaped TTF Oligomers 1�3
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(Eox) at 0.044 and 0.35 V (vs Fc/Fcþ), hexasubstituted
1a and trisubstituted 3a show broad and split first
peaks, respectively, with Eox

1 at ca. 0.097 V (1a) and �
0.086 and 0.020 V (3a), following second peaks with
Eox

2 at 0.37 V (1a) and 0.45 V (3a). Judging from the
result of 2a, which possesses two sets of ortho-substi-
tuted TTFs, it is suggested that there is no intramole-
cular charge delocalization between the adjacent TTF
units. Therefore, the splitting of the first oxidation waves in
1a and 3a is considered to be caused by intermolecular
interactions.12

To further investigate these phenomena, chemical oxi-
dation of 1a�3a was performed with Fe(ClO4)3 in a
mixture of CH2Cl2 and CH3CN (2:1, v/v). Figure 2 shows
the absorption spectral changes of 1a�3a upon the addi-
tion of the oxidant.When Fe(ClO4)3 was added incremen-
tally up to 1 equiv with respect to each TTF unit, the
absorption spectra changed dramatically (blue to green
spectra in Figure 2). For tetrasubstituted 2a, the changes
were observed with several isosbestic points, indicating
that each TTF unit was oxidized from the neutral to the
radical cation (TTF•þ) in a stepwise fashion (Figure 2b). In
contrast, for hexa- and trisubstituted 1a and 3a, no iso-
sbestic points were observed (Figure 2a,c). For 3a, a new
broad peak around 1850 nm appeared in the presence of
1.5 equiv of the oxidant, which is attributed to the forma-
tion of mixed-valence complexes. These results were con-
sistent with the peak splitting of the CV.7,8,13 On the other
hand, the similar appearance of a new peak around the
NIR region was not observed for 1a even at a high
concentration. Because such a phenomena was not ob-
served for 2a, it is concluded that this mixed-valence
complex is obtained by an intermolecular fashion, which
is completely different from previously reported star-
shaped7,8 and other TTF dimers.13 From these observa-
tions, trisubstituted 3a appears to form more aggregated
structures than other TTF oligomers 1a and 2a. In fact,
when the temperature of theCH2Cl2 andCH3CN(2:1, v/v)
mixed solution of 1a6(•þ), 2a4(•þ), and 3a3(•þ) (0.3mM)was
reduced, inter TTF bonding (π-dimer formation) was
induced, which was confirmed by absorption and ESR
spectra (Figure S4, Supporting Information). Qualitative
order of the intermolecular interactions, 3a3(•þ) . 1a6(•þ)

> 2a4(•þ), appears to be determined by two factors, i.e., the
torsion angles between the pyrrole and central benzene
ring and the number of TTF units, and the former would
be more effective (the torsion angles estimated by theore-
tical calculations are 34� (3), 45� (2), and 59� (1), Figure S7,
Supporting Information). Again, because tetraradical ca-
tion 24(•þ) forms the π-dimer and possibly higher

aggregates only at low temperatures, the above-mentioned
TTF interactions are brought on in an intermolecular
fashion, which is preferable for making electroactive su-
pramolecular structures. Further addition of the oxidant
to 1a6(•þ)�3a3(•þ) gave spectral changes with isosbestic
points (green to red spectra in Figure 2), which attribute to
a decrease of TTF•þ and an increase of TTF2þ. The above
spectral changes were all confirmed by spectroelectro-
chemical analyses at various applied potentials (Figure
S3, Supporting Information).
Once the accumulation of the radical cation moiety on

each TTF of 1�3 were demonstrated, their self-assembled

Figure 2. Stepwise oxidation of (a) 1a (0.03 mM), (b) 2a (0.05
mM), and (c) 3a (0.02 mM) with incremental addition of Fe-
(ClO4)3 in a mixture of CH2Cl2 and CH3CN (2:1, v/v) at room
temperature. The blue line indicates the neutral absorp-
tion spectra, the green line the multiple TTF radical cations
1a6(•þ)�3a3(•þ), and the red line the TTF dications 1a12þ�3a6þ.
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structures were prepared by mixing an excess amout of
poor solvent such as hexane andMeOH to theCH2Cl2 and
THF solutions, which resulted in the formation of various
types of assemblies. When increasing the number of TTF
substitutions from trimer (3a,b) to hexamer (1a,b) or
increasing the length of the alkyl chains from butyl
(1a�3a) to dodecyl (1b�3b) groups, poor solvents with
high polarity are necessary to form assembled structures,
resulting in the tendency to form spherical morphologies
(Figure S5, Supporting Information). As a representative
example, when hexane was added to a CH2Cl2 solution of
3a (0.21 mg/mL in CH2Cl2/hexane = 1:4, v/v), a yellow
fibrous material was obtained. Scanning electron micro-
scopy (SEM) analysis of 3a-fiber revealed its micrometer-
scale tape structure, whose internal structure was investi-
gated byX-ray diffractometry (XRD) (Figure 3a,b). Thus,
a strong (100) and accompanying (110), (200), (210), (300),
and (600) reflections are indicative of hexagonal columnar
structure (d=26.8 Å)14with additional reflections at 2θ=
25.2� and 26.7� (d=3.5 Å and 3.3 Å) possibly correspond-
ing to the neutral�neutral and stronger neutral�radical
cation (mixed-valence) π�π stackings of TTFs, respec-
tively. Doping of iodine vapor into the compressed pellets
of 3a-fiber produced a black charge transfer complex,
which showed an averaged electric conductivity of 1.9 �
10�2 S cm�1.15 On the other hand, the spin-coat film of 3a,
consisting of a noncrystalline structure as revealed by

XRD patterns (Figure S5, Supporting Information),
showed a lower conductivity of 2.5� 10�3 S cm�1. Similar
enhancement of the conductivities of the supramolecular
structures were also observed for other TTF oligomers
1�3 (Table S5, Supporting Information), reflecting the
importance of their molecular-level alignments. Interest-
ingly, an averaged conductivity of three single crystals of
3a after iodine doping was 1.8 � 10�2 S cm�1, which is
similar to that of 3a-fiber, even though their XRDpatterns
are different (Figure S6, Supporting Information).
Furthermore, not only neutral fibers but also deep

green fibrous materials were also formed when a
CH2Cl2 solution of 3a1.5(•þ)

3 (ClO4
�)1.5 was mixed

with an excess amount of hexane (Figure 3c).
The XRD pattern of the fibers supports that it
is mainly composed of a lamellar structure (d =
13.8 Å)14 with a π�π stacking distance of d = 3.3 Å
(Figure 3d). Thus, an averaged electric conductivity of
3a1.5(•þ)

3 (ClO4
�)1.5-fiber was evaluated to be 2.9 �

10�4 S cm�1 without further doping,15 which is a
still-rare example of electroactive supramolecular fi-
bers prepared from organic ion radical salts.7b

In summary, we have demonstrated the synthesis of a
series of star-shaped TTF oligomers 1�3 via SNAr reac-
tion. The less conjugated but still rigid pyrrole�benzene
linkages of 1�3 gave no intramolecular interactions be-
tween neutral, oxidized, and neutral/oxidized TTFs, so
that accumulationof redoxactiveTTFunitswas successful
in all star-shaped oligomers. However, possible increment
of the charge carrier density brought on by the accumu-
lated radical cation moieties in the oligomers do not
seem to contribute effectively to the conductivities of
the self-assembled structures. Also, the relationship
between the substitution numbers/positions and conduc-
tivities of the assembled structures remains to be fully
elucidated. Further investigations like a development of
well-defined TTF oligomers are currently underway in our
group.
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Figure 3. (a) SEM image and (b) XRD profile (2θ= 3.3� (100),
5.7� (110), 6.6� (200), 8.7� (210), 9.9� (300), 19.7� (600), 25.2�,
and 26.7�) of 3a-fiber and (c) SEM image and (d) XRD profile
(2θ=6.4� (100), 12.8� (200), 19.2� (300), and 27.3�) of 3a1.5(•þ)

3
(ClO4

�)1.5-fiber.

(14) According to the theoretical calculation, the molecular diameter
of 3 (methylthio derivative) is ca. 25 Å and the length of pyrrole-fused
TTF unit is ca. 12 Å. See Figure S7 (Supporting Information).

(15) The compressed pellets gave XRD patterns similar to those of
the fibrous materials, and the values of conductivities are averages of
three runs.


