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Conductive, magnetic, and optical properties of sterically hindered dodecithiophenes bearing bulky 2,2-bis(butoxy-
methyl)-1,3-propanediyl groups were examined. At high doping with FeCl;, a completely hindered dodecithiophene had
only a poor conductivity of 5 x 107*Scm™', but two partially hindered dodecithiophenes had relatively high conduc-
tivities of 1.9 and 0.6Scm™!, which are one or two orders lower than the conductivity (38 S cm™") of the unhindered
dodecithiophene. Despite having different structures and conductivities, all of the doped solids of these dodecithiophenes
were magnetically inactive and demonstrated similar optical absorption spectra in the near infrared region, as generally
observed for polythiophenes. On the other hand, their optical spectra in dichloromethane were quite different from one
another. A solution spectrum of the unhindered dodecithiophene under high doping was characterized by two absorption
transitions assignable to a 7r-dimer. On the other hand, a solution spectrum of the completely hindered dodecithiophene
was characterized by an absorption transition due to a bipolaron. Furthermore, the solution spectra of two partially hin-
dered dodecithiophenes could be explained as an overlap of both 7r-dimeric and bipolaronic bands. From these results,
both 7r-dimer and bipolaron species appear to serve as active charge carriers in conductive poly(oligo)thiophenes.

The conduction mechanisms of doped polythiophenes and
related polyaromatics have been a subject of intense investiga-
tion.! Despite considerable efforts, active charge-carrier spe-
cies are still controversial. Generally, such conductive poly-
mers are oxidized up to full doping levels of about 20-30%,
which means the statistical presence of a delocalized radical
cation (so-called polaron) per four- or five-aromatic sequence.
Spin-carrying polarons were initially believed to be the princi-
pal charge-carrier species of conductive polymers,?= but it has
been shown that they can exist only at low doping levels.
Many of the early optical, electrical, and magnetic studies
support the involvement of spinless bipolarons at high doping
levels.5'> For a long time, the electronic states and charge-
transport mechanisms of conductive polymers have been clari-
fied using a framework involving polaron/bipolaron mod-
els,'%26 but the role of bipolaron in the charge-transport pro-
cess has remained ambiguous. However, other spinless dimeric
species, such as 7-dimers,”’*° o-dimers,*' and polaron pairs
on a single chain,*>*® have been proposed as alternatives to
polaron and bipolaron. Among these, 77-dimers are most often
referred to in the literature. Most evidence for the existence of
m-dimers has been obtained by spectroscopic, magnetic, and
electrochemical experiments of appropriate model compounds,
mostly oligothiophenes. In particular, our recent study on a
cyclophane type of oligothiophenes 1 (Chart 1) has provided
definite evidence for the formation of a 7-dimer.*’” However,
due to synthetic reasons, such model compounds have been
restricted to short oligothiophenes consisting of several thio-
phene units, which do not have enough spaces to accommodate
other long dimeric species, such as bipolaron and polaron pair.

In order to fill up the size blank between short oligothiophenes
and polythiophenes, we have synthesized a homologous series
of long oligothiophenes 2 up to the 48-mer,*® and based on
conduction, magnetism, and optical spectrometry experiments,
have concluded that 7t-dimers are involved together with other
dimeric species.*

It is expected that sterically hindered oligothiophenes inca-
pable of forming 7-dimers will give information on dimeric
charge-carrier species other than 77-dimer. In fact, our previous
study of dendrimer-encapsulated oligothiophenes 3 (Chart 2)
suggests that bipolarons and polaron pairs are generated under
doping.”® However, some questions remain as to whether or
not such sterically insulated oligothiophenes can be regarded
as a model for conductive polymers. A systematical investiga-
tion of the steric influence on the conductivities and charge-
carrier species of oligothiophenes is thus required. This has
led us to study four different types of dodecithiophenes 4-7
bearing hexyl groups and/or 2,2-bis(butoxymethyl)-1,3-pro-
panediyl groups at the S-sites of the skeletal thiophene rings.
The attached hexyl groups do not sterically influence the inter-
molecular 77-stacking of the dodecithiophene at all; thus, 4 re-
presents an unhindered-type dodecithiophene. On the other
hand, the bulky 2,2-bis(butoxymethyl)-1,3-propanediyl groups
sterically interfere the intermolecular 77-stacking; thus, 5 with
the bulky groups on all thiophene rings represents a hindered-
type dodecithiophene. The remaining two 6 and 7 with 2,2-
bis(butoxymethyl)-1,3-propanediyl groups on half of the thio-
phene rings are considered to be partially hindered-type do-
decithiophenes. Although complete overlapping is impossible
for these partially hindered dodecithiophenes, 6 can stack at
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the half hexyl-substituted sexithiophene segment, and 7 can
stack at both of its terminal nonsubstituted terthiophene seg-
ments. We now report the details of the conductive, magnetic,
and optical properties of dodecithiophenes 4-7 together with
those of poly(quaterthiophene) 8, which provide very helpful
information on active charge-carrier species involved in con-
ductive oligo- and polythiophenes.

Results and Discussion

Synthesis. The preparations of hexyl-substituted dodeci-
thiophene 4°! and 2,2-bis(butoxymethyl)-1,3-propanediyl-sub-
stituted dodecithiophene 5°2 have been reported in our previ-
ous papers. Partially hindered dodecithiophenes 6 and 7 were
unknown and synthesized from the previously obtained small
oligothiophenes, as shown in Scheme 1. A Stille coupling be-
tween 5,5"-dibromo-4,4""-dihexylquaterthiophene (9)! and 2-
tributylstannylthiophene (10)>3 gave 4’,3"”-dihexylsexithio-
phene (11), which on subsequent treatment with a 0.9 molar
amount of N-bromosuccinimide (NBS) was converted to the
monobromo derivative 12. Next, 2,2-bis(butoxymethyl)-1,3-

propanediyl-substituted sexithiophene 13’ was converted to
the tributylstannyl derivative 14 by bromination with a 0.9
molar amount of NBS followed by treatment with hexabutyl-
ditin and tetrakis(triphenylphosphine)palladium. Finally, Stille
coupling between 12 and 14 gave partially hindered dodeci-
thiophenes 6. An alternative treatment of 2,2-bis(butoxymeth-
yD)-1,3-propanediyl-substituted sexithiophene 13 with 2 molar
amounts of NBS afforded the dibromo derivative 15, which
was then coupled with 5-tributylstannylterthiophene (16)>* to
give partially hindered dodecithiophenes 7. Polymer 8 was
prepared by chemical polymerization of 3,3”-dihexylquater-
thiophene (17) with FeCl; in chloroform at 50°C for 5 4>
Cyclic Voltammetry. Figure 1 shows the cyclic voltam-
mograms of dodecithiophenes 4-7 measured in the anodic
sweep range from 0 to +1.2 'V (vs. Ag/AgCl) in dichlorometh-
ane. Table 1 summarizes the first oxidation potentials, together
with the electronic absorption maxima and electrical conduc-
tivities. Hexyl-substituted dodecithiophene 4 shows an oxida-
tion wave at E,, +0.71V tailed by a broad wave due to a sub-
sequent multi-oxidation. On the other hand, 5-7 show a large
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oxidation wave covering from +0.3 to 1.2V, with discerni-
ble multi-peaks, and the first oxidation peaks of 5 (E,, 0.42V),
6 (Ep, 0.46V), and 7 (E,, 0.51V) are much lower than that
of 4. Evidently, the 2,2-bis(butoxymethyl)-1,3-propanediyl
groups attached to the thiophene rings serve to stabilize mark-
edly the resulting cationic states. The same groups also exer-
cise a large substitution effect on the electronic absorption
spectra of dodecithiophenes 4-7; the 77— transition absorp-
tion bands of 5 (A 2.44€V), 6 (A max 2.49eV), and 7 (A max
2.45eV) in the visible region appear at much lower energies
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than that of 4 (A 2.73€V).

Electrical Conductivities. The cast films of dodecithio-
phenes 4-7 were oxidized (doped) by treatment with FeCls
in nitromethane at room temperature for 12h. The oxidation
reactions were controlled by adjusting the amount of FeCls,
and the doping levels per thiophene unit were calculated by
elemental analyses. The doped dodecithiophene films were
stable under the atmospheric conditions, and their conductivi-
ties were measured on compressed pellets by the Van der Pauw
method or by a two-probe method. Table 1 compares the
electrical conductivities of 4-7 measured at different doping
levels. All of these compounds are insulating (<1077 Scm™!)
in the neutral states and conductive in the doped states. The
conductivities largely depend not only on the doping levels
but also on the steric hindrance of the attached substituent
groups. The conductivity of unhindered 4 markedly increased

4 0.71

0.64 0.94

0.35 0.45 0.66 0.82 4 o3
0.75

Fig. 1. Cyclic voltammograms of dodecithiophenes 4-7 in
dichloromethane; measurement conditions: 0.1 M tetrabu-
tylammonium hexafluorophosphate as supporting electro-
lyte, platinium plates as working and counter electrodes,
Ag/AgCl standard electrode, and 100mV s~! scan rate.

Table 1. First Oxidation Potentials, Electronic Absorption Maxima, and Electrical Conductivities of

Dodecithiophenes 4-7

Compd  Ep/VY  Amax/eVY o/Scm™!9 (doping level %)?
4 0.65 2.73 <1077 (0), 5 x 1075 (1), 7 x 1072 (7), 4 x 10~ (14), 38 (24)
5 0.42 244 <1077 (0), <1077 (3), 107° (16), 1 x 10~* (23), 5 x 10~* (34)
6 0.46 2.49 <1077 (0), 1 x 107* (6), 6 x 1072 (11), 1 x 10~ (14), 1.9 (21)
7 0.51 2.45 <1077 (0), 1 x 1072 (3), 2 x 1072 (9), 5 x 1072 (18), 6 x 10~ (24)

a) Measured by cyclic voltammetry. Conditions: solvent, dichloromethane; supporting electrolyte, 0.1 M
tetrabutylammonium hexafluorophosphate; working and counter electrodes, platinum plates; reference
electrode, Ag/AgCl; scan rate, 100mVs~!. b) Measured in dichloromethane. c) Conductivities were
measured on compressed pellets of dodecithiophenes 47 doped with FeCl; by the Van der Pauw method
or by a two-probe method for low-conductive samples with <10~ Scm™'. d) Doping levels per thio-
phene unit were decided by elemental analyses.



1802 Bull. Chem. Soc. Jpn. Vol. 80, No. 9 (2007)

Oe
—0.5e

4 (g =2.0118)

5 (g =2.0119)

Sterically Hindered Dodecithiophenes

Oe

7 (g =2.0119)

Fig. 2. ESR spectra of dodecithiophenes 4-7 in 107® M dichloromethane under controlled oxidation with FeCls.

upon doping and reached a high value of 38 Scm™! at a full
doping level of 24%, which is nearly the same as that (28
Scm™!) of conductive poly(quaterthiophene) 8. This result
clearly indicates that dodecithiophene 4 can serve as a good
model compound for conductive polythiophene. On the other
hand, hindered 5 was easily doped up to a full doping level
of 34% owing to the large substituent effect of the 2,2-bis-
(butoxymethyl)-1,3-propanediyl groups, but the conductivity
barely increased with doping to reach only 5 x 107*Scm™!
even at full doping. Evidently, the attached 2,2-bis(butoxy-
methyl)-1,3-propanediyl groups prevent intermolecular 77—
contacts required for charge transport. It is noteworthy that
partially hindered dodecithiophenes 6 (1.9Scm™') and 7 (0.6
Scm™!) have fairly high conductivities at full doping (ca.
20-25%). Recent studies of self-organized conjugated polymer
films have shown that strong 77-7 interactions over adjacent
polymer chains are the origin for high mobilities along the
stack.”® Inconsistent with this description, the fairly high
conductivities observed for 6 and 7 suggest that small 77-inter-
molecular contacts are enough for charge transport.

Electron Spin Resonances. ESR spectroscopy is very use-
ful for identifying actual charge-carrier species for conductive
polymers. Nearly no ESR signals were detected for the doped
film samples of dodecithiophenes 4-7 and poly(quaterthio-
phene) 8 used for measuring the conductivities. ESR inactivity
is generally accepted for conductive polymers, indicating that
spinless dimeric polaron species is involved. In order to obtain
more detailed information, we systematically examined the
ESR spectra of dodecithiophenes 4-7 in ca. 10~°M dichloro-
methane solution under controlled oxidation by addition of two
equimolar amounts of FeCl; per one-electron oxidation.
Figure 2 shows ESR spectra of dodecithiophenes 4-7, and
Figure 3 depicts the changes of spin numbers per molecule
evaluated on the basis of the intensities of these observed
ESR signals using a DPPH standard. The changes in the spin

Spin number per molecule

Oxidation step

Fig. 3. Changes of spin numbers of dodecithiophenes 4-7
with consecutive oxidation; spin numbers were evaluated
on the basis of ESR signal intensities using the DPPH
standard.

numbers of 4-7 with each consecutive oxidation were very
similar to one another. Even 5, which has a poor conductivity,
behaves similarly to 4, 6, and 7, which have good conductiv-
ities. Initial strong ESR signals at a half- and one-electron-
oxidation stages obviously indicate the generation of a polar-
on. Then, after two-electron oxidation and above, the ESR
signals nearly disappeared. Since the two- and three-elec-
tron-oxidation stages of dodecithiophene formally correspond
to 17 and 25% doping levels, respectively, this result agrees
with the ESR inactivity observed for the doped solid films.
Evidently, the spinless dimeric polaron species also prevails
in solution at high doping.

Solid Optical Absorption Spectra. In order to obtain
information on active charge-carrier species, we measured
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Fig. 4. Electronic absorption spectra of dodecithiophenes
4-7 and poly(quaterthiophene) 8 in solid films (doping
level 20-25%).
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Fig. 5. Allowed electronic transitions of three oxidized species.

the electronic absorption spectra of dodecithiophenes 4-7 and
poly(quaterthiophene) 8 in 20-25%-doped solid film states. As
demonstrated in Fig. 4, the spectral shapes of 4-7 were, as a
whole, similar to one another; two absorption bands appeared
at around 0.5 and 1.5eV in the near-infrared region and one
absorption band at 2.4-2.6¢eV in the visible region. In all spec-
tra, the low-energy band at around 0.5eV was very intense
as compared to the two high-energy bands. These spectra also
resembled those of poly(quaterthiophene) 8 and polythio-
phenes,!'®122 except that the visible band for the polymer
was smaller. From the similar spectral features, it is reasonable
to imagine that similar charge-carrier species may exist in the
solid films of 4-8. According to the selection rule, two elec-
tronic transitions for polaron, one for bipolaron, and three
for 7-dimer are allowed, as illustrated in Fig. 557 As already
stated, ESR inactivity for all samples 4-8 excludes the in-
volvement of a polaron. It is possible that the two near-infrared
bands in Fig. 4 are due to either ;r-dimer or polaron pair.
However, the observed relative intensities of the two bands
were quite different, and thus, it is difficult to explain in terms
of the involvement of a 77-dimer or a polaron pair alone. In
addition, the formation of a 7m-dimer is not possible for §,
which is completely hindered.

Solution Optical Absorption Spectra. In order to identify
charge-carrier species involved in the above solid absorption
spectra, we examined the electronic absorption spectra of
dodecithiophenes 4-7 in 107°M dichloromethane solution
under controlled oxidation with FeCls, allowing the successive
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Fig. 6. Electronic absorption spectra of dodecithiophene 4
in 107°M dichloromethane under controlled oxidation
with FeCls.

formation of mono- di-, tri-, and tetra-cations. As demonstrat-
ed in Fig. 6, the initial 0.5-electron oxidation of 4 caused a de-
crease in the intensity of the neutral 7—7r* transition absorp-
tion band (A 2.73€V) by ca. 50% and concomitantly gave
rise to two new absorption bands (A, 0.72 and 1.50€V) in
the near-infrared region. These two near-infrared bands were
assigned to the allowed transitions P; and P, of polaronic spe-
cies. The existence of polarons agrees with the observation of a
strong ESR signal at the 0.5 electron oxidation stage. Further
oxidation of 4 caused a progressive increase and high-energy
shifts in the two near-infrared absorption bands. In the spec-
trum, after the two-electron oxidation, the two near-infrared
bands were located at A,,x 0.91 and 1.78 ¢V. In addition, the
original neutral band nearly disappeared, and a small visible
band appeared at A, 3.42€V. These spectral changes as well
as the above-stated ESR inactivity indicate the formation of a
spinless 7T-dimeric species from polarons. The concentration-
dependent high-energy shifts of the near-infrared bands can
be rationalized by the Davidov blue shifts due to r-stack-
ing. 2?3758 Although the selection rule for 7-dimers allows
three bands Dy, D,, and Ds3, the interchain transition D3 is usu-
ally so weak that it can scarcely be detected?’®2""472 or it is
concealed by other transitions.*’® Three-electron oxidation es-
sentially gave rise to the same spectrum as at the two-electron
oxidation stage, and four-electron oxidation gave rise to a new
band at 0.78 eV. This single band is possibly due to bipolaronic
species formed by confining many charges in a limited conju-
gated area, which is essentially similar to that observed in the
two-electron oxidation of short oligothiophenes consisting of
several thiophene units.?%474°

The spectral change of the hindered dodecithiophene S with
consecutive oxidation was quite different from that observed
for 4 and similar to that previously observed for dendrimer-
encapsulated oligothiophenes 3.°° As depicted in Fig. 7, the
initial 0.5-electron oxidation gave two polaronic bands at
0.55 and 1.37eV. Subsequent one-electron oxidation caused an
increase in these two polaronic bands, but no transition energy
shifts, which is quite different from the spectral change of 4.
This means that the polaronic species simply increases during
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Fig. 7. Electronic absorption spectra of dodecithiophene 5
in 107°M dichloromethane under controlled oxidation
with FeCls.
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Fig. 8. Electronic absorption spectra of dodecithiophene 6
in 107°M dichloromethane under controlled oxidation
with FeCls.

the early electron oxidation. Evidently, the bulky 2,2-bis-
(butoxymethyl)-1,3-propanediyl groups in 5 prevent the for-
mation of 7-dimers. However, two-electron oxidation gave
rise to a new strong absorption band at 0.60eV, instead of
the two polaronic bands. Evidently, the sterically hindered
dodecithiophene 5 prefers the formation of bipolarons. Three-
and four-electron oxidations resulted in the enhancement and
high-energy shift of the bipolaronic band, presumably because
of an increase in the bipolaronic species.

The spectral changes of partially hindered dodecithiophenes
6 and 7 were different from both of those of 4 and 5. As depict-
ed in Fig. 8, the initial 0.5-electron oxidation of 6 gave two
polaronic bands at 0.67 and 1.46eV. Further oxidation leads
to an increase and high-energy shifts in these bands, resulting
in the appearance of two bands at 0.77 and 1.63 eV after two-
electron oxidation. It is noteworthy that the high-energy shifts
of these two bands were smaller than those induced by 77-di-
merization observed for 4, and in addition, at two-electron ox-
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Fig. 9. Electronic absorption spectra of dodecithiophene 7
in 107°M dichloromethane under controlled oxidation
with FeCls.

idation stage, the low-energy band were much larger than the
high-energy one. We think that the two bands are comprised of
a superposition of 77-dimeric and bipolaronic bands; that is, the
low energy band is enhanced by overlapping of a bipolaronic
band with one of the two 7r-dimeric bands. The dodecithio-
phene 6 can stack face-to-face with another molecule at the
unhindered half segment. Presumably, a partially stacked 7-
dimer is not so stable as a fully stacked 7-dimer, and thus, it
can coexist with a bipolaron. Actually, a weak electronic inter-
action for the sm-dimer of 6 is corroborated by the small
Davidov blue shifts in the two bands. Further three- and four-
electron oxidation markedly enhanced the low-energy band,
owing to an increase of bipolaronic species.

Figure 9 shows the spectral change in partially hindered 7,
which is, as a whole, similar to that of 6. Thus, 0.5-electron ox-
idation gave two polaronic bands at 0.63 and 1.42eV, two-
electron oxidation gave a strong band at 0.74eV and a weak
band at 1.42eV, and finally, further oxidation enhanced the
bipolaronic low-energy band. A 7-dimer of 7 can be formed
only by partial stacking at the unhindered terminal terthio-
phene segments; accordingly, it is not so stable as that of 6.
This is supported by the observation that the high-energy band
undergoes no Davidov blue shift with consecutive oxidation,
and the relative intensity of the high-energy band to the low-
energy band at the two-electron oxidation stage is smaller,
when compared to that of 6.

Concluding Remarks

Four doped dodecithiophenes of 4-7 showed similar elec-
tronic absorption spectra in the solid phase, but quite different
absorption spectra in dichloromethane solution. The solution
spectrum of unhindered dodecithiophene 4 under high doping
was characterized by two absorption transitions, which were
assigned to a 7r-dimer. On the other hand, the solution spec-
trum of completely hindered dodecithiophene 5§ was character-
ized by an absorption transition due to bipolaron. It is notewor-
thy that the solution spectra of partially hindered 6 and 7 could
be explained as a superposition of 77-dimeric and bipolaronic
bands. This spectral feature was similar to that observed for
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the solid films of 6 and 7, meaning that both 7-dimer and
bipolaron species exist in the solid films. In addition, a close
resemblance of the solid spectra of 4 and S to those of 6 and
7 suggests that both species may also exist in the solid films.
It is thus speculated that the face-to-face stacked sr-dimer of
4 does not form so readily in the solid film as it does in solu-
tion, presumably allowing the involvement of a bipolaron spe-
cies. This means that 7-dimers prevail in the ordered micro-
crystalline domains of the solid films, whereas bipolarons pre-
vail in disordered amorphous domains. The 77-dimer and bipo-
laron species exist in the solid film of poly(quaterthiophene) 8,
which showed with an analogous solid spectrum (see Fig. 4).
Presumably, in conductive polyaromatic films, 77-dimers and
bipolarons coexist and cooperatively make a conductive net-
work along conjugated chains, across stacked chains, or via
interchain contacts.

Experimental

4',3""-Dihexylsexithiophene (11). A mixture of 5,5”-di-
bromo-3,3"”-dihexylquaterthiophene (9)°! (214 mg, 0.326 mmol),
2-tributylstannylthiophene (10)>* (243 mg, 0.651 mmol), tetrakis-
(triphenylphosphine)palladium (18 mg) in toluene (10 mL) was re-
fluxed in the dark for 12 h under a nitrogen atmosphere. After the
solvent was evaporated, the residual solid was purified by column
chromatography (silica gel, 1:1 hexane—dichloromethane), then
gel-permeation liquid chromatography (JAIGEL 1H/2H column
assembly, chloroform), and finally recrystallization from chloro-
form to give orange needles of 11 (125 mg, 58% yield): mp 126—
127°C; 'THNMR (400 MHz, CDCl3) § 7.22 (dd, J = 5.1Hz, J' =
0.9Hz, 2H), 7.17 (dd, J = 3.6 Hz, J = 0.9Hz, 2H), 7.14 (d, J =
3.9Hz, 2H), 7.05 (d, J = 3.9Hz, 2H), 7.02 (dd, / = 5.1Hz, J' =
3.6 Hz, 2H), 7.02 (s, 2H), 2.77 (t, J = 7.8 Hz, 4H), 1.68 (quin, J =
7.8 Hz, 4H), 1.60 (m, 4H), 1.45-1.30 (m, 8H), 0.93 (t, /] = 7.8 Hz,
6H); MALDI-TOF-MS (1,8,9-trihydroxyanthracene matrix) m/z
660.8 (M*, Calcd 662.1); Anal. Caled for C36H3sS6: C, 65.21;
H, 5.78%. Found: C, 65.23; H, 5.67%.

5-Bromo-4',3""-dihexylsexithiophene (12). Into an ice-
cooled solution of the dihexylsexithiophene (11) (100 mg, 0.151
mmol) in carbon disulfide (30mL) was slowly added a solution
of NBS (21.4mg, 0.121 mmol) in DMF (10mL), and then the
mixture was stirred at rt for 12 h. After aqueous sat. sodium hydro-
gencarbonate (20mL) was added with ice-cooling, the resulting
insoluble white solid was removed by filtration through celite,
and the filtrate was extracted with chloroform. The extract was
dried (MgSQ,), and the solvent was evaporated. The residue
was purified by column chromatography (silica gel, chloroform)
to give an orange oil of 12 (95mg): 'HNMR (400 MHz, CDCls)
8 7.22 (dd, J =5.1Hz, J/ = 0.9Hz, 1H), 7.17 (dd, J = 3.6 Hz,
J'=09Hz, 1H), 7.14 (d, J = 3.9Hz, 2H), 7.05-7.01 (m, 3H),
7.02 (s, 1H), 6.98 (d, J = 3.9Hz, 1H), 6.95 (s, 1H), 6.91 (d, J =
3.9Hz, 1H), 2.76 (m, 4H), 1.67 (m, 4H), 1.55 (m, 4H), 1.45-1.30
(m, 8H), 0.90 (t, J=7.0Hz, 6H); MALDI-TOF-MS (1,8,9-
anthracenetriol matrix) m/z 741.3 (M™*, Calcd 741.0 based on
1:1 "Br and 3°Br). This product was contaminated with a small
amount of the unreacted material 11 (<15% based on 'HNMR
analysis), which was impossible to remove by conventional puri-
fication methods and used in the following step without further
purification.

3,4:3,4':37,4":3",4":3" ,4":3"" 4" -Hexakis[2,2-bis(but-
oxymethyl)-1,3-propanediyl]-5-tributylstannylsexithiophene
(14). As described for the conversion of 11 to 12, sexithiophene
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1352 (237 mg, 0.134 mmol) was reacted with 0.9 molar amount of
NBS (21.4mg) to give the monobromo derivative (95 mg). The
crude product was contaminated with a small amount of the un-
reacted 13 and directly refluxed with hexabutylditin (77 mg,
0.132 mmol) and tetrakis(triphenylphosphine)palladium (5.8 mg)
in toluene (40mL) under nitrogen for 12h. The solvent was
evaporated, and the residue was purified by column chromato-
graphy (alumina, chloroform) followed by gel-permeation liquid
chromatography (JAIGEL 3H/4H column assembly, chloroform)
to give a red oil of 14 (188 mg): 'HNMR (400 MHz, CDCl3) §
6.68 (s, 1H), 3.44 (m, 48H), 2.77 (m, 22H), 2.62 (s, 2H), 1.56 (m,
24H), 1.38 (m, 24H), 0.92 (t, J = 7.3 Hz, 36H). This product was
still contaminated with a small amount of sexithiophene 13
(<15% yield based on 'HNMR analysis), which was impossible
to remove by conventional purification methods and used in the
next reaction without further purification.

Hexakis[2,2-bis (butoxymethyl)-1,3-propanediyl ]dihexyl-
dodecithiophene (6). A mixture of 12 (34 mg), 14 (95 mg), and
tetrakis(triphenylphosphine)palladium (2.6 mg) in toluene (10 mL)
was refluxed in the dark for 12h under a nitrogen atmosphere.
After evaporation of the solvent, the residue was purified by gel-
permeation liquid chromatography (JAIGEL 3H/4H column as-
sembly, chloroform) to allow removal of 11 and 13 contaminated
in the preceding reactions, giving a red soft solid of 6 (53.4mg,
overall 53% yield from 12): mp 110-112°C; '"HNMR (400
MHz, CDCl3) é 7.22 (d, J = 5.1Hz, 1H), 7.17 (d, J = 3.4 Hz,
1H), 7.15 (d, J = 3.7Hz, 2H), 7.08 (d, J = 3.9Hz, 1H), 7.05 (d,
J =3.4Hz, 2H), 7.03-7.00 (m, 4H), 3.45 (m, 48H), 2.78 (m,
26H), 2.62 (s, 2H), 1.72 (quin, J = 7.81 Hz, 4H), 1.57 (m, 28H),
1.42 (m, 32H), 0.93 (m, 42H); MALDI-TOF-MS (1,8,9-anthrace-
netriol matrix) m/z 2425.1 (M*, Calcd 2429.2); Anal. Calcd for
C138H1940|2512I C, 6821, H, 8.05%. Found: C, 6798, H, 8.01%.

5,5”’”-Dibr0m0-3,4:3’,4’ :3//’4H :3”/,4/1/ :3////’4//” :3mu,4///// -hexa-
kis[2,2-bis(butoxymethyl)-1,3-propanediyl]sexithiophene (15).
Into a solution of 13 (468 mg, 0.27 mmol) in a mixed solvent of
chloroform (15 mL) and DMF (20mL) was added NBS (101 mg,
0.57 mmol), and the mixture was stirred at rt for 13 h. After aq.
sat. sodium hydrogensulfite (20 mL) was added, the mixture was
extracted with chloroform (40 mL x 3). The extracts were com-
bined, washed with brine, and dried (MgSQ,). After evaporation
of the solvent, the residue was purified by column chromatogra-
phy (silica gel, chloroform) to give a pale orange oil of 15 (489
mg, 96% yield): '"HNMR (400 MHz, CDCl3) § 3.47-3.42 (m,
48H), 2.81-2.73 (m, 20H), 2.53 (s, 4H), 1.58-1.51 (m, 24H), 1.42—
1.32 (m, CHy), 0.93-0.89 (m, CH;); MALDI-TOF-MS (1,8,9-
anthracenetriol matrix) m/z 1928.7 (M™, caled 1926.4); Anal.
Calcd for C102H156Br201256: C, 6359, H, 8.16%. Found: C,
63.55; H, 8.80%.

Hexakis[2,2-bis(butoxymethyl)-1,3-propanediyl]dodecithio-
phene (7). A mixture of 15 (463 mg, 0.24 mmol), 5-tributylstan-
nylterthiophene (16)>* (290 mg, 0.54 mmol), and tetrakis(triphen-
ylphosphine)palladium (28 mg) in toluene (45mL) was refluxed
for 14 h in the dark under a nitrogen atmosphere. The solvent was
evaporated, and the residue was purified by column chromatogra-
phy (silica gel, dichloromethane) followed by gel-permeation lig-
uid chromatography (JAIGEL 3H/4H column assembly, chloro-
form) to give a purple solid of 7 (293 mg, 51% yield): mp 194—
196°C; '"HNMR (400 MHz, CDCl3) § 7.22 (d, J = 5.2 Hz, 2H),
7.18 (d, J =3.2Hz, 2H), 7.11-7.07 (m, 8H), 7.03 (dd, J = 3.6
Hz, 5.2Hz, 2H), 3.50-3.45 (m, 48H), 2.80-2.78 (m, 24H), 1.59
(m, 24H), 1.39 (sex, J = 7.5Hz, 24H), 0.93 (t, / = 7.5 Hz, 36H);
MALDI-TOF-MS (1,8,9-anthracenetriol matrix) m/z 2259.8
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(M, Caled 2260.9); Anal. Caled for C1o6H170012S12: C, 66.92; H,
7.58%. Found: C, 66.92; H, 7.59%.

Poly(quaterthiophene) (8). 3,3"”-Dihexylquaterthiophene
(17)°' (47 mg, 0.094 mmol) was treated with excess FeCl; (1.53 g)
in 20 mL of chloroform at 50 °C for 5d in a nitrogen atmosphere.
Into the reaction mixture, aq. sat. sodium hydrogensulfite in water
(40 mL) was added, and the mixture was stirred at rt for additional
3h. The solid was removed by filtration, and the filtrate was
extracted with chloroform (5S0mL x 2). The extracts were com-
bined, washed with brine, and dried (MgSQOy). Evaporation of the
solvent gave a red semisolid of 8 (18 mg, 38%); Anal. Calcd for
(CasH3,S4),: C, 67.72; H, 6.50%. Found: C, 66.59%; H, 6.73%.

Chemical Doping of 4-8. Chemical doping was carried out
by treating samples of 4-8 with a controlled amount of FeCl;
(0.0005-0.05M) in nitromethane at rt for 12h. The resulting in-
soluble material was collected by filtration, washed with acetone,
and then air-died. The doping levels per thiophene unit were de-
cided assuming FeCly as the counter ion by elemental analyses.
Analytical data for 1% doping sample of 4: C, 66.35; H, 6.21%;
7% doping: C, 60.55; H, 5.93%; 14% doping: C, 55.16; H, 5.75%;
24% doping: C, 48.92; H; 4.69%. Analytical data for 3% doping
sample of 5: C, 67.84; H, 8.90%; 16% doping: C, 62.44; H,
8.56%; 23% doping: C, 60.16; H, 7.64%; 34% doping: C, 56.53;
H, 7.46%. Analytical data for 6% doping sample of 6: C, 64.39; H,
7.91%; 11% doping: C, 61.62; H, 7.23%; 14% doping: C, 59.74;
H, 6.89%; 21% doping: C, 56.44; H, 6.56%. Analytic data for 3%
doping sample of 7: C, 64.86; H, 7.54%; 9% doping: C, 61.39; H,
7.04%; 14% doping: C, 55.98; H, 6.24%; 24% doping: C, 53.20;
H, 5.85%. Analytic data for 23% doping sample of 8: C, 49.80;
H, 4.67%.

This research was partly supported by Grants-in-Aid of
Scientific Research (Category A, No. 17205006 and Priority
Areas of Molecular Conductors, No. 15073218) from the
Ministry of Education, Culture, Sports, Science and Tech-
nology, Japan.

References

1 Reviews: a) Handbook of Organic Conductive Molecules
and Polymers, ed. by H. S. Nalwa, John Wiley & Sons, New
York, 1997, Vols. 1-4. b) Electronic Materials: The Oligomer
Approach, ed. by K. Miillen, G. Werner, Wiley-VCH, Weinheim,
1998. c) Handbook of Conducting Polymers, 2nd ed., ed. by T. A.
Stoktheim, R. L. Elsenbaumer, J. R. Reynolds, Marcel Dekker,
New York, 1998. d) Handbook of Oligo- and Polythiophenes,
ed. by D. Fichou, Wiley-VCH, Weinheim, 1999. e) J. Roncali,
Chem. Rev. 1992, 92, 711. f) J. Roncali, Chem. Rev. 1997, 97,
173. g) R. S. McCullough, Adv. Mater. 1998, 10, 93.

2  W. P. Su, J. R. Schrieffer, Proc. Natl. Acad. Sci. U.S.A.
1980, 77, 5626.

3 S. A. Brazovskii, N. N. Kirova, Zh. Eksp. Teor. Fiz.,
Pis’ma Red. 1981, 33, 6; JETP Lett. 1981, 33, 4.

4 a) A. R. Bishop, Solid State Commun. 1980, 33, 955.
b) A. R. Bishop, D. K. Campbell, K. Fesser, Mol. Cryst. Liq.
Cryst. 1981, 77, 253. c) D. K. Campbell, A. R. Bishop, Phys.
Rev. B 1981, 24, 4859. d) K. Fesser, A. R. Bishop, D. K.
Campbell, Phys. Rev. B 1983, 27, 4804.

5 J. L. Brédas, R. R. Chance, R. Silbey, Mol. Cryst. Liq.
Cryst. 1981, 77, 319.

6 A. Alexandrov, J. Ranninger, Phys. Rev. B 1981, 23, 1796.

7 a)J.L.Brédas, R. R. Chance, R. Silbey, Phys. Rev. B 1982,

Sterically Hindered Dodecithiophenes

26, 5843. b) J. L. Brédas, B. Themans, J. M. André, Phys. Rev. B
1983, 27, 7827. c¢) K. Yakushi, L. J. Lauchlan, G. B. Street, J. L.
Brédas, J. Chem. Phys. 1984, 81, 4133. d) R. R. Chance, J. L.
Brédas, R. Silbey, Phys. Rev. B 1984, 29, 4491. e) J. C. Scott,
J. L. Brédas, J. H. Kaufman, P. Pfluger, G. B. Street, K. Yakushi,
Mol. Cryst. Lig. Cryst. 1985, 118, 163. f) J. L. Brédas, Mol. Cryst.
Lig. Cryst. 1985, 118, 49.

8 G. Crecelius, M. Stamm, J. Fink, J. J. Ritsko, Phys. Rev.
Lett. 1983, 50, 1498.

9 K. Kubo, S. Takada, J. Phys. Soc. Jpn. 1983, 52, 2108.

10 a)J. C. Scott, P. Pfluger, M. T. Krounbi, G. B. Street, Phys.
Rev. B 1983, 28, 2140. b) J. H. Kaufman, N. Colaneri, J. C. Scott,
K. K. Kanazawa, G. B. Street, Mol. Cryst. Lig. Cryst. 1985,
118, 171.

11 a) T.-C. Chung, J. H. Kaufman, A. J. Heeger, F. Wudl,
Phys. Rev. B 1984, 30, 702. b) T.-C. Chung, J. H. Kaufman,
A. J. Heeger, F. Wudl, Mol. Cryst. Liq. Cryst. 1985, 118, 205.
¢) Z. Vardeny, E. Ehrenfreund, O. Brafman, M. Nowak, H.
Schaffer, A. J. Heeger, F. Wudl, Phys. Rev. Lett. 1986, 56, 671.
d) J. Chen, A. J. Heeger, F. Wudl, Solid State Commun. 1986,
58, 251. e) M. Nowak, S. D. D. V. Rughooputh, S. Hotta, A. J.
Heeger, Macromolecules 1987, 20, 965. f) N. Colaneri, M.
Nowak, D. Siegel, S. Hotta, A. J. Heeger, Phys. Rev. B 1987,
36, 7964. g) Y. H. Kim, D. Spiegel, S. Hotta, A. J. Heeger, Phys.
Rev. B 1988, 38, 5490.

12 a) K. Kaneto, S. Hayashi, S. Ura, K. Yoshino, J. Phys. Soc.
Jpn. 1985, 54, 1146. b) T. Hattori, W. Hayes, K. Wong, K.
Kaneto, K. Yoshino, J. Phys. C: Solid State Phys. 1984, 17,
L803. c¢) K. Kaneto, Y. Kohno, K. Yoshino, Mol. Cryst. Lig. Cryst.
1985, 118, 217.

13 L. D. Kispert, J. Joseph, G. G. Miller, R. H. Baughman,
Mol. Cryst. Lig. Cryst. 1985, 118, 313.

14 M. Nechtschein, F. Devreux, F. Genoud, E. Vieil, J. M.
Pernaut, E. Genies, Synth. Met. 1986, 15, 59.

15 a) G. Harbeke, E. Meier, W. Kobel, H. Kiess, E. Tosatti,
Solid State Commun. 1985, 55, 419. b) G. Harbeke, D. Baeriswy,
H. Kiess, W. Kobel, Phys. Scr. 1986, T13, 302.

16 a)J. L. Brédas, B. Thémans, J. M. André, R. R. Chance, R.
Silbey, Synth. Met. 1984, 9, 265. b) J. L. Brédas, B. Themans,
J. G. Fripiat, J. M. André, R. R. Chance, Phys. Rev. B 1984, 29,
6761. ¢) J. L. Brédas, G. B. Street, Acc. Chem. Res. 1985, 18,
309. d) J. L. Brédas, F. Wudl, A. J. Heeger, Solid State Commun.
1987, 63, 577. ¢) S. Stafstrom, J. L. Brédas, Phys. Rev. B 1988, 38,
4180. f) W. R. Salaneck, R. H. Friend, J. L. Brédas, Phys. Rep.
1999, 379, 231.

17 a) A. J. Heeger, Polym. J. 1985, 17, 201. b) A. J. Heeger,
S. Kivelson, J. R. Schrieffer, W.-P. Su, Rev. Mod. Phys. 1988,
60, 781.

18 a) D. Bertho, C. Jouanin, Phys. Rev. B 1987, 35, 626.
b) D. Bertho, C. Jouanin, Synth. Met. 1988, 24, 179.

19 a) D. Fichou, G. Horowitz, B. Xu, F. Garnier, Synth. Met.
1990, 39, 243. b) G. Horowitz, A. Yassar, H. J. von Bardeleben,
Synth. Met. 1994, 62, 245.

20 a) G. Zotti, G. Schiavon, A. Berlin, G. Pagani, Adv. Mater.
1993, 5, 551. b) G. Zotti, G. Schiavon, A. Berlin, G. Pagani, Synth.
Met. 1993, 61, 81. c) G. Zotti, S. Zecchin, B. Vercelli, A. Berlin,
S. Grimoldi, M. C. Pasini, M. M. M. Raposo, Chem. Mater. 2005,
17,6492. d) G. Zotti, S. Zecchin, B. Vercelli, M. Pasini, S. Destri,
F. Bertini, A. Berlin, Chem. Mater. 2006, 18, 3151.

21 C. Ehrendorfer, A. Karpfen, J. Phys. Chem. 1995, 99,
5341.

22 a) N. Yokonuma, Y. Furukawa, M. Tasumi, M. Kuroda,



T. Kurata et al.

J. Nadayama, Chem. Phys. Lett. 1996, 255, 431. b) Y. Furukawa,
J. Phys. Chem. 1996, 100, 15644.

23 G. Brocks, Synth. Met. 1999, 102, 914.

24 a) Y. Harima, T. Eguchi, K. Yamashita, K. Kojima,
M. Shiotani, Synth. Met. 1999, 105, 121. b) Y. Kunugi, Y. Harima,
K. Yamashita, N. Ohta, S. Ito, J. Mater. Chem. 2000, 10, 2673.
¢) Y. Harima, R. Patil, H. Liu, Y. Ooyama, K. Takimiya, T.
Otsubo, J. Phys. Chem. B 2006, 110, 1529.

25 G. M. E. Silva, Phys. Rev. B 2000, 61, 10777.

26 S. S. Zade, M. Bendikov, J. Phys. Chem. B 2006, 110,
15839.

27 a) M. G. Hill, K. R. Mann, L. L. Miller, J.-F. Penneau,
J. Am. Chem. Soc. 1992, 114, 2728. b) M. G. Hill, J.-F. Penneau,
B. Zinger, K. R. Mann, L. L. Miller, Chem. Mater. 1992, 4, 1106.
¢) B. Zinger, K. R. Mann, M. G. Hill, L. L. Miller, Chem. Mater.
1992, 4, 1113. d) L. L. Miller, Y. Yu, E. Gunic, R. Duan, Adv.
Mater. 1995, 7, 547. ¢) Y. Yu, E. Gunic, B. Zinger, L. L. Miller,
J. Am. Chem. Soc. 1996, 118, 1013. f) L. L. Miller, K. R. Mann,
Acc. Chem. Res. 1996, 29, 417. g) D. D. Graf, J. P. Campbell,
L. L. Miller, K. R. Mann, J. Am. Chem. Soc. 1996, 118, 5480.
h) D. D. Graf, R. G. Duan, J. P. Campbell, L. L. Miller, K. R.
Mann, J. Am. Chem. Soc. 1997, 119, 5888.

28 G. Zotti, G. Schiavon, A. Berlin, G. Pagani, Chem. Mater.
1993, 5, 620.

29 a) P. Béuerle, U. Segelbacher, K.-U. Gaudl, D.
Huttenlocher, M. Mehring, Angew. Chem., Int. Ed. Engl. 1993,
32, 76. b) P. Bauerle, U. Segelbacher, A. Maier, M. Mehring,
J. Am. Chem. Soc. 1993, 115, 10217. c¢) U. Segelbacher, N. S.
Sariciftci, A. Grupp, P. Bauerle, M. Mehring, Synth. Met. 1993,
57, 4728.

30 a) P. Audebert, P. Hapiot, J.-M. Pernaut, P. Garcia,
J. Electroanal. Chem. 1993, 361, 283. b) P. Hapiot, P. Audebert,
K. Monnier, J.-M. Pernaut, P. Garcia, Chem. Mater. 1994, 6,
1549. c) P. Audebert, P. Hapiot, Synth. Met. 1995, 75, 95.

31 B. Nessakh, G. Horowitz, F. Garnier, F. Deloffre, P.
Srivastava, A. Yassar, J. Electroanal. Chem. 1995, 399, 97.

32 J. A. E. H. Van Haare, L. Groenendaal, E. E. Havinga,
R. A. J. Janssen, E. W. Meijer, Angew. Chem., Int. Ed. Engl.
1996, 35, 638.

33 L. Rossi, G. Lanzani, F. Garnier, Phys. Rev. B 1998, 58,
6684.

34 J. Casado, M. Bengoechea, J. T. L. Navarrete, T. F. Otero,
Synth. Met. 1998, 95, 93.

35 J.-M. Raimundo, E. Levillain, N. Gallego-Planas, J.
Roncali, Electrochem. Commun. 2000, 2, 211.

36 G. Brocks, J. Chem. Phys. 2000, 112, 5353.

37 J. J. Apperloo, L. B. Groenendaal, H. Verheyen, M.
Jayakannan, R. A. J. Janssen, A. Dkhissi, D. Beljonne, R.
Lazzaroni, J.-L. Brédas, Chem.—Eur. J. 2002, 8, 2384.

38 T. Satou, T. Sakai, T. Kaikawa, K. Takimiya, T. Otsubo,
Y. Aso, Org. Lett. 2004, 6, 997.

39 D. A. Scherlis, N. Marzari, J. Phys. Chem. B 2004,
108, 17791.

Bull. Chem. Soc. Jpn. Vol. 80, No. 9 (2007) 1807

40 M. Pickholz, M. C. dos Santos, THEOCHEM 2005,
717, 99.

41 a) A. Smie, J. Heinze, Angew. Chem., Int. Ed. Engl. 1997,
36, 363. b) P. Tschuncky, J. Heinz, A. Smie, G. Engelmann, G.
KoBmehl, J. Electoanal. Chem. 1997, 433, 223. c) J. Heinze, P.
Tschuncky, A. Smie, J. Solid State Electrochem. 1998, 2, 102.
d) G. Engelmann, G. Kossmehl, J. Heinze, P. Tschuncky, W.
Jugelt, H.-P. Welzel, J. Chem. Soc., Perkin Trans. 2 1998, 169.
e) J. Heinze, H. John, M. Dietrich, P. Tschuncky, Synth. Met.
2001, 719, 49.

42  A.J. W. Tol, Chem. Phys. 1996, 208, 73.

43 a) J. A. E. H. van Haare, E. E. Havinga, J. L. J. van
Dongen, R. A. J. Janssen, J. Cornil, J.-L. Brédas, Chem.—Eur.
J. 1998, 4, 1509. b) J. J. Apperloo, R. A. J. Janssen, P. R. L.
Malenfant, L. Groenendaal, J. M. J. Fréchet, J. Am. Chem. Soc.
2000, 722, 7042. ¢) V. M. Geskin, J.-L. Brédas, ChemPhysChem
2003, 4, 498.

44  G. Brocks, Synth. Met. 1999, 102, 914.

45 Y. Gao, C.-G. Liu, Y.-S. Jiang, J. Phys. Chem. A 2002,
106, 5380.

46 D. Rohde, L. Dunsch, A. Tabet, H. Hartmann, J. Fabian,
J. Phys. Chem. B 2006, 110, 8223.

47 a) T. Kaikawa, K. Takimiya, Y. Aso, T. Otsubo, Org. Lett.
2000, 2, 4197. b) T. Sakai, T. Satou, T. Kaikawa, K. Takimiya,
T. Otsubo, Y. Aso, J. Am. Chem. Soc. 2005, 127, 8082.

48 a) H. Nakanishi, N. Sumi, Y. Aso, T. Otsubo, J. Org.
Chem. 1998, 63, 8632. b) N. Sumi, H. Nakanishi, S. Ueno, K.
Takimiya, Y. Aso, T. Otsubo, Bull. Chem. Soc. Jpn. 2001, 74, 979.

49 a) H. Nakanishi, N. Sumi, S. Ueno, K. Takimiya, Y. Aso,
T. Otsubo, K. Komaguchi, M. Shiotani, N. Ohta, Synth. Met. 2001,
119, 413. b) T. Otsubo, Y. Aso, K. Takimiya, Bull. Chem. Soc.
Jpn. 2001, 74, 1789.

50 T. Otsubo, S. Ueno, K. Takimiya, Y. Aso, Chem. Lett.
2004, 33, 1154.

51 H. Kanato, K. Takimiya, T. Otsubo, Y. Aso, T. Nakamura,
Y. Araki, O. Ito, J. Org. Chem. 2004, 69, 7183.

52 T. Izumi, S. Kobashi, K. Takimiya, Y. Aso, T. Otsubo,
J. Am. Chem. Soc. 2003, 125, 5286.

53 M. M. M. Raposo, A. M. C. Fonseca, G. Kirsch, Tetra-
hedron 2004, 60, 4071.

54 J.-S. Cho, Y. Kojima, S. Norifusa, M. Higuchi, K.
Yamamoto, Macromol. Chem. Phys. 2003, 204, 2175.

55 1. McCulloch, C. Bailey, M. Giles, M. Heeney, 1. Love, M.
Shkunov, D. Sparrowe, S. Tierney, Chem. Mater. 2005, 17, 1381.

56 a) H. Sirringhaus, P. J. Brown, R. H. Friend, M. M.
Nielsen, K. Bechgaard, B. M. W. Langeveld-Voss, A. J. H.
Spiering, R. A. J. Janssen, E. W. Meijer, P. T. Herwig, D. M.
de Leeuw, Nature 1999, 401, 685. b) D. Beljonne, J. Cornil, H.
Sirringhaus, P. J. Brown, M. Shkunov, R. H. Friend, J. L. Brédas,
Adv. Funct. Mater. 2001, 11, 229.

57 J. Cornil, J.-L. Brédas, Adv. Mater. 1995, 7, 295.

58 J. B. Torrance, B. A. Scott, B. Welber, F. B. Kaufman,
P. E. Seiden, Phys. Rev. B 1979, 19, 730.



