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Our recent results on the synthesis and properties of a novel family of polysilsesquioxanes having oligothiophenes were reviewed.
The polymers anchored on SiO, or ITO substrates showed excellent mechanical hardness due to the formation of a three-
dimensional siloxane network structure and chemical linkage between polymer and the surface of metal-oxide substrates. Optical,
electrochemical, and electrical properties of polymers were also investigated.

1. Introduction

Organic-inorganic hybrid materials have been opening a new
field of materials science because of a wide range of possible
applications. Among a variety of organic-inorganic hybrid
materials, hybrid materials based on a siloxane network are
very attractive due to the robust nature of the siloxane bond
[1, 2] and thus are studied intensively. From the viewpoints
of synthetic approach and the resulting materials structure,
the siloxane-based hybrid materials can be divided into two
classes [3]. Class I corresponds to nanocomposite materials,
which are synthesized by an inorganic hydrolytic polycon-
densation (sol-gel reaction) of tetraalkoxysilane monomer in
the presence of low molecular weight organic compounds as
dopants. In this class of hybrid materials, the organic dopants
are just embedded in the inorganic matrix and are likely to
be isolated due to phase separation. Class II corresponds
to nanostructured hybrid materials prepared from a sol-
gel reaction of trialkoxysilane-based precursor monomers
having organic substituents in the molecular chains. The
resulting network polymers are called polysilsesquioxanes
(PSQs), where the organic substituents bound covalently to
the siloxane network are fixed strongly and homogeneously
in the polymer bulk. When the sol-gel reaction occurs on the
surface of glass or ITO, terminal silanol groups of PSQs react

with hydroxy groups of the metal-oxide surface (Scheme 1),
so that the organic functional groups can be fixed on
the metal-oxide substrates through the siloxane network
in PSQs. PSQs have been used as novel high-performance
materials such as water-repellent agents for automobiles,
catalyst supports, adsorbents, optics, and biosensors [4-8].

Recently, we introduced oligothiophenes in PSQ for
applying PSQs to transparent and conductive films with tun-
able electrical properties. Oligothiophenes are well studied as
photo- and electroactive materials and their electrical con-
ductivities can be changed by chemical or electrochemical
oxidation (p-doping) [9-11]. In addition, conductive and
energetic properties of oligothiophenes can be controlled by
changing a m-conjugation length or by introducing electron
donating or withdrawing groups on the 7-conjugated chains.

In this paper, synthesis of a novel family of polysilsesqui-
oxanes having oligothiophenes (Figure 1) and their electro-
chemical, optical, electrical, and mechanical properties are
described [12-15].

2. Synthesis of Triethoxysilane Monomers

2.1. Direct Silylation. We firstly succeeded in the introduc-
tion of silyl groups to sexithiophene [13] and octithiophene
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ScHEME 1: Sol-gel reactions of trialkoxysilane monomer and coating of PSQs on metal-oxide substrates.
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FIGURE 1: Chemical structures of PSQs having oligothiophenes.

[12-14] using a coupling reaction between triethoxychlorosi-
lane and lithiated oligothiophenes obtained by the reaction
of oligothiophenes and n-butyllithium (Scheme 2). The
crude products mainly contained BSnT (n = 6 and 8)
and they could be purified by preparative GPC. Small
amount of mono(triethoxysilyl)-substituted oligothiophenes
(MSnT) was isolated as a major byproduct.

2.2. Indirect Silylation. We tried also to synthesize bis(tri-
ethoxysilyl)-substituted deca- and dodecathiophene in the
same manner as shown in Scheme 2. However, the reactivity
of these oligothiophenes with n-butyllithium was low, and
the lithiation reaction did not proceed at —78°C. Although
the reaction was made at room temperature to increase the
reactivity, the selectivity of lithiation became low, and bulky
triethoxysilyl groups were introduced not only at a-positions
but also at S-position of thienylene units. The formation of
multisilylated oligothiophenes is unfavorable for developing
electrically highly conductive materials because the steric
hindrances may reduce effective m-conjugation lengths of
oligothiophenes.

We have designed a new synthetic pathway, as shown
in Scheme 3, in order to introduce triethoxysilyl groups
only at a-positions of both terminal thienyl groups of
oligothiophenes [15]. Although Scheme 3 consists of much
more reaction steps than Scheme 2, we have found that silyl
groups could be surely introduced only at the a-position of
terminal thienyl groups, and reaction steps included in this
route proceed with reasonable yields.

3. Polymerization of Monomers and
Anchoring of Polymers

Polycondensation process of monomers monitored by GPC
is shown in Figure2. When a dilute hydrochloric acid
(0.1 M) as a polymerization catalyst was added into the THF
solution of monomers, the molecular weight of the formed
polymers started to increase soon after the addition of the
acid catalyst and leveled off at 6 hr, although the reaction
solution remained homogenous. However, once the solvent
was removed from the polymer solution, orange or reddish-
orange solids which were insoluble in common organic
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solvents were obtained. The FT-IR spectra of polymers
showed a broad and strong peak at 1000-1200 cm™! due to
an Si—O-Si stretching vibration, which was not observed in
the FT-IR spectra of monomers. These findings suggest, first,
that the polymerization proceeds by the sol-gel reaction of
the triethoxysilyl group to form a siloxane-bond network
and, second, that the polymers in THF still have active
sites which can react partly with hydroxyl groups on the
surface of glass or ITO substrate, leading to the formation
of insoluble polymer films fixed covalently on the substrate.
The insoluble nature of polymer films is of a great use for
the fabrication of multilayered molecular devices by a wet
process. PSQs obtained from the polymerization reaction
are named hereafter as PBSuT (n = 6 and 8), PMS6T, and
PBSOnT (n = 8, 10 and 12) (Figure 1).

To confirm the role of the PSQ network, the polymer
film in class I was prepared by the sol-gel method using
a mixture of tetraethoxysilane (TEOS) and octithiophene
(8T), and the morphology of the class I film was compared

with that of PBS8T (class II film). In the class I film,
the sea-and-island morphology was observed due to the
phase separation between 8T (island) and SiO, from TEOS
(sea) (Figure 3(b)). The phase separation is not favorable
for electrical conduction because a conducting pathway will
be segmented due to the isolation of conductive oligoth-
iophene phases in the insulating SiO, matrix. It was also
found that 8T was removed readily by dipping the sol-
gel film into acetone, showing that the 8T molecules were
just embedded in SiO, matrix without forming covalent
bonds. In contrast, the PBS8T film was very smooth and
homogeneous (Figure 3(a)) and was insoluble in common
organic solvents.

4. Electrochemical Properties

Stability of the polymer films was examined by cyclic voltam-
metry (CV) in tetraethylammonium perchlorate (TEAP)
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FIGURE 2: GPC curves of reaction solutions during polymerization of BS8T.

()
F1GURE 3: Optical microscope images of (a) PBS8T film and (b) film obtained from TEOS and 8T.

(0.1 M)/acetonitrile (Figure 4). The PBS8T film exhibited
broad oxidation peaks at 0.6 and 0.8V versus Ag/Ag*,
while two oxidation peaks were observed at 0.5 and 0.7V
for the PBSOS8T film. Four alkyl groups are introduced in
octithiophene moiety in PBS8T, compared with two alkyl
groups for PBSOS8T. By this difference, 77-conjugation length
of octithienylene units in PBSOS8T will be well expanded
because of less stertic hindrance, which may cause the
negative shift of the oxidation potential relative to those of
PBS8T. PBSO10T also showed two oxidation peaks centered
at 0.3 and 0.6V, but PBSO12T showed a broad oxidation
peak in the potential range from 0.2 to 0.7 V.

Although PBS6T showed an irreversible CV curve and
its current density gradually decreased by the repeated

potential cycling, other PSQ films (PBS8T and PBSOnT)
showed broad but reversible redox waves, suggesting the
electrochemical stability of oligothiophenes longer than
hexamer. Corriu et al. reported the synthesis and electro-
chemical properties of PSQs having oligothiophenes with
short 7-conjugation units (monomer to trimer) [16]. In their
report, when the polymers were chemically or electrochem-
ically oxidized, oligothiophene moieties were eliminated
and polymerized due to the poor stability of the oxidized
species. In contrast to their results, PBS8T and PBSOnT
showed a good electrochemical stability due to delocalization
of charges formed on the well expanded m-conjugation
unit and a good adhesion of the polymer to the ITO
substrate.
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F1GURE 4: Cyclic voltammograms of (a) PBS6T, (b) PBS8T, and (c) PBSOnT (n = 8, 10, and 12) films in TEAP (0.1 M)/acetonitrile at a

scan rate of 50 mVs~!.

5. Spectroelectrochemistry

Absorption spectra of PSQ films biased at different potentials
were measured in TEAP (0.1 M)/acetonitrile to identify
chemical species to be formed at different oxidation states of
PSQs (Figure 5, Table 1). As shown in the inset of Figure 5,
the neutral PBS8T film showed a single absorption band at
445nm due to 7m-7* transition of a neutral octithiophene
moiety. When the PBS8T film was oxidized at 0.6 V, the
intensity of the 445-nm band decreased, and instead two
absorption bands appeared at 749 and 1204 nm, which were
ascribed to the one-electron oxidized species (monocation
radical or z-dimer) of octithienylene unit. The PBS8T
film oxidized at 0.9V was almost colorless and showed

a single broad band at 970nm, being ascribed to the
two-electron oxidized species (dication) of octithienylene
unit. Similar results were obtained with PBSOS8T. The
m-n* absorption bands in the neutral PBSO10T and
PBSOI12T were red-shifted relative to those of PBS8T
and PBSOS8T, reflecting that the effective m-conjugation
length of deca- and dodecathiophene is longer than that
of octithiophene. Furthermore, the absorption bands of
their oxidized species in the polymers were also red-shifted
with increasing the number of thiophene rings. In all cases
except PBS6T, polymer films could be one- and two-electron
oxidized in the potential range from 0 to 0.9V versus
Ag/Agt.
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TaBLE 1: Absorption maxima of neutral and oxidized polymers.

Wavelength/nm
Polymers o o
Neutral state One-electron oxidized state? Two-electron oxidized state®

PBS6T 435 — —

PBS8T 445 749, 1204 970

PBSOS8T 447 697, 1211 1099

PBSO10T 482 708, 1335 1252

PBSO12T 486 752, 1405 1247

*Oxidized at 0.6 V for PBSST, at 0.5 V for PBSOST, and at 0.4 V for PBSO10T and PBSO12T.

bOxidized at 0.9 V for PBS8T and at 0.8 V for PBSOnT.
“Not observed.

6. Electrical Properties

Doping levels and electrical conductivities were measured
by using an in situ electrochemical technique (Figure 6).
In concert with the electrochemical oxidation process of
the PBS8T film (Figure4), the doping level gradually
increased and finally reached around 25% at 0.9V, which
corresponds to 200% doping per octithienylene unit and
suggests that all octithienylene units are completely two-
electron oxidized at 0.9V. The plot of log(doping level)
versus potential fits a straight line in a low doping region,
and the inverse of its slope value is around 100 mV/decade,
which is larger than 60 mV/decade for a common one-
electron transfer process at room temperature. We have
already revealed that the slope value is a measure of
distribution of effective -conjugation lengths in conjugated
oligomers and polymers [17-19]. In the PBS8T film, since
both terminal thiophene rings of octithienylene unit are
tightly fixed with silsesquioxane network, their conformation
is partially restricted not to spread the m-conjugation all
over the oligothienylene unit (vide infra). The electrical

conductivity also increased with increasing the electrode
potential from 0.3 to 0.7 V, showed a maximum value of 5.6 X
107° Scm !, and then decreased t0 3.0 X 107> Scm ™' at 0.9V
(Figure 6(b)).

The doping levels and electrical conductivities of
PBSOnT (n = 8, 10, and 12) changed with the electrode
potential similarly to those of PBS8T. The electrical conduc-
tivities of PBSOnT increased with the increase in the chain
length of oligothienylene units in PSQs.

To get an insight into charge transport properties of
the polymer films, apparent mobilities of charge carriers
were estimated by combining doping level and conductivity
data. The mobilities are plotted in Figure 7 as a function
of doping level. In all cases, the mobilities at the low
doping level below 1% are 1-2 x 107°cm? V-!s~!, which
can be explained by the interchain hopping transport of
monocation radicals (polarons). The mobility plots showed
maxima at doping levels of 10%-15%, in which one-
and two-electron oxidized states coexist. When the doping
level was increased beyond 20%, the mobilities of PBS8T
and PBSOS8T greatly decreased, while the mobilities of
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PBSO10T and PBSO12T did not decrease considerably. A
plausible reason for this difference may be explained by the
length of oligothienylene unit in the polymer; almost all
oligothienylene units are two electrons oxidized at a doping
level of 20%, so that it becomes difficult for the positive
charges to move among the oligothienylene units because of a
Coulombic repulsion. However, the degree of the Coulombic
repulsion will become smaller when the chain length of
oligothienylene unit is longer. Thus, the degree of decrease

of the mobilities becomes smaller with the increase of the
number of thiophene rings.

7. Effect of Silsesquioxane Network

The mechanical hardness of the PSQ films was measured by
a pencil hardness test according to the ASTM Standard D
3363-92 [20] and the results are summarized in Table 2. For
the comparison, monomer films were prepared on glass or
ITO substrate by spin-coating of a BSOnT solution of THF
containing no polymerization catalyst [15]. The PBSO12T
film did not show any damages by being scratched with 4H
pencil, while the BSO12T film showed some damages even by
B pencil. Similar results were obtained with other PSQ films.
In the cases of PEDOT-PSS and common polymer films
such as poly(styrene) (PSt) and poly(methyl methacrylate)
(PMMA), appreciable damages were caused even by soft
pencils (2B for PEDOT-PSS and PSt, 2H for PMMA). These
results demonstrate clearly that the mechanical hardness of
the PSQ films is much higher than those of trialkoxysilane
monomers and other type of polymers having no chem-
ical linkage with substrates, indicative of a hard network
structure of silsesquioxane polymers and adhesion to metal
oxides.

Figure 8 shows the absorption spectra of BSO12T and
PBSOI12T films in the neutral states. While the PBSO12T
film exhibits a broad structureless spectrum with Amax =
486 nm, the spectrum of the BSO12T film displays a vibronic
fine structure. Also, the absorption tail of BSOI12T is
redshifted by about 15nm relative to that of PBSO12T.
This redshift suggests the expansion of the effective -
conjugation length of the oligothienylene unit in BSO12T,
where the oligothiophene units are not restricted by the
siloxane network.
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TaBLE 2: Results of pencil hardness test for PBSO12T, BSO12T, PMMA, PSt, and PEDOT-PSS.

Hardness of pencils PBSO12T BSO12T

PMMA PSt PEDOT-PSS

(Hard)

Damaged

_________ Damaged

Not damaged

Damaged

Damaged Damaged

(Soft) 6B

2B Not damaged

Not damaged

Not damaged Not damaged

Absorbance (a.u.)

300 400 500 600 700 800
Wavelength (nm)
— BSO12T
--- PBSO12T

FIGURE 8: Absorption spectra of neutral BSO12T and PBSO12T
films.

A clear difference was seen also in cyclic voltam-
mograms of BSO12T and PBSOI12T films in TEAP
(0.1 M)/acetonitrile (Figure 9). The cyclic voltammogram of
the BSO12T film shows a sharp oxidation peak at 0.25V
versus Ag/Ag*, compared with a broad oxidation peak for
the PBSOI12T film. The difference in shape of the cyclic
voltammograms is reflected in the plots of log(doping
level) versus potential shown in Figure 10. The inverse of
the slope value of the plot in the low potential region is
around 130 mV/decade for the PBSO12T, much greater than
80 mV/decade for the BSO12T. The value of 80 mV/decade
for the BSO12T monomer film is slightly greater than
the theoretical value of 60 mV/decade for a common one-
electron transfer process at room temperature, suggesting
that the effective m-conjugation length of oligothienylene
unit is somewhat distributed [18]. From the difference

R
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Z oL
g e
=t =]
3 |2
<
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-0.3 0.9

Potential (V) versus Ag/Ag*

—— BSOI12T
--- PBSOI12T

F1Gure 9: Cyclic voltammograms of BSO12T and PBSO12T films
in TEAP (0.1 M)/acetonitrile at a scan rate of 50 mV s~!.

in the slope value, one can conclude that the effective
n-conjugation length in the PBSOI2T polymer film is
distributed much wider than that in the BSO12T monomer
film. It is likely that this may be caused by the rigid nature of
the siloxane network.

Since we obtained a mono(triethoxysilyl)-substituted
monomer, MS6T, as a byproduct by chance during the
synthesis of BS6T, we attempted the polymerization of
MS6T to obtain PMS6T (the chemical structure is shown
in Figure 1), where one terminal of sexithiophene moi-
ety is linked to silsesquioxane polymer. Compared with
PBS6T, the cyclic voltammogram of PMS6T showed a clear
redox wave (Figure 11), suggesting the higher flexibility of
sexithienylene unit in the polymer film. This finding also
supports the rigid siloxane network of PSQs.
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It was found that the maximum conductivity of BSO12T
was 4.0 X 107! Scm™!, which was by one order of magnitude
greater than that of PBSO12T (Figure 12). There may be
two plausible reasons for the difference in conductivity
between BSO12T and PBSO12T. The first reason originates
from the positional disorder. Silsesquioxane polymer may
be amorphous, so that the position of oligothiophenes
in the polymer is disordered. Thus, the pathway of the
charge transport will become much longer than the case
for the monomer film. The second reason arises from the
energetic disorder. As mentioned above, the conformation
is partially restricted not to spread the m-conjugation all
over the oligothienylene unit. Thus, oligothienylene units
with different effective 7-conjugation length coexist in the

10°
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FIGURE 12: In situ electrical conductivities plotted against electrode
potential for @: BSO12T and O: PBSO12T films.

polymer, which means that some of oligothienylene site will
act as trapping sites for the charge transport.

A study on the modification on polymerization con-
ditions and polymer structures is currently under way
to enhance the effective m-conjugation length, leading to
higher conductivities, by controlling the flexibility of the
silsesquioxane network. For example, we have found that
3,4-ethylenedioxythiophene (EDOT) unit can enhance the
n-conjugation length, and an EDOT-containing polymer
showed an excellent electrical conductivity [21]. So, EDOT-
containing oligothiophenes will become good candidates as
oligothienylene units in PSQs.

8. Summary

Synthesis and physicochemical properties of polysilsesquiox-
anes incorporating oligothiophenes were reviewed. We
found that with increasing the chain length of oligothieny-
lene units in the polymers, Coulombic repulsion between
oxidized polymer chains became smaller, the absorption
bands of neutral and oxidized films showed red-shift, and the
electrical conductivity and charge carrier mobility increased.
The comparison with the monomer film revealed that the
siloxane network enhanced the mechanical hardness of the
polymer film, but its rigidity restricted a conformational
change of oligothienylene units, leading to low conductivities
of the PSQ films.
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