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Unsymmetrical dimethylchlorosilyl-substitutedR,R0-dialkylquater-, quinque-, and sexithiophenes
were designed and successfully synthesized by a combination of Kumada and Suzuki cross-coupling
reactions followed by hydrosilylation. Optimization possibilities of the hydrosilylation of low-
soluble linear oligothiophenes by dimethylchlorosilane as well as the nonreactive byproducts formed
are described. Themolecular structures of the obtained dimethylchlorosilyl-functionalized oligothio-
pheneswere proven byNMRandDCIMS techniques. These compoundswere found to be stable and
reactive enough, even in the presence of the nonreactive byproducts, to form semiconducting
monolayers on dielectric hydroxylated SiO2 surfaces by self-assembly from solution. The semicon-
ducting properties of these oligothiophene SAMswere as good as those of bulk oligothiophenes. This
allowed the production of stable, even under ambient conditions, SAMFETs with amobility of up to
0.04 cm2/(V s) and an on/off ratio up to 1 � 108.

Introduction

Oligothiophenes are known as organic semiconductors
suitable for organic electronics, especially for organic field-
effect transistors (OFETs).1 Different derivatives of oligo-
thiophenes with improved solubility,2 solution processability,3

or even reversed type ofmain charge carriers inOFETs4 have
been reported. The layer thickness of organic semiconducting

material in OFETs is usually 30-100 nm; however the first
twomolecular layers next to the dielectric interface dominate
the charge transport.5 Nonreactive oligothiophenes require
at least four molecular layers for a crystalline morphology,
which is necessary for good semiconducting properties, while
a monolayer is usually amorphous.6 The use of only a
monolayer of an organic semiconductor could significantly
decrease the materials expenses for a single device, and self-
assembling of the semiconducting material should dramati-
cally simplify the processing. A few examples of self-
assembledmonolayer field-effect transistors (SAMFETs) based
on hydroxyl-functionalized acenes and thiophenes have already
been reported.7However, these SAMFETshad submicrometer
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channel lengths and the efficiency of the charge transport
was significantly below the bulk mobility of these semi-
conductors. We have recently reported on the successful
preparation of high-quality crystalline monolayers of semi-
conducting SAMquinquethiophene on hydroxylated dielectric
SiO2 surfaces exhibiting efficient charge transfer over tenths
of micrometers, giving rise to the realization of efficient
bottom-up electronic circuits.8 In this article we describe the
molecular design and synthesis of a series of SAM oligo-
thiophenes, which can be used for the preparation of SAMFETs
with excellent semiconducting properties.
To enable the self-assembling of the oligothiophenes onto

a certain surface, the molecules should be modified with a
functional group that is reactive toward this surface. Disulfide,
thiol, or alkylthiol groups have been linked to oligothio-
phenes for the preparation of bi- or terthiophene SAMs on
gold surfaces.9 SAMs of oligothiophenes substituted with
tripod-shaped π-conjugated thiols and a disulfide have been
grafted onto Au(111)-coated mica substrates and used for
enhancing the hole injection in OLEDs.10 Carboxylic groups
were used for the preparation of oligothiophene SAMs on
oxide (SiO2 or ITO) surfaces.11 As far as chlorosilyl deriva-
tives of oligothiophenes are concerned, up to now only one
example was reported, however, without any characteriza-
tion of the compounds obtained.12 Moreover, the SAMs
prepared from these compounds on silicon dioxide did not
give themolecular image byAFM,which indicates their poor
quality, probably caused by the short distance between the
junction point and the thiophene moiety. On the other hand
the chlorosilyl group is a highly reactive group toward
hydroxide surfaces, which makes it a good linker candidate
for the SAM formation of organic molecules on hydrolyzed
SiO2 surfaces. Therefore, the goal of this work is to design
and synthesize chlorosilyl-functionalized oligothiophenes
suitable for efficient SAMFETs.

Results and Discussion

Design of SAM Oligothiophenes. General formulas and
chemical structures of the SAM oligothiophenes designed
and obtained in this work are depicted in Scheme 1. Each of
them consists of a semiconducting core (OligoT), reactive
monochlorosilyl group (Si-Cl), aliphatic spacer, and end-
capping alkyl group.

We have used R,R0-substituted dialkyloligothiophenes as
semiconducting units, since they were reported to have higher

field-effect mobilities than the corresponding unsubstituted
oligothiophenes due toadditional ordering effects of the linear
alkyl groups.13 We chose quater-, quinque-, and sexithiophene
(4T, 5T, or 6T, respectively) cores, because 4T is regarded as
the shortest oligothiophene that yields good semiconducting
properties in field-effect transistors,14 and oligothiophenes
longer than 6Tbecome insoluble. One of two readily available
aliphatic spacers (-C6H12- and -C11H22-) between the
anchor reactive group and the oligothiophene core facilitates
ordering similar to that in carbosilane-core star-shaped
oligothiophenes.3b Ethyl and hexyl groups were applied as
the end-capping units to increase the stability, solubility, and
ordering of the oligothiophene cores.

The synthesis of the monochlorosilyl derivatives of dialkyl-
oligothiophenes is based on the hydrosilylation of unsym-
metrical R-alkyl,R0-alkenyl precursor oligothiophenes 6-10

(Scheme 2), preparation of which in pure form is itself a
nontrivial procedure presented in Schemes 3 and 4.
Synthesis of Unsymmetrical r-Alkyl,r0-Alkenyl Oligo-

thiophenes.Most semiconducting oligothiophenes (i.e., having
four or more conjugated thiophene rings) reported up to now
have a symmetrical structure.2,4,13,14Only a few examples of the
unsymmetrical oligothiophenes prepared by either Stille11b or
Suzuki cross-coupling reactions3b,15 have been reported so
far. In this work we have synthesized two series of unsym-
metrical oligothiophenes: withR-hexyl,R0-hexenyl end-capping
groups (Scheme 3) and with R-ethyl,R0-undecenyl end-capping
groups (Scheme 4). Oligothiophenes 7, 8, and 10 have been
prepared by Suzuki reaction with moderate to good yields of

Scheme 1. General Formulas and Chemical Structures of

Monochlorosilyl Derivatives of Dialkyloligothiophenes 1-5
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40-82% from corresponding oligothiophene bromides and
their pinacolineboronic derivatives. However, in some cases
wehave found thatKumadacoupling reactions ofmagnesium
bromide derivatives of oligothiophenes with corresponding
oligothiophene bromides, i.e., for the synthesis of new un-
symmetrical oligothiophenes 6, 9, and 14, work even better:
the reaction yields were in the range 81-88%. It should be
noted that due to the well-known bromide-magnesium
bromide exchange side reactions, the Kumada reaction is
only viable for the synthesis of oligothiophenes, where the
symmetrical byproduct can be easily separated from the
target molecule. That is why for the synthesis of unsym-
metrical quaterthiophenes 6 and 9we have used corresponding
mono- and terthiophene precursors (12 and 13, 21 and 19,
respectively), leading to only bi- and sexithiophenes as by-
products, which exhibit a significantly higher or lower solu-
bility as compared to the target quaterthiophenes. Initial
2-alkenylthiophenes 11 and 20 were obtained by the reac-
tions of 2-thienyllithium, produced in situ from thiophene
and n-butyllithium in THF/hexane mixtures, with 6-bromo-
1-hexene or 11-bromo-1-undecene for compounds 11 and 20,
respectively, similar to the reported synthesis of 2-butyl-16 or

2-decylthiophenes.13c Recently the synthesis of compounds
11 and 20 was published also by Ziener et al.17 The terminal
double bond did not interfere with this reaction: these
compounds can be easily lithiated and further converted to
their Grignard derivatives by lithium-magnesium exchange
reactions to yield 12 and 21, respectively. The more simple
route via direct reaction of the corresponding thienyl bro-
mides with magnesium was not possible since the bromina-
tion of 2-alkenylthiophenes 11 and 20 even under mild
brominating conditions with NBS/DMF18 failed. However,
the NBS/DMF system was successfully applied for efficient
bromination of 2-ethylthiophene and 5-ethyl-2,2-bithio-
phene (17) to yield 5-bromo-2-ethylthiophene (16) and
5-bromo-50-ethyl-2,20-bithiophene (18), respectively. Synthe-
sis of compounds 16 and 17 was recently described by
MacKinnon and coauthors.19 Compound 18 was used in
Kumada coupling with 2,5-dibromothiophene for the synthe-
sis of 5-bromo-500-ethyl-2,20:50,200-terthiophene (19). In this
case the reaction yield was moderate (58%) due to partial
disubstitution of both bromide atoms in 2,5-bithiophene.
The byproduct 5,50000-diethyl-2,20:50,200:500,2000: 5000,20000-quin-
quethiophene 19a was formed in 21% yield, which is easily

Scheme 2. Hydrosilylation of r-Alkyl,r0-Alkenyl Oligothiophenes

Scheme 3. Synthesis of Unsymmetrical r-Hexyl,r0-Hexenyl Precursor Oligothiophenes

(16) Brandsma, L.; Verkruijsse, H. Preparative Polar Organometallic
Chemistry 1; Springer-Verlag, Berlin, 1987; p 124.
(17) Kreyes, A.; Ellinger, S.; Landfester, K.; Defaux, M.; Ivanov,

D. A.; Elschner, A.; Meyer-Friedrichsen, T.; Ziener, U. Chem. Mater.
2010, 22, 2079–2092.

(18) B€auerle, P.; W€urthner, F.; G€otz, G.; Effenberger, F. Synthesis
1993, 1099–1103.

(19) Morgan, I. S.; D’Aleo,D.N.; Hudolin,M. L.; Chen, F.; Assoud,
A.; Jenkins, H. A.; MacKinnon, C. D. J. Mater. Chem. 2009, 19, 8162–
8168.
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separated from terthiophene 19 due to the dramatic differ-
ence in solubility. Compound 19 could also be obtained by
bromination of 5-ethyl-2,20:50,200-terthiophene with NBS in
80% yield,20 but it requires an additional step for the
synthesis of the terthiophene precursor, i.e., by Kumada
coupling reaction from compound 18 and 2-thienylmagne-
sium bromide. Detailed synthetic procedures for all the
reactions discussed above can be found in the Experimental
Section and the Supporting Information.
Hydrosilylation of r-Alkyl,r0-Alkenyl Oligothiophenes.

The obtained alkyl-alkenyl end-capped precursor oligothio-
phenes 6-10 were submitted to the hydrosilylation reaction
with dimethylchlorosilane (DMCS) (Scheme 2). Although
oligothiophenes may quickly degrade in the presence of acid
traces and oxygen (i.e., in chloroform solution), under the
strict absence of oxygen no degradation of the oligothienyl
units occurred during this reaction, as was visually evidenced
by the absence of any changes in color of the reaction
products as compared to the initial oligothiophenes (i.e.,
yellow for 4T, orange for 5T, and orange-red for 6T). UV-
vis spectra also did not show any differences between the
initial and final compounds after this reaction (see Figure
S1-S4 in Supporting Information).

The progress of hydrosilylation reaction was easily mon-
itored by 1HNMRand indicated by the disappearance of the
multiplet signals at 5.0 and 5.8 ppm (originating from the
terminal double bond) and appearance of the singlet at 0.4
ppm (originating from the dimethylchlorosilyl group). Typical
1H NMR spectra illustrating these changes exemplified by
conversion of compound 6 to compound 1 are shown in
Figure 1. According to the integral intensities of Si-CH3 and
thiophene protons, the product contained only 63% of the

active compound Cl-Si-Hex-4T-Hex (1) together with 10%
of the byproduct hexene-4T-Hex (1a) with an inactive
migrated nonterminal double bond, as can be evidenced by
the appearance of a newmultiplet at 5.4 ppm. The remaining
27% can be attributed to the hydrogenated byproduct Hex-
4T-Hex (1b), which does not have any specific peaks as
compared to the active compound in the 1H NMR spectra.
The byproducts formed during and after the hydrosilylation
process are shown in Scheme 5 for the initial compound 6 as
an example. Aside from the byproducts discussed above, we
see the formation of dimer 1c as a result of hydrolysis of the
Si-Cl to Si-OHend-group bywater traces followed by their
condensation during handling of the product and sample
preparation.Thepresenceof adimeras apostreactionbyproduct
can be detected byGPC analysis (see below). Despite the fact
that all the byproducts are nonreactive and this reaction
mixture could be readily used for SAMFET formation, some
optimizations of the reaction conditions in order to improve
the yield of the monochlorosilyl-functionalized compound
were undertaken.
Optimization of the Hydrosilylation Reaction Conditions.

In principle, hydrosilylation is a very convenient reaction,
which is highly selective and tolerant to many functional
groups.21However, in our case the reaction had to proceed in
unfavorable conditions using only low concentrations of the
alkene groups due to the relatively low solubility of the linear
oligothiophenes, even in hot solvents (solubilities are usually
in the range ca. 15-20 mg/mL for quater-, 3-5 mg/mL for
quinque-, and to 0.5-1 mg/mL for sexithiophenes). There-
fore, concentration and temperature of the reactions had to
be adapted to the solubility properties of the precursors.
Both factors (low concentration and high temperature) lead

Scheme 4. Synthesis of Unsymmetrical r-Ethyl,r0-Undecenyl Precursor Oligothiophenes

(20) Ohshita, J; Uemura, T.; Kim, D.-H.; Kunai, A.; Kunugi, Y.;
Kakimoto, Y. Macromolecules 2005, 38, 730–735.

(21) Comprehensive Handbook on Hydrosilylation; Marciniec, B., Ed.;
Pergamon Press: Oxford, 1992.
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to increased amounts of the byproducts. To optimize the
reaction conditions, we have conducted a series of experi-
ments (Table 1). All of them were carried out at the minimal
temperature at which complete dissolution of the oligothio-
phene takes place in the reaction mixture (35 �C for quater-,
85-90 �C for quinque-, and 105 �C for sexithiophenes). In
order to diminish the influence of the low concentration of

the alkene component (oligothiophene) on the reaction yield,
the hydridesilyl component (DMCS) was used in a manifold
(20-100 times) molar excess, which, however, due to a large
difference in the molar masses of the oligothiophenes and
DMCS, led to only 3-18 times concentration excess. In the
first trials (runs a, f, and h) a 20 times molar excess of DMCS
was used. We assume that namely this condition allowed the

Figure 1.
1H NMR spectra of initial hexene-4T-Hex 6 (a) and final Cl-Si-Hex-4T-Hex 1 (b).

Scheme 5. Product (1) and the Byproducts Formed during (1a, 1b) and after (1c) Hydrosilylation of Compound 6

Table 1. Experimental Data on Hydrosilylation of r-Alkyl,r0-Alkenyl Oligothiophenes 6-10

concentration reaction conditions

main product run

DMCS mol
excess,
times DMCS

oligothio-
phene, %

catalyst,
ppma T, �C time, h yield

Cl-Si-Hex-4T-Hex (1) (a) 20 8.5% 2.25% 26 35 16 63%
(b) 100 26% 1.4% 31 35 10 80%

Cl-Si-Hex-5T-Hex (2) (c) 40 2.2% 0.35% 8 90 13 67%
(d) 100 11% 0.65% 26 90 10 85%

Cl-Si-Hex-6T-Hex (3) (e) 40 0.57% 0.1% 10 105 7 n/d
Cl-Si-Und-4T-Et (4) (f) 20 5.5% 1.6% 14 35 7 62%

(g) 100 26% 1.4% 31 35 10 85%
Cl-Si-Und-5T-Et (5) (h) 20 3.0% 0.95% 10 85 10 50%

(i) 80 11% 0.87% 33 90 9 90%

aConcentration of Pt in the reaction mixture calculated on the basis of known concentration of Pt in the Carsted catalyst used (3%).
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preceding of the reaction at all, albeit leading to 50% of the
desired product for quinque- and 63% for quaterthiophenes.
This difference in the yield may be explained by different
concentrations of the oligothiophenes and the catalyst used.
The increase of DMCSmolar excess to 40 leads to 67% yield
for quinquethiophene (run c), while 80-100 times molar
excess of DMCS leads to 80-90% reaction yield indepen-
dently of the oligothiophene concentration (runs b, d, g, i).

Careful control over the hydrosilylation optimization was
performed by gel permeation chromatography (GPC) in com-
bination with 1H NMR analysis. Figure 2 illustrates the
optimization results for the synthesis of compound 5 by com-
parison of 1HNMR spectra of the initial compound 10 and its
functionalized products produced at different conditions, lead-
ing to 50% (runh) or 90%of the functionalized product (run i).
A representative GPC curve for optimized compound 10 to
compound 5 conversion (run i) is shown in Figure 3. After
completionof the reactionone can see 90%of target compound
5 together with 10% of a mixture of the byproducts 5a and 5b

(Figure 3, blue curve), whereas the first byproduct exhibits a
migrated double-bond Undec-5T-Et, and the second is the
hydrated product Und-5T-Et, similar to the structures shown
in Scheme 5 for compound 1. On the GPC curve the retention
times for compounds 5a and 5b coincide with those for starting
compound 10, and attribution of this 10% peak was made on
the basis of 1H NMR analysis data. After isolation of the
product, however, one can see the appearance of a peak with a
retention time of 7.5 min, corresponding to compound 5c,
which is the dimer O(Si-Und-5T-Et)2 formed by hydrolysis of
compound 5 during sample handling.

Analysis of the available experimental data shows that
there is a clear tendency in increasing the yield of the main

product of the hydrosilylation reaction of low-soluble oligo-
thiophenes with higher DMCS and catalyst concentra-
tions, but no suitable fits for these dependencies were found.
Also no correlation of the oligothiophene concentration
(0.35% to 2.25%) and the reaction yield was found. How-
ever, the ratio of the DMCS to oligothiophene concentra-
tions [DMCS]/[OligoT] as well as the ratio of the Pt catalyst
to oligothiophene concentrations [cat]/[OligoT] seem to
correlate quite well with the reaction yield of the hydrosilyla-
tion reaction, with the best fit found to be logarithmic (see
Figure 4). In fact, these are dependencies of the reaction yield

Figure 2. 1H NMR spectra illustrating optimization of compound 10 to compound 5 conversions: (a) initial compound 10, (b) 50%
pure product prepared by nonoptimized run h, (c) 90% pure product prepared by optimized run i.

Figure 3. GPC curves of compound 10 to compound 5 conver-
sion (run i): reaction mixture after 9 h (blue curve) and isolated
product (magenta curve). 5, target product Cl-Und-5T-Et; 5a,
byproduct with migrated double bond Undec-5T-Et; 5b, by-
product with hydrogenated double-bond Und-5T-Et; 5c, dimer
O(Si-Und-5T-Et)2 formed after the reaction.
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on theDMCSor catalyst concentration, normalized over the
oligothiophene concentration, which slightly differed in the
runs under consideration. These and other data presented in
Table 1 lead to the conclusion that the main parameters that
allowed us to improve the yield of the chlorosilyl derivative
of low-soluble oligothiophenes are excess of the Si-H com-
ponent (DMCS) and the Pt catalyst concentration.

Hydrosilylation of sexithiophene-containing oligothio-
phene 8 was the essential challenge, since its extremely low
solubility allowed carrying out the reaction at the maximum
concentration of compound 8 of only 0.1%! In this case 40
times molar excess of DMCS was used (that led to its
concentration of 0.57%), and the reaction successfully pro-
ceeded at 105 �C during 7 h (Table 1). Although we were not
able to record any reasonable-quality 1H NMR spectra

because of the too low solubility of easily hydrolyzable
product 3, the presence of compound 3 in the reaction
mixture was proved by MS DCI analysis (see below). Thus,
even at such unfavorable reaction conditions it was possible
to synthesize the target monochlorosilyl compounds 1-5

with reasonable yields.
MSDCI Investigation of Compounds 1-5.Valuable infor-

mation about the chemical structure of the products of the
hydrosilylation reaction was obtained by mass spectroscopy
analysis with desorption chemical ionization (MS DCI).
Typical DCI-MS spectra are presented in Figure 5a-c (for
additional spectra see Figures S5 and S6 in the Supporting
Information).

DCI mass spectra show the presence of the target mono-
chlorosilyl-containing molecules and byproducts discussed

Figure 4. Experimental dependence of the hydrosilylation reaction yield on (a) DMCS concentration normalized over the oligothio-
phene concentration; (b) Pt catalyst concentration normalized over the oligothiophene concentration.

Figure 5. Typical MS DCI spectra for compounds 1 (a), 2 (b), 3 (c), and 8 (d). Peaks of molecular ions Mþ as well as characteristic
defragmentation ions [M - CH3]

þ and [M - Cl]þ are shown. Compound 8 (spectrum d) was converted to compound 3 (spectrum c).
Insets show calculated isotopic distributions for the molecular ions of corresponding compounds.
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above in the reaction mixtures. Appreciable abundance
peaks of the molecular ions and the fragment ions [M -
CH3]

þ and [M-Cl]þ can be clearly seen in the experimental
spectra of target monochlorosilyl compounds 1-5. Mea-
suredmolecular isotopic ion peak distributions coincide very
well with the calculated ones (Table 2). It should be noted
that a ratio of the relative intensities of [M]þ peaks of the
target molecules and the byproducts does not match their
real quantitative balance in the reaction mixtures because of
different ionization ability and thermal stability of the
compounds. The most intensive peaks on each spectrum
with the same m/z [M]þ as in the case of compounds 6-10

marked with ** correspond to byproducts with a migrated
double bond (type a in Scheme 5), since full conversion of
compounds 6-10 was confirmed by 1H NMR.

The presence of the hydrogenated byproduct (type b in
Scheme 5) can be confirmed only indirectly by DCI-MS
spectra by different isotopic distributions of the correspond-
ing peaks in the spectra of the final and initial compounds
(compare spectra in Figure 5c and d), since the difference in
the molecular weights of the type b and type a byproduct is
only 2 au. A comparison ofmeasured and calculated isotopic
ion peak distributions of compound 8 [M]þ shows that
hydrogenated byproduct [M þ 2H]þ. m/z 662 (type b in
Scheme 5) is present in the reaction mixture too. Relative
contributions of the m/z 660 and 662 ions in the total ion
current of this isotopic group have been calculated using
peak-summarizing over 15 magnetic scan spectra and then
converting the summary spectrum in the monoisotopic (12C,
1N, 32S) one by an iterative procedure, using the intensities of
the first ion peaks in the group as starting values and the
SCIPE program package22 for subtraction of the contribu-
tions from 13C-containing ions (Table 3). Thus, MS DCI
analysis confirmed the formation of the monochlorosilyl-
containing oligothiophenes and verified the main byproducts
of the hydrosilylation reaction.
SAMFETs. The semiconducting properties of compounds

1-5 were checked in monolayer field-effect transistors pre-
pared on prestructured substrates by self-assembly of mono-

chlorosilyl-functionalized compounds on the silicon dioxide
surface as described in the Experimental Section. The results
are summarized in Table 4. Typical output and transfer
characteristics of SAMFETs with a channel length of 40 μm
and a channel width of 1000 μm prepared from compound 2

are shown in Figure 6. It is noteworthy that no evident
hysteresis of the electrical characteristics is seen. As one can
see from the data presented, monolayer devices made from
the quater- and quinquethiophene derivatives show nice
semiconducting characteristics with mobilities up to 0.04
cm2/(V s) and on/off ratios up to 1�108. These parameters
are comparable to those obtained from multilayer devices
prepared by evaporation technique of nonreactive dialkyl-
oligothiophenes.13,14 Attempts to prepare SAMFETs from
pure nonfunctionalized oligothiophenes 6-10 failed, obviously
because of the inability of these compounds to form self-
assembled monolayers.

Comparison of the semiconducting properties presented
in Table 4 leads to the conclusion that quinquethiophenes
(compounds 2 and 5) outperform their quaterthiophene
analogues (compounds 1 and 4) in both the mobility and
on/off ratio. The expected further improvements with sexithio-
phene derivative 3 unfortunately failed, most probably
because of its very limited solubility even at high tempera-
ture. This negative result, however, does not exclude the
possibility that suitable conditions for self-assembling of
compound 3 could be found in the future. Analysis of the
influence of alkyl groups on the semiconducting properties
of the SAM oligothiophenes indicates that the elongation of
the spacer and decreased end-capping group length im-
proved the mobility by a factor of 2-3 and the on/off ratio
by one decade. The length of the end-capping groups of the
oligothiophenes has only a minor influence on the bottom

Table 2. Experimental and Calculated Isotopic Molecular Ion Peak Distributions for Monochlorosilyl Derivatives of

Dialkyloligothiophenes 1-5

ions

compound Mþ [M þ 1]þ [M þ 2]þ [M þ 3]þ [M þ 4]þ [M þ 5]þ [M þ 6]þ

1, C30H39Cl1S4Si1 590a 591 592 593 594 595 596
100.0b 41.0 61.5 22.1 12.1 3.0 0.7
100.0c 42.4 62.1 23.5 13.2 4.1 1.4

2, C34H41Cl1S5Si1 672a 673 674 675 676 677 678
100.0b 46.1 67.0 26.8 16.1 4.3 1.0
100.0c 47.7 68.9 28.9 17.4 6.0 2.3

3, C38H43Cl1S6Si1 754a 755 756 757 758 759 760
100.0b 51.4 74.3 33.1 20.8 6.6 1.9
100.0c 53.0 76.0 34.9 22.2 8.4 3.4

4, C31H41Cl1S4Si1 604a 605 606 607 608 609 610
100.0b 41.2 60.9 21.0 12.0 2.2 0.5
100.0c 43.5 62.6 24.2 13.5 4.2 1.4

5, C35H43Cl1S5Si1 686a 686 688 689 690 691 692
100.0b 46.8 67.5 27.8 15.6 4.6 1.6
100.0c 48.8 69.4 29.7 17.7 6.2 2.3

am/z. bFound distribution of the molecular ion peak intensities, normalized to 100% maximal peak in the ionic group. Fifteen summarized single
magnetic scan spectra have been averaged over several runs. cCalculated distribution of the molecular ion peak intensities with the help of the program
SCIPE.22

Table 3. Relative Intensity of Ion Peaks in theMonoisotopic (12C,
1H, 32S)Mass Spectrum for the Products of the ReactionMixture

m/z ion abundance, %

660 [C36H36S6]
þ. [M]þ. 88

661 [C36H37S6]
þ [MþH]þ 2

662 [C36H38S6]
þ. [Mþ2H]þ. 10

Values are taken from the spectrum, obtained by peaks summarized
over 15 scans, and normalized to 100% total of the group.

(22) Sukharev, Yu. N.; Sizoi, V. F.; Nekrasov, Yu. S. Org. Mass
Spectrom. 1981, 16, 23.
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gate, bottom contact devices under investigation.13b There-
fore, we suppose that the main factor here is the increased
spacer length, which leads to a more flexible positioning of
the oligothiophene core due to a better decoupling from the
surface, which is favorable for their crystallization in the
monolayer. As a result, it favors better electrical character-
istics, which were observed for compounds 4 and 5 as
compared to compounds 1 and 2, respectively. However, it

could not be excluded that changing the spacer and oligo-
thiophene core lengths leads to a differentmorphology of the
monolayer, which deserves a special investigation.
Self-assembly. The self-assembly of monochlorosilyl dialkyl-

oligothiophenes1-5 isattributedtochemisorptionof theirSi-Cl
groups on the hydrated SiO2 surface and can be presented by
the following (Scheme 6). Primarily, the layer formation
proceeds via the heterocondensation of the Si-Cl group of

Figure 6. Typical output (a) and transfer (b) characteristics of SAMFETs prepared from compound 2. Channel widthW=1000 μm;
channel length L = 40 μm.

Table 4. Experimental Data on Characteristics of SAMFETs Obtained fromMonochlorosilyl Derivatives of Dialkyloligothiophenes 1-5

semiconducting
properties

compound
aliphatic
spacer

semiconducting
core

end-capping
group

mobility,
cm2/(V s)

on/off
ratio

1 -C6H12- 4T -C6H13 1.0 � 10-3 1.0 � 105

2 -C6H12- 5T -C6H13 2.0 � 10-2 1.0 � 107

3 -C6H12- 6T -C6H13 n/d n/d
4 -C11H22- 4T -C2H5 3.0 � 10-3 1.0 � 106

5 -C11H22- 5T -C2H5 4.0 � 10-2 1.0 � 108

Scheme 6. Schematic Representation of Compound 1 Chemisorption
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monochlorosilyl dialkyloligothiophenes with Si-OH groups
on the hydrolyzed silica dioxide surface (reaction a in
Scheme 6). Since traces of water, which cannot be totally
excluded, lead to a partial hydrolysis of the Si-Cl groups
(reaction b in Scheme 6), a second reaction pathway by
condensation of the monohydroxysilyl dialkyloligothio-
phenes with the hydrolyzed silica dioxide surface, especially
favored in the acidic media, is possible (reaction c in
Scheme 6). We suppose two driving forces for the semi-
conducting monolayer formation by SAM oligothiophenes:
(1) chemical reaction with formation of the disiloxane bond,
linking oligothiophene molecules to the silica surface, and (2)
strong π-π interactions between the oligothiophene cores in
the monolayer, leading to their crystallization.8 From our
point of view amajor role for the formation of a semiconduct-
ing monolayer is attributed to the reversibility of the reaction
between chlorosilane and silanol,23 which gives the system an
important degreeof freedomfor the orderingof themolecules.
A single bound molecule can be reversibly “unbound” from
the surface and link again at a place near an already formed
cluster, where it is attracted by strong π-π interactions with
the adjacent oligothiophene cores, thus leading to the forma-
tion of a semiconducting monolayer. Also the strong π-π

interactions of the adjacent oligothiophenes prevent a chemi-
cally disconnected molecule from leaving the cluster.

The presence of the byproduct of types 1a, 1b, and 1c in the
reaction mixture for the chemisorption can lead to the
formation of “imperfect” monolayers, in which molecules
of these byproduct, albeit being chemically nonbonded to the
surface, are held in the monolayer by π-π interactions with
adjacent oligothiophenes (Scheme 7). However, we would
expect that even such “imperfect” monolayers have perfect
π-π interactions with the adjacent oligothiophenes, leading
to excellent semiconducting properties (see above). More-
over, in the case of dihexyloligothiophenes (compounds
1-3) the structure of such imperfect monolayer is indistin-
guishable from the structure of a perfect monolayer because
of the same spacer and end-group lengths. The only differ-
ence is the presence of bilayer defects, formed by the dimer of
type 1c (marked as D in Scheme 7). It should be noted that
dimer 1c can be formed even from pure compound 1 after its
hydrolysis by traces of water (reaction b in Scheme 6)
followed by homo- or heterocoupling reactions of the hydroxyl
derivatives formed. Different stages of SAM formation were
carefully studied by AFM for compound 5.24 It was found

Scheme 7. Schematic Representation of an “Imperfect”Monolayer Formed by Compound 1 Containing Byproducts 1a (green), 1b (blue),
and 1c (magenta)a

aResidual OH groups are shown in red. Bilayer defect is marked as D.

(23) Chernyshev, E. A.; Ivanov, P. V.; Golubykh, D. N. Russ. Chem.
Bull., Int. Ed. 2001, 50, 1998–2009.

(24) Mathijssen, S.G. J.; Smits, E. C. P.; vanHal, P. A.; Wondergem,
H. J.; Ponomarenko, S. A.; Moser, A.; Resel, R.; Bobbert, P. A.;
Kemerink, M.; Janssen, R. A. J.; de Leeuw, D. M. Nat. Nanotechnol.
2009, 4, 674–680.
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that the mechanism of the monolayer formation involves
the appearance of small islands on the surface, which
gradually grow until the full monolayer is formed. The
other compounds behave similarly. It should be noted
that the presence of a small amount of defects shown in
Scheme 7 can be clearly seen on the AFM images of the
monolayer, but they do not influence the semiconduct-
ing properties, which are determined by the monolayer
coverage.
Conclusions and Outlook. In this work we have described

the design and full chemical synthesis of unsymmetrical
dimethylchlorosilyl-substituted R,R0-dialkyloligothiophenes
1-5 with different conjugation, spacer, and end-group
lengths, which was accomplished by a successful combina-
tion of Kumada and Suzuki cross-coupling reactions fol-
lowed by hydrosilylation. The low solubility of the linear
R-alkyl,R0-alkenyl oligothiophenes led to a number of non-
reactive byproducts during the hydrosilylation reaction with
dimethylchlorosilane. Optimization of the hydrosilylation
reaction conditions resulted in an increase of the reaction
yield of up to 90% for the target compound. The molecular
structure of the monochlorosilyl-functionalized oligothio-
phenes obtained was proved by a combination of 1H NMR,
DCI MS, and GPC techniques. The products obtained were
found to be stable and reactive enough to form semiconduct-
ing monolayers on dielectric hydroxylated SiO2 surfaces by
self-assembly from solution. The presence of the nonreactive
byproducts did not prevent monolayer formation. More-
over, it is believed that they can even participate in this
process without diminishing the semiconducting properties
of the monolayer. The semiconducting properties of the
oligothiophene SAMs were found to be as good as those of
bulk oligothiophenes and allowed the production of stable
SAMFETs with mobilities up to 0.04 cm2/(V s) and on/off
ratios up to 1� 108. It was found that quinquethiophene-
based SAMFETs outperform their quaterthiophene ana-
logues in both the mobility and on/off ratio by a factor of
10. Analysis of the influence of aliphatic spacer and end-
capping group lengths on the semiconducting properties of
the SAM oligothiophenes indicates that simultaneously in-
creasing the first and decreasing the second leads to improve-
ments in the mobility by a factor of 2-3 and the on/off ratio
by one decade.

Thus, the combination of oligothiophene and organo-
silicon chemistry allowed the creation of a new family of smart
molecules capable of self-assembling into a monolayer with
excellent semiconducting properties. These results pave the
way to bottom-up organic electronics,8,25 those functional
elements’ self-assembly from solution, open unique possi-
bilities to explore the charge transport in 2D conducting
systems,24,26 and allow creation of ppb-level sensitive gas
sensors.27We suppose that further developments in this area
will be devoted to evaluation of the applicability of a wide
range of other functional organosilanes for creation of SAM
oligothiophenes or other organic semiconductors, leading to

the desired control over the synthesis and processing condi-
tions for SAM formation.

Experimental Section

Materials. Hexane solutions of butyllithium (1.6 and 2.5 M),
thiophene, 2-ethylthiophene, 2-bromothiophene, 2,5-dibromo-
thiophene, N-bromosuccinimide (Acros Organics), 1,10-bis(di-
phenylphosphino)ferrocenepalladium(II) chloride (Pd(dppf)Cl2),
tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4), and 2-
isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (Aldrich)
were used as received; chloro(dimethyl)silane, 11-bromoundec-
1-ene, and 6-bromohex-1-enewere distilled before use; THFand
diethyl ether were dried over CaH2 and distilled from LiAlH4

under argon. 5-Bromo-2,20-bithiophene, 5-bromo-50-hexyl-2,20-
bithiophene, and 5-bromo-500-hexyl-2,20:5020 0-terthiophene were
obtained from H.C. Starck Clevios GmbH. Experimental de-
tails for the synthesis of 2-(5-hexen-1-yl)thiophene (11),17 2-bro-
mo-5-ethylthiophene (16),19 5-ethyl-2,2-bithiophene (17),19 and
2-(10-undecen-1-yl)thiophene (20)17 can be found in the Sup-
porting Information.All reactions, unless stated otherwise, were
carried out under an inert atmosphere using anhydrous solvents.

Methods.
1H NMR spectra were recorded on a Bruker WP-

250SYspectrometer (250.13MHz)or aBrukerDPX400 spectro-
meter, equipped with a QNP probehead, operating at 400.13
MHz for 1H, using the signal of CDCl3 (δ = 7.25) or DMSO
(δ=2.50) as the internal standard. 13C NMR spectra were
recorded on a Bruker DRX500 spectrometer at 125.76 MHz,
while 29Si NMR spectra were recorded on a Bruker DRX500
spectrometer at 99.36 MHz. GPC analysis was performed on a
Shimadzu instrument with a RID-10A refractometer and a
SPD-M10AVP diode matrix as detectors using 7.8� 300 mm
Phenomenex columns (USA) filledwith Phenogel sorbent with a
pore size of 500 Å and THF as the eluent. The solvents were
removed under vacuum below 1 Torr at 40 �C. DCIMS spectra
were obtained at a VarianMAT 311Amass spectrometer, using
isobutane as a reagent gas. Samples were heated from 100 to
1000 �C at a rate of 100 �C/s. Ionization electron energy was
70 eV; ionization chamber temperature was 35 �C.

SAMFETs Preparation. A heavily doped arsenic (nþ2)
Czochralski silicon wafer (0.001-0.005 Ω/cm) from Siltronic
AG was thermally oxidized at 800-1000 �C in an oven until a
200 nm thermal oxide layer was grown. The layer thickness was
confirmed by ellipsometry measurements. The wafer was used
for fabricating discrete transistors and acts as a common gate.
The capacitance per unit area amounts to 17 nF/cm2. As source
and drain electrode a 5 nm titanium and a 100 nm gold layer
were sputtered. The electrodes were defined by standard photo-
lithography and wet etching. Breaking lines were added to
obtain 2 cm by 2 cm substrates. For self-assembly these sub-
strates were rinsed with ethanol and 2-propanol. The surface
was cleaned with a 600 W O2 plasma for 2 min at 25 �C. Next,
the substrates were activated by dipping for 30 s in a strong acid,
rinsing thoroughly with water, and blow drying with nitrogen.
The substrates were transferred to the N2 flow box. The solu-
tions of compounds 1-5 were made as follows: 10 mg of each
compoundwas dissolved in 10mLof dry toluene during an hour
in a N2 flow box at elevated temperature to dissolve all the
material. For compounds 1 and 4 0.01 mM ethyldiisopropyl-
amine was added as a base. It was not crucial for the reaction;
however, it seems sometimes to work well for old solutions. The
solutions were filtered through a 0.2 μmPVDF filter (Whatman).
Then the substrates were submerged in these solutions for an
incubation time of 24 h. The samples were transferred to a bottle
containing pure toluene, taken out of the flow box, thoroughly
rinsed with toluene, and blow dried with N2.

Synthesis. 5-(5-Hexen-1-yl)thien-2-ylmagnesium Bromide (12).
A solution of compound 11 (2.31 g, 14 mmol) in 20 mL of anhy-
drous THF was added dropwise to a solution of n-butyllithium
(14 mmol) in 20 mL of a THF/hexane mixture at -10 �C. Then

(25) Gholamrezaie, F.; Mathijssen, S. G. J.; Smits, E. C. P.; Geuns,
T. C. T.; van Hal, P. A.; Ponomarenko, S. A.; Cantatore, E.; Blom,
P. W. M.; de Leeuw, D. M. Nano Lett. 2010, 10, 1998–2002.
(26) Spijkman, M.; Mathijssen, S. G. J.; Smits, E. C. P.; Kemerink,

M.; Blom, P.W.M.; de Leeuw,D.M.Appl. Phys. Lett. 2010, 96, 143304.
(27) Andringa, A.-M.; Spijkman, M.-J.; Smits, E. C. P.; Mathijssen,

S. G. J.; van Hal, P. A.; Setayesh, S.; Willard, N. P.; Borshchev, O. V.;
Ponomarenko, S. A.; Blom, P. W. M.; de Leeuw, D. M. Org. Electron.
2010, 11, 895–898.
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the bath was removed, and the temperature was raised to 20 �C
and cooled again to-10 �C. Then an ether complex ofmagnesium
bromide, freshly prepared from magnesium (0.48 g, 20 mmol)
and dibromoethane (1.6 mL, 18 mmol) in 20 mL of anhydrous
ether, was added dropwise. The reaction mixture was stirred for
1 h with cooling and 2 h without cooling to ensure complete
lithium-magnesium exchange. The Grignard reagent obtained
was immediately used in the following reactions without isolation.
5-Hexyl-50 00-(5-hexen-1-yl)-2,20:50,20 0:50 0,20 0 0-quaterthiophene (6).

A freshly prepared solution of compound 12 was added drop-
wise to a mixture of 5-bromo-50 0-hexyl-2,20:5020 0-terthiophene
(4.47 g, 12 mmol), Pd(dppf)Cl2 (93 mg, 0.12 mmol), and 70 mL
of anhydrous THF, while the temperature was kept between
0 and 10 �C. Then cooling was removed and stirring was contin-
ued for an additional 2 h. Afterward the solution was poured
into 200 mL of ice/water and extracted twice with freshly
distilled toluene. The organic phase was separated, washed with
water, and dried over sodium sulfate. The solvent was removed
by rotary evaporator to yield the crude product as a yellow solid.
After purification by column chromatography on silica gel
(eluent toluene/hexane, 1:2) 5.24 g (91%) of pure compound 6

as a yellow powder was isolated. Tm = 180 �C. 1H NMR (250
MHz, δ in CDCl3, TMS/ppm): 0.91 (t, 3H, J = 6.7 Hz,
-CH2-CH3), 1.23-1.45 (overlappedpeaks, 6H,-CH2-CH2-
CH2-), 1.49 (m, 2H, J = 7.3 Hz, -T-CH2-CH2-), 1.69 (m,
4H, J = 7.3 Hz, -T-CH2-CH2-), 2.10 (m, 2H, J = 7.3 Hz,
CH2dCH-CH2-), 2.80 (t, 2H, J=7.3Hz,-T-CH2-CH2-),
2.81 (t, 2H, J=7.3 Hz,-T-CH2-CH2-), 4.99 (m, 2H, CH2d
CH-CH2-), 5.84 (m, 1H, CH2dCH-CH2-), 6.70 (d, 2H, J=
3.7 Hz, thiophene-H), 6.98 (d, 2H, J = 3.7 Hz, thiophene-H),
7.01 (d, 2H, J=3.7 Hz, thiophene-H), 7.05 (d, 2H, J=3.7 Hz,
thiophene-H).
2-(5-Hexen-1-yl)-2,20:50,200-terthiophene (14). A freshly pre-

pared solution of compound 12 (0.23 mmol) was added drop-
wise to a mixture of 5-bromo-2,20-bithiophene (5.88 g, 23 mmol),
Pd(dppf)Cl2 (167 mg, 0.23 mmol), and 30 mL of anhydrous
THF at 5 �C. Then the cooling bath was removed, and stirring
was continued for 18 h at room temperature. Afterward the
reaction mixture was poured into 200 mL of ice/water and
extracted twice with freshly distilled diethyl ether (500 mL).
The organic phase was separated, washed with water, dried over
sodium sulfate, and evaporated to yield the crude product as a
yellow solid. The product was purified by column chromato-
graphy on silica gel (eluent hexane, 60 �C) to give pure compound
14 (5.84 g, 81%). Tm = 51 �C. MS EI: m/z 330 [M]þ (66.5); 287
[M - C3H7]

þ (10.1); 273 [M - C4H9]
þ (8.8); 261 [M - C5H9]

þ-
(100). 1H NMR (250 MHz, δ in CDCl3, TMS/ppm): 1.50 (m,
2H, J=6.7Hz,-CH2-CH2-CH2-) 1.72 (m, 2H, J=7.3Hz,
-T-CH2-CH2-), 2.10 (m, 2H, J = 7.3 Hz, CH2dCH-
CH2-), 2.82 (t, 2H, J = 7.3 Hz, -T-CH2-CH2-), 4.99 (m,
2H, CH2dCH-CH2-), 5.84 (m, 1H, CH2dCH-CH2-), 6.70
(d, 1H, J = 3.7 Hz, thiophene-H), 6.98 (d, 1H, J = 3.7 Hz,
thiophene-H), 7.00 (d, 1H, J= 3.7 Hz, thiophene-H), 7.03 (dd,
1H, J1=4.9Hz, J2=1.2Hz, thiophene-H), 7.07 (d, 1H, J=3.7
Hz, thiophene-H), 7.17 (dd, 1H, J1 = 3.7 Hz, J2 = 1.2 Hz, thio-
phene-H), 7.22 (dd, 1H, J1=4.9Hz, J2=1.2Hz, thiophene-H).
13C NMR (δ in CDCl3): 28.26, 29.99, 30.98, 33.44, 114.60,
123.34, 123.47, 123.50, 124.22, 124.24, 124.87, 127.80, 134.52,
135.50, 136.74, 137.26, 138.57, 145.23.
4,4,5,5-Tetramethyl-2-[50 0-(5-hexenyl)-2,20:50,20 0-terthiene-5-yl]-

1,3,2-dioxaborolane (15).A solution of compound 14 (1.80 g, 5.4
mmol) in anhydrous THF (40 mL) was slowly added dropwise
to a solution of n-butyllithium (5.4 mmol) in 30 mL of THF/
hexane at -78 �C. After the reaction mixture was stirred for
30 min at-78 �C, the cooling bath was removed, and the temp-
erature was allowed to rise to 0 �C. Then it was cooled again to
-78 �C, and 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lane (1.11 mL, 5.4 mmol) was added in one portion. The
reaction mixture was stirred for 1 h at -78 �C; then the cooling
bath was removed, and stirring was continued for 3 h. After

completion of the reaction, 300 mL of freshly distilled diethyl
ether and 200 mL of degassed ice/water containing 5.45 mL of
1 N HCl were added. The organic phase was separated, washed
with water, and dried over sodium sulfate. The solvent was
evaporated to give 2.47 g (99%) of yellow-green crystals, con-
taining 97%of compound 15 and 3%of the initial compound 14
(GPC). The product was used in the subsequent synthesis with-
out further purification. Tm = 84 �C. MS EI: m/z 456 [M]þ

(100); 413 [M-C3H7]
þ (5.1); 387 [M-C4H9]

þ (70.9); 330 [M-
C6H11BO2]

þ (46.7); 287 [330 - 43]þ (46.7); 261 [330 - 69]þ

(87.3). 1H NMR (250 MHz, δ in CDCl3, TMS/ppm): 1.36 (s,
12H,CH3), 1.50 (m, 2H, J=6.7 Hz,-CH2-CH2-CH2-) 1.72
(m, 2H, J = 7.3 Hz, -T-CH2-CH2-), 2.10 (m, 2H, J = 7.3
Hz, CH2dCH-CH2-), 2.82 (t, 2H, J = 7.3 Hz, -T-CH2-
CH2), 4.99 (m, 2H, CH2dCH-CH2-), 5.84 (m, 1H, CH2d
CH-CH2-), 6.70 (d, 1H, J=3.7Hz, thiophene-H), 6.99 (d, 1H,
J=3.7 Hz, thiophene-H), 7.01 (d, 1H, J=3.7 Hz, thiophene-H),
7.12 (d, 1H, J = 3.7, thiophene-H), 7.22 (d, 1H, J = 3.7 Hz,
thiophene-H), 7.54 (d, 1H, J=3.7Hz, thiophene-H). 13CNMR
(δ in CDCl3): 24.74, 28.25, 30.00, 30.97, 33.43, 84.16, 114.60,
123.51, 123.64, 124.63, 124.92, 124.93, 134.41, 135.33, 137.42,
137.94, 138.55, 143.92, 145.43.

5-Hexyl-500 0 0-(5-hexenyl)-2,20:50,20 0:50 0,200 0:50 0 0,20 00 0-quinquethio-
phene (7). In an inert atmosphere, a degassed solution of com-
pound 15 (970 mg, 2.13 mmol) and 5-bromo-50-hexyl-2,20-
bithiophene (0.7 g, 2.13 mmol) in THF (35 mL) and a 2M solu-
tion of Na2CO3 (3.2 mL) were added to tetrakis(thiphenylphos-
phine)palladiumPd(PPh3)4 (123mg, 0.1mmol), and themixture
was heated to reflux. The reaction mixture was stirred under
reflux for 18 h, cooled to 20 �C, and poured into 300mLofwater
and 350mLof toluene. The organic phase, containing an orange
precipitate,was separated,washedwithwater, and filtered through
aG4glass filter to get the crude product as an orange precipitate.
The product was purified by column chromatography on silica
gel (eluent toluene, 90 �C) followed by recrystallization from
toluene to give pure compound 7 as an orange powder (0.70 g,
57%).Tm=253 �C. 1HNMR(250MHz,δ inCDCl3,TMS/ppm):
0.90 (t, 3H, J = 6.7 Hz, -CH2-CH3), 1.28-1.43 (overlapped
peaks, 6H, -CH 2-CH2-CH2-), 1.50 (m, 2H, J = 7.3 Hz,
-CH2-CH2-CH2-), 1.70 (m, 4H, J = 7.3 Hz, -T-CH2-
CH2-), 2.10 (m, 2H, J = 7.3 Hz, CH2dCH-CH2-), 2.79 (t,
2H, J = 7.3 Hz, -T-CH2-CH2), 2.81 (t, 2H, J = 7.3 Hz,
-T-CH2-CH2), 4.99 (m, 2H, CH2dCH-CH2-), 5.84 (m, 1H,
CH2dCH-CH2-), 6.67 (d, 2H, J=3.7Hz, thiophene-H), 6.97
(d, 2H, J = 3.7 Hz, thiophene-H), 6.99 (d, 2H, J = 3.7 Hz,
thiophene-H), 7.04 (d, 4H, J = 3.7 Hz, thiophene-H).

5-Hexyl-50 0 0 00-(5-hexenyl)-2,20:50,20 0:50 0,200 0:50 00,20 0 0 0:500 0 0,20 00 0 0-
sexithiophene (8). In an inert atmosphere, a degassed solution of
compound 15 (555 mg, 1.22 mmol) and 5-bromo-50 0-hexyl-
2,20:5020 0-terthiophene (500 g, 1.22 mmol) in THF (40 mL) and
a 2 M solution of Na2CO3 (2.0 mL) were added to tetrakis-
(thiphenylphosphine)palladium (Pd(PPh3)4) (76mg, 0.06mmol),
and the mixture was heated to reflux. The reaction mixture was
stirred under reflux for 15 h, cooled to 20 �C, and poured into
300 mL of water and 350 mL of toluene. The organic phase,
containing an orange precipitate, was separated, washed with
water, and filtered through a G4 glass filter to get the crude
product as an orange precipitate. The product was purified by
column chromatography on silica gel (eluent toluene, 95 �C)
followed by recrystallization from toluene to give pure com-
pound 8 as a dark orange powder (0.32 g, 40%). K 297 �C, Sm
304 �C, N 316 �C, I. (K, crystalline phase; Sm, smectic meso-
phase; N, nematic mesophase; I, isotropic melt).MSEI:m/z 660
[M]þ (75.2); 589 [M - C5H11]

þ (35.1); 520 [M - C5H11,
- C5H9]

þ (45.9). 1H NMR (250 MHz, δ in CDCl3, TMS/ppm):
0.90 (t, 3H, J = 6.7 Hz, -CH2-CH3), 1.28-1.43 (overlapped
peaks, 6 H, -CH 2-CH2-CH2-), 1.50 (m, 2H, J = 7.3 Hz,
-CH2-CH2-CH2-), 1.70 (m, 4H, J = 7.3 Hz, -T-CH2-
CH2-), 2.10 (m, 2H, J = 7.3 Hz, CH2dCH-CH2-), 2.79 (t,
2H, J = 7.3 Hz, -T-CH2-CH2), 2.81 (t, 2H, J = 7.3 Hz,
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-T-CH2-CH2), 4.99 (m, 2H, CH2dCH-CH2-), 5.84 (m, 1H,
CH2dCH-CH2-), 6.68 (d, 2H, J=3.7Hz, thiophene-H), 6.98
(d, 2H, J = 3.7 Hz, thiophene-H), 7.00 (d, 2H, J = 3.7 Hz,
thiophene-H), 7.04-7.08 (overlapped peaks, 6H, thiophene-H).
5-Bromo-50-ethyl-2,20-bithiophene (18). In the absence of light,

a solution of 11.45 g (0.1 mol) of NBS in 50 mL of DMF was
slowly added dropwise below -10 �C to a solution of 12.25 g
(0.1 mol) of compound 17 in 50 mL of DMF, and stirring was
continued for 4 h at room temperature. Then the reaction
mixture was poured into ice/water (400 mL) and extracted three
times with dichloromethane. The organic phase was separated,
washedwithwater, dried over sodium sulfate, and evaporated to
yield 17.30 g of a crude product. The product was purified by
recrystallization from methanol to give pure compound 18

(10.71 g, 62%). Tm = 46 �C. 1H NMR (400 MHz, δ in CDCl3,
TMS/ppm): 1.36 (t, 3H, J=7.3Hz,-CH2-CH3), 2.87 (qd, 2H,
J1 = 7.3 Hz, J2 = 1.0 Hz, -T-CH2-CH3), 6.70 (dt, 1H, J1 =
3.7 Hz, J 2 = 1.2 Hz, thiophene-H), 6.83 (d, 1H, J = 3.7 Hz,
thiophene-H), 6.93 (d, 1H, J = 3.7 Hz, thiophene-H), 6.95 (d,
1H, J = 3.7 Hz, thiophene-H). 13C NMR (δ in CDCl3): 15.85,
23.50, 110.14, 123.04, 123.72, 124.11, 130.47, 133.65, 139.42,
147.41.
5-Bromo-50 0-ethyl-2,20:5020 0-terthiophene (19). In an inert

atmosphere, to a suspension of 960mg (38mmol) of magnesium in
5 mL of anhydrous ether was slowly added dropwise a solution
of 9.48 g (35 mmol) of compound 18 in 90 mL of anhydrous
ether. The correspondingGrignard reagent was refluxed for 5 h,
then cooled to room temperature and added dropwise to an ice-
cooled solution of 2,5-dibromothiophene (10.07 g, 42 mmol)
and 127 mg (0.17 mmol) of Pd(dppf)Cl2 in 50 mL of absolute
ether. Then the cooling bath was removed, and stirring was
continued for 4.5 h at room temperature. Afterward the reaction
mixture was hydrolyzed dropwise with 40 mL of 1 N HCl,
immediately poured into 500 mL of ice/water, and extracted
twice with freshly distilled toluene (400 mL). The organic phase
was separated, washed with water, dried over sodium sulfate,
and evaporated. The product was purified by recrystallization
from hexane to give 7.15 g (58%) of pure compound 19 and 1.75
g (21%) of 5,50 0 00-diethyl-2,20:50,20 0:50 0,20 00: 50 0 0,200 0 0-quinquethio-
phene 19a.Tm=140 �C (dec). 1HNMR (400MHz, δ in CDCl3,
TMS/ppm): 1.36 (t, 3H, J=7.3Hz,-CH2-CH3), 2.87 (qd, 2H,
J1 = 7.3 Hz, J2 = 1.2 Hz, -T-CH2-CH3), 6.70 (dt, 1H, J1 =
3.7 Hz, J2 = 1.2 Hz, thiophene-H), 6.90 (d, 1H, J = 3.7 Hz,
thiophene-H), 6.97 (d, 1H, J=3.7Hz, thiophene-H), 6.99-7.01
(overlapped peaks, 3 H, thiophene-H). 13C NMR (δ in CDCl3):
15.85, 23.50, 110.14, 123.04, 123.72, 124.11, 130.47, 133.65,
139.42, 147.41. 13C NMR (δ in CDCl3): 15.85, 23.51, 110.75,
123.48, 123.49, 123,60, 124.18, 124.50, 130.62, 134.09, 134.34,
137.26, 138.73, 147.35.
5-(10-Undecen-1-yl)thien-2-ylmagnesium Bromide (21).A solu-

tion of compound 20 (5.23 g, 22 mmol) in 25 mL of anhydrous
THF was added dropwise to a solution of n-butyllithium (22
mmol) in 25 mL of THF/hexane at -10 �C. Then the bath was
removed, and the temperature was raised to 20 �C and cooled
again to-17 �C. Then an ether complex ofmagnesium bromide,
freshly prepared frommagnesium (1.00 g, 42mmol) and dibromo-
ethane (2.4 mL, 28 mmol) in 20 mL of anhydrous ether, was
added dropwise. The reaction mixture was stirred during 1 h
with cooling and2 hwithout cooling to ensure complete lithium-
magnesium exchange. The Grignard reagent obtained was
immediately used in the following reactions without isolation.
5-Ethyl-50 00-(5-undecenyl)-2,20:50,20 0:50 0,200 0-quaterthiophene (9).

A freshly prepared solution of compound 21 was added dropwise
to a mixture of compound 19 (7.15 g, 20 mmol), Pd(dppf)Cl2 (147
mg, 0.2 mmol), and 100 mL of anhydrous THF, while the temp-
erature was kept between 0 and 10 �C. Then cooling was removed,
and stirring was continued for an additional 2 h. Afterward the
mixture was poured into 200 mL of ice/water and extracted twice
with freshly distilled toluene. The organic phase was separated,
washedwithwater, and dried over sodium sulfate. The solventwas

removed by rotary evaporator to yield the crude product as a
yellow solid.Theproductwas purifiedby columnchromatography
on silica gel (eluent toluene, 65 �C) followed by recrystallization
from hexane/toluene to give pure compound 9 as a yellow powder
(9.07 g, 88%). Tm = 166 �C. 1H NMR (250 MHz, δ in CDCl3,
TMS/ppm): 1.21-1.47 (overlapped peaks with a max. at 1.31,
15H, -CH2-CH2-CH2 - including t at 1.33 ppm, J = 7.3 Hz,
3H,-CH 2-CH3), 1.68 (m, 2H, J= 7.3 Hz,-T-CH2-CH2-),
2.04 (m, 2H, J1= 7.3Hz, CH2dCH-CH2-), 2.80 (t, 2H, J=7.3
Hz,-T-CH2-CH2-),2.87 (t,2H,J=7.3Hz,-T-CH2-CH2-),
4.96 (m, 2H,CH2dCH-CH2-), 5.81 (m, 1H,CH2dCH-CH2-),
6.68 (d, 1H, J = 3.7 Hz, thiophene-H), 6.72 (d, 1H, J = 3.7 Hz,
thiophene-H), 6.98 (d, 2H, J=3.7Hz, thiophene-H), 7.01 (d, 2H,
J=3.7Hz, thiophene-H), 7.05 (d, 2H, J=3.7Hz, thiophene-H).

5-(10-Undecen-1-yl)-2,2-bithiophene (22). A freshly prepared
solution of compound 21 (75.8 mmol) was added dropwise to a
mixture of 2-bromothiophene (12.36 g, 75.8mmol), Pd(dppf)Cl2
(278 mg, 0.4 mmol), and 150 mL of anhydrous THF, while the
temperature was kept between 0 and 10 �C. Then cooling was
removed and stirring was continued for an additional 2 h.
Afterward it was poured into 300 mL of ice/water and extracted
twice with freshly distilled toluene. The organic phase was
separated, washed with water, and dried over sodium sulfate.
The solvent was removed by rotary evaporator to give 24.00 g of
a crude product. The product was purified by column chroma-
tography on silica gel (eluent hexane) to give pure compound 22

(21.61 g, 89%). Tm = 26 �C. 1H NMR (250 MHz, δ in CDCl3,
TMS/ppm): 1.22-1.45 (overlapped peaks with a max. at 1.28,
12H, -CH2-CH2-CH2-), 1.67 (m, 2H, J = 7.3 Hz, -T-
CH2-CH2-), 2.03 (m, 2H, J = 7.3 Hz, CH2 dCH-C H2-),
2.77 (t, 2H, J=7.3Hz,-T-CH 2-CH2-), 4.95 (m, 2H, CH2d
CH-CH 2 -), 5.80 (m, 1H, CH2 dC H-CH2-), 6.67 (d, 1H,
J=3.7Hz, thiophene-H), 6.98 (dd, 2H,J1=3.7Hz,J2=4.9Hz,
thiophene-H), 7.08 (dd, 1H, J1 = 3.7 Hz, J2 = 1.2 Hz, thiophene-
H), 7.15 (dd, 1H, J1 = 4.9 Hz, J 2 = 1.2 Hz, thiophene-H). 13C
NMR (δ in CDCl3): 28.94, 29.07, 29.13, 29.35, 29.47, 29.49, 30.15,
31.61, 33.83, 114.12, 122.95, 123.35, 123.68, 124.68, 127.65, 134.73,
137.95, 139.23, 145.34.

4,4,5,5-Tetramethyl-2-[50-(10-undecenyl)-2,20-bithiene-5-yl]-
1,3,2-dioxaborolane (23). Anhydrous THF (70 mL) was cooled
with dry ice/acetone to -74 �C. Then 5.6 mL of a 2.5 M butyl-
lithium solution in hexane was added dropwise with a syringe.
A homogeneous mixture of 5-(10-undecenyl)-2,20-bithiophene
(4.46 g, 14 mmol) in 120 mL of anhydrous THF was then added
dropwise, and the mixture was stirred for 30min at-70 �C. The
cooling bathwas removed so that the temperaturewould rise.At
approximately 0 �C the reaction batch was cooled again, and at
-74 �C 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(3.3 mL, 16 mmol) was added with a syringe. The reaction
mixture was stirred for 30 h at-74 �C, the cooling bath removed
again, and the temperature allowed to rise to 20 �C. Stirring was
continued for 3 h. Then the solution of compound 14 (1.80 g, 5.4
mmol) in anhydrous THF (40 mL) was slowly added, the
temperature being maintained in the range -75 to -70 �C.
The reaction mixture was poured into 200 mL of ice-cold
water—mixed with 15 mL of 1 M HCl—and extracted with
500 mL of diethyl ether. The organic phase was separated off,
washed with water, dried over sodium sulfate, and filtered, and
the solvent was removed entirely in a rotary evaporator to give
6.03 g (97% of theoretical) of dark blue crystals. The product
was used in the subsequent synthesis without further purifica-
tion. Tm = 52 �C. GC MS analysis: Mþ 99%, m/e = 444. 1H
NMR (250MHz, δ in CDCl3, TMS/ppm): 1.22-1.45 (overlapped
peaks with a max. at 1.28, 12H, -CH2-CH2-CH2-), 1.34 (s,
12H,-CH3), 1.67 (m, 2H, J=7.3 Hz,-T-CH2-CH2-), 2.04
(m, 2H, J=7.2Hz, CH2dCH-CH2-), 2.79 (t, 2H, J=7.3Hz,
-T-CH2-CH2-), 4.97 (m, 2H, CH2dCH-CH2-), 5.81 (m,
1H, CH2dCH-CH2-), 6.68 (d, 1H, J=3.7 Hz, thiophene-H),
7.06 (d, 1H, J=3.7 Hz, thiophene-H), 7.16 (d, 1H, J=3.7 Hz,
thiophene-H), 7.50 (d, 1H, J=3.7Hz, thiophene-H). 13CNMR
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(δ in CDCl3): 24.77, 28.95, 29.08, 29.14, 29.34, 29.47, 29.49,
30.19, 31.59, 33.82, 84.10, 114.12, 124.08, 124.19, 124.88, 134.69,
137.91, 139.22, 144.79, 146.10.

5-Ethyl-500 0 0-(5-undecenyl)-2,20:50,20 0:50 0,200 0:50 00,20 0 00-quinque-
thiophene (10) was synthesized according to the procedure
described for compound 7 from 2.13 g (6.0 mmol) of com-
pound 19, 3.11 g (7.0 mmol) of compound 23, and 350 mg
(0.3 mmol) of Pd(PPh3)4 in 40 mL of anhydrous toluene and
10 mL of a 2 M aqueous Na2CO3 solution. After recovery as
described for compound 7, the organic phase was filtered
through a G4 glass filter, and the orange precipitate was
recrystallized in toluene to give 2.96 g (83%) of compound
10 as an orange powder. Tm = 238 �C. FD MS analysis: Mþ

100%, m/e = 592.1. 1H NMR (250 MHz, δ in CDCl3, TMS/
ppm): 1.23-1.44 (overlapped peaks with a max. at 1.30, 15H,
-CH2-CH2-CH2-, including t at 1.34 ppm, J = 7.3 Hz, 3 H,
-CH2-CH3), 1.68 (m, 2H, J=7.3 Hz,-T-CH 2-CH2-), 2.04
(m, 2H, J=7.3 Hz, CH2dCH-CH2-), 2.80 (t, 2H, J= 7.3 Hz,
-T-CH2-CH2-), 2.87 (t, 2H, J = 7.3 Hz, -T-CH2-CH2-),
4.96 (m,2H,CH2dCH-CH2-), 5.81 (m, 1H,CH2dCH-CH2-),
6.69 (d, 1H, J = 3.7 Hz, thiophene-H), 6.72 (d, 1H, J = 3.7 Hz,
thiophene-H), 6.99 (d, 1H, J=3.7Hz, thiophene-H), 7.00 (d, 1H,
J=3.7Hz, thiophene-H), 7.02 (d, 2H, J=3.7Hz, thiophene-H),
7.06 (d, 4H, J= 3.7 Hz, thiophene-H).
Chloro[6-(50 00-hexyl-2,20:50,20 0:500,20 0 0-quaterthien-5-yl)hexyl]-

dimethylsilane (1). Compound 6 (0.5 g, 1 mmol) was placed in a
50 mL three-necked bulb equipped with a condenser, gas outlet,
thermometer, and septum adapter and filled with argon. Then
20 mL of anhydrous toluene was added and the mixture heated
to 32 �C. Dimethylchlorosilane (2.2 mL, 20 mmol) and Carsted
catalyst (20 μL, 0.003 mmol) were added one at a time by
injection at 32 �C. The mixture was stirred for 16 h at 35 �C.
After cooling to 23 �C a yellow precipitate appeared. The filtrate
was removed, and the crystalswere driedunder vacuum(0.1mBar)
to give 0,354 g (60%) of the product as a yellow solid. MS DCI:
m/z 590/592 [M]þ (4.1/2.5); 575/577 [M - CH3]

þ (2.1/1.2). 1H
NMR(250MHz,δ inCDCl3,TMS/ppm): 0.40 (s, 6H,-Si-CH3),
0.82 (m, 2H,-Si-CH2-), 0.89 (t, 3H, J=6.7Hz,-CH2-CH3),
1.20-1.47 (overlapped peaks, 12 H, -CH2-CH2-CH2-), 1.68
(m, 4H, J= 7.3 Hz,-T-CH2-CH2-), 2.79 (t, 4H, J= 7.3 Hz,
-T-CH2-CH2-), 6.68 (d, 2H, J = 3.7 Hz, thiophene-H), 6.96
(d, 2H, J = 3.7 Hz, thiophene-H), 6.98 (d, 2H, J = 3.7 Hz,
thiophene-H), 7.03 (d, 2H, J= 3.7 Hz, thiophene-H).
Chloro[6-(50 00 0-hexyl-2,20:50,200:50 0,20 00:50 0 0,200 0 0-quinquethiophene-

5-yl)hexyl]dimethylsilane (2). Compound 7 (0.35 g, 0.6 mmol)
was placed in a 250 mL flask and flooded with argon. Then 100
mL of anhydrous toluene, chloro(dimethyl)silane (2.65 mL,
24mmol), and Carsted catalyst (25 μL, 0.003 mmol) were added,
and the flask was closed by a stopper. Themixture was heated to
90 �C and stirred for 13 h. Then the solvent was removed to give
0.38 g (93%) of product as an orange solid. MS DCI: m/z 672/
674 [M]þ (5.2/3.6); 657/659 [M- CH3]

þ (1.6/1.4); 637 [M-
Cl]þ(4.9). 1HNMR (250MHz, δ in CDCl3, TMS/ppm): 0.41 (s,
6H, -Si-CH3), 0.82 (m, 2H, -Si-CH2-), 0.90 (t, 3H, J= 6.7
Hz, -CH2-CH3), 1.28-1.43 (overlapped peaks, 12H, -CH2-
CH2-CH2-), 1.69 (m, 4H, J=7.3Hz,-T-CH2-CH2-), 2.81
(t, 4H, J = 7.3 Hz, -T-CH2-CH2-), 6.70 (d, 2H, J = 3.7 Hz,
thiophene-H), 6.99 (d, 2H, J=3.7Hz, thiophene-H), 7.02 (d, 2H,
J=3.7Hz, thiophene-H), 7.07 (d, 4H, J=3.7Hz, thiophene-H).

Chloro[6-(50 0 0 00-hexyl-2,20:50,20 0:500,20 0 0:50 0 0,20 0 0 0:50 0 0 0,20 0 0 00-sexithio-
phene-5-yl)hexyl]dimethylsilane (3) was synthesized according to
the procedure described for compound 2 from0.15 g (0.2mmol) of
compound 8, 1.0 mL (9.1 mmol) of chloro(dimethyl)silane, and
Carsted catalyst (50 μL, 0.006 mmol) in 150 mL of anhydrous
toluene. Themixturewas stirred for 7 h at 105 �C.Then the solvent
was removed to give 0.135 g (78%) of the product as a dark orange
solid. MS DCI:m/z 754/756 [M]þ (9.2/7.6); 739/741 [M- CH3]

þ

(6.6/4.4); 719 [M - Cl]þ(7.9).
Chloro[6-(500 0-ethyl-2,20:50,200:50 0,20 00-quaterthien-5-yl)undecenyl]-

dimethylsilane (4) was synthesized according to the procedure
described for compound 2 from 0.50 g (1.0 mmol) of compound
9, 2 mL (19 mmol) of chloro(dimethyl)silane, and Carsted catalyst
(20 μL, 0.003 mmol) in 30 mL of anhydrous toluene. The mixture
was stirred for 7 h at 35 �C. Then the solvent was removed to give
0.590 g (99%) of the product as a dark yellow solid. MSDCI:m/z
604/606 [M]þ (2.6/1.3); 589/591 [M - CH3]

þ (1.2/0.8); 569 [M -
Cl]þ (2.6). 1H NMR (250 MHz, δ in CDCl3, TMS/ppm): 0.41 (s,
6H,-Si-CH3), 0.82 (m, 2H,-Si-CH2-), 1.21-1.47 (overlapped
peaks with a max. at 1.29, 19H, -CH2-CH2-CH2-, including t
at 1.33 ppm, J=7.3 Hz, 3H,-CH2-CH3), 1.68 (m, 2H, J=7.3
Hz, -T-CH2-CH2-), 2.80 (t, 2H, J = 7.3 Hz, -T-CH2-
CH2-), 2.87 (t, 2H, J= 7.3 Hz, -T-CH2-CH2-), 6.70 (d, 1H,
J=3.7Hz, thiophene-H), 6.72 (d, 1H, J=3.7Hz, thiophene-H),
6.98 (d, 1H, J = 3.7 Hz, thiophene-H), 6.99 (d, 1H, J = 3.7 Hz,
thiophene-H), 7.01 (d, 2H, J=3.7 Hz, thiophene-H), 7.05 (d, 2H,
J= 3.7 Hz, thiophene-H).

Chloro[6-(50 0 0 0-ethyl-2,20:50,20 0:50 0,200 0:50 0 0,20 0 0 0-quinquethiophene-
5-yl)undecenyl]dimethylsilane (5) was synthesized according to the
procedure described for compound 2 from 0.69 g (1.2 mmol) of
compound 10, 2.5 mL (23 mmol) of chloro(dimethyl)silane, and
Carsted catalyst (25 μL, 0.004 mmol) in 70 mL of anhydrous
toluene. The mixture was stirred for 10 h at 35 �C. Then the
solvent was removed to give 0.584 g (73%) of the product as an
orange solid.MSDCI:m/z 686/688 [M]þ (3.6/2.5); 651/653 [M-
Cl]þ (2.1/0.9). 1HNMR (250MHz, δ in CDCl3, TMS/ppm): 0.41
(s, 6H, -Si-CH3), 0.82 (m, 2H, -Si-CH2-), 1.13-1.53 (over-
lapped peaks with a max. at 1.29, 19H, -CH2-CH2-CH2-,
including t at 1.33 ppm, J= 7.3 Hz, 3H,-CH2-CH3), 1.69 (m,
2H, J = 7.3 Hz, -T-CH2-CH2-), 2.80 (t, 2H, J = 7.3 Hz,
-T-CH2-CH2-), 2.87 (t, 2H, J= 7.3 Hz,-T-CH2-CH2-),
6.70 (d, 1H, J= 3.7 Hz, thiophene-H), 6.72 (d, 1H, J= 3.7 Hz,
thiophene-H), 6.98 (d, 1H, J=3.7Hz, thiophene-H), 6.99 (d, 1H,
J=3.7Hz, thiophene-H), 7.01 (d, 2H, J=3.7Hz, thiophene-H),
7.05 (d, 4H, J= 3.7 Hz, thiophene-H).
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