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β-Unsubstituted oligothiophenes with up to 13 thiophene units are described. These represent the
longest oligomers ever reported in this class. In solution, those compounds show a temperature- and
concentration-dependent aggregation behavior. Absorption, fluorescence, dynamic light scattering,
and cryo-transmission electron microscopy investigations reveal the formation of wormlike aggre-
gates several hundred nanometers in length and ca. 5 nm in width.

Introduction

For more than 25 years, the development of novel
organic semiconductors for use in electronic devices has
been a focus of scientific research. Applications of such

materials containing conjugatedπ-electron systems include
solar cells, organic field-effect transistors (OFETs), organic
light-emitting diodes (OLEDs),1 organic light-emitting
transistors (OLETs),2 radio frequency identification
(RFID) tags,3 and sensors for gases and biomolecules.4 A
major advantage of organic semiconductors over silicon is
the possibility to engineer the properties, such as band gap,
molecular ordering, and processability.1a,5 One of the most
promising classes of materials are R,ω-substituted oli-
gothiophenes. Ideal candidates are long oligomers with
solubilizing end groups for processability. In the literature,
mainly systems up to seven thiophene units are reported,6

and there are only a few examples exceeding this number.7

In contrast, β-substituted oligomers are known up to a 96-
mer.8 The longest oligothiophenes without β-substituents
ever described bear 11 units.7a,b Synthetic drawbacks are
responsible for the few examples with more than seven
thiophene rings. Besides the length of the oligomers, their
ordering in solid state is a prerequisite for high performance
in thin-film devices.5c,9 There are attractive processing
techniques for thin films, such as printing, which require
(i) sufficient solubility and (ii) ideally preordering of the
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molecules already in solution. Thus, it is desirable to target
self-assembling oligomers with long thiophene cores, which
still show reasonable solubilities.
Here, we report on the synthesis of the longest oli-

gothiophenes ever described, with 11 and 13 thiophene
units, respectively equipped with solubilizing branched
alkyl chains in theR- andω-positions. Their self-assembly
behavior in an organic solvent is characterized by time-
resolved optical spectroscopy, dynamic light scattering
(DLS), and cryo-transmission electronmicroscopy (cryo-
TEM), which reveal the formation of wormlike aggre-
gates in the size range of hundreds of nanometers.

Results and Discussion

Synthesis (see the Supporting Information). The syn-
thetic route toward undecathiophene (16) and tride-
cathiophene (17) starts with the construction of the
carbosilane substituent attached to the thiophene core
(see Scheme 1). First, thiophene was lithiated with n-BuLi
and then monoalkenylated with allylbromide. The olefinic
double bond of resulting 2-allylthiophene (1) was hydro-
silylated subsequently with trichlorosilane under platinum
catalysis. The resulting intermediate product (2) was con-
verted to the desired monosubstituted thiophene (3) by a
3-fold alkylation with decylmagnesiumbromide. In the
second part of the synthesis, monosubstituted oligomers
were built by a series of Stille-type couplings (see Scheme2).
After lithiation and stannylation, substituted thiophene 3
was coupled with 2-bromothiophene and 5-bromoterthio-
phene, respectively, to give the corresponding bithiophene
5 and quaterthiophene 6, respectively. Quinquethio-
phene 8 was obtained by repeated stannylation of 5 and
consecutive coupling with 5-bromoterthiophene. Subse-
quently, the monosubstituted oligomers 6 and 8were again
stannylated and converted to soluble undecathiophene and
tridecathiophene precursors (12 and 13, respectively) by
Stille-type coupling with brominated diketal 11 (see
Scheme 3). Because of the interrupted π-conjugation and
the remarkable solubilizing capacity of the bulky substitu-
ent, these compounds are still very soluble in organic
solvents, so that they could be readily transformed to the
corresponding 1,4-diketones (14 and 15) via treatment with
hydrochloric acid. The solubility of the latter compounds is
significantly reduced compared to the diketal precursors
(especially in the caseof diketone15); nevertheless, both could
be converted to undecathiophene 16 and tridecathiophene
17, using Lawesson’s reagent as a well-established ring

closure agent for 1,4-diketones.10 For the synthesis of the
latter, the solvent had to be changed from tetrahydrofuran
(THF) to 1,1,2,2-tetrachloroethane (TCE).
Ultraviolet/Visible Light (UV/vis) Absorption and

Fluorescence Spectroscopy. Temperature- and concentra-
tion-dependentUV/vis absorption and fluorescence spec-

troscopy were conducted with freshly prepared solutions
of compounds 16 and 17 in TCE, because it proved to be

the best solvent for such long oligomers. Absorption

spectra of undecathiophene 16 are depicted in Figure
1a. At high temperatures, a broad and unstructured band

with a maximum λmax at 475 nm is observed, which is
common for flexible molecules such as oligothiophenes.

Cooling results in a distinct change of the spectral shape.

A vibronic fine structure at the low-energy side of the
spectrumwith the 0-0 transition at 570 nm now becomes

visible. This change is caused by the formation of aggre-

gates in solution. Here, the molecules are forced into a
stiff and planar conformation. The intramolecular over-

lap of π-orbitals is optimized and, therefore, the spectrum

is shifted to higher wavelengths. Similarly, tridecathio-
phene 17 also exhibits a broad and unstructured spectrum

at high temperatures, with λmax being observed at almost
the same wavelength (476 nm) as the shorter homologue

16 (see Figure 1b). This means that, despite two addi-

tional monomer units in 17, the effective conjugation
length in the molecular dissolved state is almost the same.

Upon cooling, 17 also forms aggregates. This process

already starts at much higher temperature, compared to
that for 16, because of stronger intermolecular π-interac-
tions in the longer homologue. As can be seen in
Figure 1b, the vibronic fine structure is, by far, more

pronounced for 17 than for 16. In addition, the batho-

chromic shift of the spectrum turns out to be larger in 17.
The 0-0 absorption band emerges at 585 nm and, thus, is

red-shifted by 450 cm-1, compared to that for 16, and

therefore already is very close to that of β-substituted

Scheme 1. Synthesis of the Branched Silane Substituent Scheme 2. Stille-Type Coupling Reactions to Monosubstituted

Oligomers
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polythiophenes.11 This clearly shows that the effective
conjugation length in aggregates is continuously increased
in the homologues series at least up to the 13-mer. This is
not the case for single molecules, where torsion around the
inter-ring single bonds can take place. Because of the large
temperature-dependent differences in the spectral shape
of 17, the reversible transition between the molecularly

dissolved state and the aggregated state can easily be
observed by eye (Figure 1b, inset).
Further investigations on the temperature dependence

of the equilibrium between single molecules and aggre-
gates in solution were performed by steady-state and
time-resolved fluorescence spectroscopy. Figures 2a and
2b show the steady-state emission spectra of 16 and 17,
respectively, whereas Figure 2c shows the time-integrated
and normalized photoluminescence of 17, obtained from
a streak camera experiment.
Both oligomers exhibit very similar photoluminescence

spectra. At high temperatures, when the molecules are

molecularly dissolved and aggregation is suppressed, a dis-

tinct vibronic fine structure (0-0 absorption band, 560 nm;

0-1 absorption band, 605 nm; 0-2 absorption band,

660 nm), in conjunction with a high fluorescence intensity,

was observed. In contrast to the absorption spectra, no

additional bands appear upon cooling but significant

quenching of the fluorescence takes place (see Figure 2). In

addition, a change in the relative intensities of the three

vibronic progressions was found. A closer look at this

behavior was performed using time-resolved fluorescence

spectroscopy (see Figure 3).
A monoexponential decay (with relaxation times of 620

ps (16) and 580 ps (17)) was found in the entire temperature

range when probing the 0-0 transition, i.e., at a spectral

position where mainly the fluorescence of molecularly dis-

solved molecules is present. At the 0-1 and 0-2 vibronic

progressions, this behavior was only observed at high

temperatures. At low temperatures, the relaxation turns

into a biexponential decay, and a second, faster component,

with a lifetime in the order of 100 ps, was observed. This

transition occurs already at higher temperatures in the case

of 17, compared to 16, and is also more pronounced for 17,

as can be estimated from the relative amplitude of the long-

and short-lived components. This suggests that, for 17 (16),

at a temperature of 278 K, 60% (40%) of the emission

originates from aggregates. Furthermore, the second com-

ponent is responsible for the relative increase of the 0-1 and

0-2 bands in the spectra, and we assume that this compo-

nent arises from weakly fluorescent aggregates. At low

temperatures, the fluorescence spectrum is a superposition

Scheme 3. Stille-Type Coupling to the Soluble Diketal Precursors, Deprotection of the Diketones, and Ring Closure to the

Undecathiophene (16) and Tridecathiophene (17)

Figure 1. Absorption spectra of (a) 16 and (b) 17; inset shows the
thermochromism of 17 (left, hot solution; right, cold solution).

(11) (a) Zen, A.; Saphiannikova, M.; Neher, D.; Asawapirom, U.;
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6456 Chem. Mater., Vol. 22, No. 23, 2010 Kreyes et al.

of the fluorescence from residual free molecules with clear

0-0, 0-1, and 0-2 vibronic progressions and a broad, red-

shiftedandratherunstructured fluorescence fromaggregates.

Even though a substantial part of the emission of the free

molecules at 560 nm overlaps with the absorption of aggre-

gates at 570 nm for 16 and 585 nm for 17, no indications of

self-absorption, which otherwise would have strongly sup-

pressed a significant part of the spectrum, could be observed

during the measurements. The most likely reason for this is

the low concentration of the material in solution.
The quenching of fluorescence mentioned above fol-

lows a sigmoidal progression (Figure 4), which was also

observed previously for the aggregation of other π-con-
jugated systems.12

The inflection points of these S-curves represent the
dissociation temperature (Tdis) of the aggregates. Tdis

increases as the concentration increases, which shows
that the dissociation of the aggregates is an endothermic
process. From such S-curves, the aggregation number (n)
and/or aggregation enthalpy ΔHaggr and entropy ΔSaggr

have been calculated in the literature. These approaches
are based on models developed to describe the self-
assembling properties of molecules (for example, the
dimerization of DNA strands).13 In these models (e.g.,
the “EqualKModel” (from ref 14)), n,ΔHaggr, andΔSaggr

are assumed to be independent from temperature and
concentration, which means that an equilibrium between
single molecules and aggregates of well-defined sizes is
present. To determine if these simplifications are accep-
table, we performed temperature- and concentration-
dependent dynamic light scattering (DLS) on the aggre-
gates in solution (see Figure 5).

Figure 2. Steady-state fluorescence spectra of (a) 16 and (b) 17, inset:
thermochromism of 17 under a laboratory UV lamp (366 nm) (left, hot
solution; right, cold solution). (c) Normalized time-integrated fluores-
cence spectra of 17 at different temperatures.

Figure 3. (Top) Fluorescence decay for 17 at various temperatures;
(bottom) comparison of the fluorescence decay between 16 and 17.
(Conditions: 660 nm, 278 K, and a concentration of 5 � 10-6 mol L-1.)
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Van Der Schoot, P. P. A. M.; Meijer, E. W.; Beckers, E. H. A.;
Meskers, S. C. J.; Janssen, R. A. J. J. Am. Chem. Soc. 2004, 126,
10611–10618. (b) Jonkheijm, P.; Hoeben, F. J. M.; Kleppinger, R.;
Van Herrikhuyzen, J.; Schenning, A. P. H. J.; Meijer, E. W. J. Am.
Chem. Soc. 2003, 125, 15941–15949. (c) Apperloo, J. J.; Janssen,
R. A. J.; Malenfant, P. R. L.; Frechet, J. M. J. Macromolecules
2000, 33, 7038–7043.
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The accessible temperature range was 290-316 K. In
contrast to 17 the fluorescence intensity of solutions of 16

change considerably within this window (see Figure 4).
Hence, we decided to conduct measurements only with
the 11-mer 16 at four different concentrations (between
5 � 10-6 mol L-1 and 3 � 10-5 mol L-1), whereas the
lowest concentration yielded sufficient scattering intensity
onlyat the two lowest temperatures.At316K, theother three
solutions gave similar hydrodynamic radii (Rh) of 23-26nm.
The resulting scattering intensities qualitatively show that, at
higher concentration,more aggregates are present. Reducing
the temperature leads to larger aggregates, but the increase in
Rh is strongly dependent on the concentration.Upon cooling
to 292 K, Rh is doubled to 46 nm for the solution of 1 �
10-5 mol L-1, whereas it is increased approximately 10-fold
to 255 nm at 3� 10-5 mol L-1. These findings clearly show
that, at least for the presented systems in this report, the
assumptions made to calculate thermodynamic parameters
of the aggregation donotmirror the real circumstances of the
self-assembly of oligothiophenes properly.
A powerful tool to visualize aggregates is electron micro-

scopy. Figure 6 shows a cryo transmission electron micro-
scopy (cryo-TEM) micrograph of a solution (c = 2 �
10-5 mol L-1) of 17 in TCE shock-frozen from room tem-
perature.Under those conditions, themolecules are expected
to be in the aggregated state, according to optical spectros-
copy (see Figure 4b). As is typical for cryo-TEM images of
organic solutions, the contrast is inverted and, hence, the
sample appears bright against the darker background of the
TCE. The aggregates exhibit awormlike shape, with a length
of several hundred nanometers. The width of these “worms”
is ∼5 nm, which is in the range of the length of a single
molecule in stretched conformation. Hence, we assume that
“single-stranded” aggregates are present in solution.

Conclusion

The longest β-unsubstituted oligothiophenes ever re-
ported, with up to 13 thiophene units, have been presented.

Figure 4. S-curves of (a) 16 and (b) 17; the dashed gray lines represent the
accessible temperature range for dynamic light scattering (DLS).

Figure 5. (a) Hydrodynamic radii of aggregates of 16 in TCE obtained
from DLS measurements; (b) scattering intensity at 316 K.

Figure 6. Cryo transmission electron microscopy (cryo-TEM) micro-
graph of 17 in TCE. Because of the organic solvent, the aggregates appear
bright against the dark background of the vitrified TCE.
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A ring closure/coupling chemistry approach allowed the
preparation of an undecathiophene and a tridecathiophene
with high purity and yield on the scale of several hundred
milligrams. Branched alkyl end groups ensure sufficient
solubility in common organic solvents. Intermolecular
interactionsof theheteroaromatic units cause themolecules
to strongly aggregate in solution. Temperature- and con-
centration-dependent measurements reveal an S-shaped
aggregation behavior. The aggregates are characterized
by absorption, steady-state and transient fluorescence
spectroscopy, dynamic light scattering (DLS), and cryo
transmission electron microscopy (cryo-TEM), which re-
veal the presence ofwormlike nano-objects several hundred
nanometers in length and ca. 5 nm in width. In contrast to
literature reports on similar but shorter oligomers, our
oligothiophenes formed more and larger aggregates at a
lower temperature. The present results prove that the
synthetic concept, which already has been shownpreviously
for oligothiophenes up to 11 units, can be successfully
applied to longer oligomers, and we believe that, with a
suitable choice of substituents, it can be extended even
further. Such long oligomers shall act as suitable model

compounds for unsubstituted polythiophene, with respect
to electronic properties and aggregation behavior. The
aggregation mechanism shall further help to understand
and improve the process of film formation from solution for
electronic applications such as organic field-effect transis-
tors (OFETs).

Experimental Section

Experimental details are given in the Supporting Information.
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