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Introduction of Curvature in Amphipathic Oligothiophenes for Defined

Aggregate Formation
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Abstract: In this study the possibility
to control the size and shape of self-as-
sembled structures through the local
curvature of their molecular building
blocks has been investigated. To this
end a series of amphipathic conjugated
oligothiophenes with a well-defined
curvature of their backbone has been
designed and synthesized. The molecu-
lar (local) curvature of these oligothio-

and hydrophobic groups, while their
ratio was kept constant. The self-as-
sembly of ter-, sexi-, and dodecathio-
phenes appeared to be a low-coopera-
tive process, involving the formation of
premicellar aggregates at sub-millimo-
lar concentrations, which at concentra-
tions in the millimolar regime trans-
formed into micelles and cylindrical
micelles. The aggregates display fine

structures with dimensions reminiscent
of the thiophene molecules. The struc-
ture—-morphology relationship of the
ter- and sexithiophenes could be de-
scribed by conventional packing theory.
However, with the dodecathiophene,
the backbone curvature governed the
formation of cylindrical aggregates
with a well-defined diameter. These re-
sults demonstrate that it is possible to

phenes resulted from a preference for
cis instead of trans conformations at
specific positions along the oligothio-
phene backbone, which can be con-

. bly - sulfur
trolled by the sequence of hydrophilic

Introduction

Over the past decades the self-assembly of molecular com-
ponents has become a major approach for the construction
of nanostructured materials and architectures with potential
applications in, for example, biomedical materials, drug de-
livery, and molecular devices.!! However, the polydispersity
in size of many self-assembling systems!? puts serious limita-
tions on the use of self-assembly approaches for hierarchical
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control the aggregation morphology of
simple amphipathic oligothiophenes by
implementation of an additional struc-
tural motif namely, the curvature.

structure formation®! and hampers the application of self-as-
sembled aggregates in, for instance, optical, electronic, and
magnetic devices.

Several strategies have been developed to obtain aggre-
gates by self-assembly of molecular components that are
well defined in size and/or shape. For instance the use of
small, convergent molecular components that self-assemble
through multiple cooperative, specific and directional inter-
actions,” has been particularly successful to obtain a variety
of nano-objects composed of a well defined number of mo-
lecular components, like capsules,® grids,” helices,®l and so
forth.”? So far, these discrete assemblies have not found
many applications, because the tight correlation between
molecular and supramolecular structure hampers the ability
to introduce functionality.

Another generic strategy to create well-defined supra-
molecular assemblies is to make use of a repulsive interac-
tion that increases with growing aggregate size, thereby cre-
ating a minimum at the free-energy surface for a specific ag-
gregate size. There are several factors that influence the
free-energy surface, for example, head group repulsions with
some surfactants leading to spherical or rodlike micelles!"'")
and to other more exotic structures,''! the chiral twist which
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limits the width of the surfactant ribbons,'” and steric repul-
sion in peptide ribbons™! and block-copolymers!™ leading
to ordered mesophases and finite assemblies like Stupp’s
mushrooms.™ All these molecular self-assembly properties
can be considered as manifestations of this repulsion, and
have been described in (semi-)quantitative models by, for
example, Bates and Israelachvilli.'"*1! These models have in
common that they all stress the relationship between the
curvature and object dimension. However, the relationship
between surfactants, peptides, and block copolymers and the
local curvature of the self-assembled objects formed by
them is very diffuse and hampers rational control and
design.

Clearly, the development of functional nanodevices and
synthesis of mesoscopic materials using self-assembly meth-
ods would greatly benefit from novel approaches to gener-
ate nano-objects. The challenge is to develop new molecular
components with a precise and tuneable control of their cur-
vature that upon self-assembly will lead to nanostructures
with well-defined shape and size, and allow the controlled
spatial positioning of functional moieties. This would be also
of particular interest in combination with opto-electronically
active species. Over the past decade there has been a strong-
ly growing interest in molecular and supramolecular elec-
tronics with nanoscale structural features, obtained by the
self-assembly of molecular components."”*¥ Self-assembled
electronic structures like micelles, fibres, tubes, bilayers, and
vesicles have been prepared from a wide variety of electron-
ically active molecular building blocks in organic sol-
vents!? and to a limited extent also in water.”2" Alterna-
tively, hydrophobic opto-electronic molecules have been
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used in combination with surfactant assemblies, for example,
as sensors for biological species like proteins and DNA or
as a visualisation tool for membranes.”**! Clearly, conjugat-
ed self-assembled systems in water are of great interest be-
cause of their potential biocompatibility.

Here we report on amphipathic oligothiophenes that self-
assemble into cylindrical aggregates of discrete diameter in
water as a consequence of the well-defined curvature of the
oligothiophene backbone. The curvature of the oligothio-
phene backbone arises from a preference for a cis instead of
trans conformation at specific positions due to reorientation
of the polar and apolar side-chains in aqueous environment.
First, we describe the design and synthesis of the amphipath-
ic oligothiophenes, and then we continue with an investiga-
tion of their self-assembly behavior in water. We conclude
this paper with a preliminary study of the photophysical
properties of the oligothiophenes and their assemblies. Our
results demonstrate that it is possible to control the aggrega-
tion morphology of simple amphipathic oligothiophenes by
implementation of an additional structural motif namely, the
curvature.

Results and Discussion

Design of curved amphipathic oligothiophenes: To obtain
an amphipathic structure with well-defined curvature we
built upon amphiphilic terthiophenes, which can easily be
extended to longer oligothiophenes by standard cross-cou-
pling methodologies (Scheme 1C, top structure). In
Scheme 1, the effect of the sequence of hydrophilic and hy-
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Curvature-directed self-assembly

Scheme 1. Different designs of conjugated oligothiophenes that are formed by coupling of a monomer, leading to an oligomer. When brought into an
aqueous environment, they tend to organize themselves: A) non-amphiphilic, hydrophilic, substituted thiophene that folds into a helical structure with
the curvature obtained from the trans to cis reorientation of the thiophene; B) an amphiphilic bisthiophene that creates a linear oligomer upon oligome-
rization and can be used to form Langmuir-Blodgett multi-layers at the polar-apolar interface; C) a terthiophene that is amphiphilic in nature and upon
oligomerization the two substituents of the thiophenes that are connected are of similar polarity. This similar polarity makes it possible that a curvature
is obtained only with the ability to further self-assemble due to the formed amphipathic character.
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drophobic thiophene residues on the folding and self-assem-
bly of longer oligomers is depicted. The simplest structure
consists of a linear sequence of hydrophilically substituted
thiophenes. It has been found that such structures adopt an
all-cis conformation between thiophene units, and nicely
fold into single helices of well-defined size, which are not
amphiphilic and do not aggregate any further after fold-
ing.*!

Evidently, the dimensions of the helix are determined by
the angle between the cis-oriented thiophenes. When an am-
phiphilic bisthiophene is taken as the monomeric structure,
it can also be extended to longer structures. For an alternat-
ing sequence of hydrophilic and hydrophobic thiophene resi-
dues, the oligothiophenes are expected to adopt an all-trans
conformation, and as a result they are linear and amphipath-
ic in nature. It was found that such thiophenes prefer to
self-assemble at the air-water interface and can be used to
construct Langmuir-Blodgett multilayers.”™ From these
simple models it can be seen that the introduction of two
neighboring hydrophilic or hydrophobic thiophenes, in an
otherwise alternating sequence, would introduce a cis con-
formation in polar environments, which would result in a
nonlinear or curved shape of the oligothiophene. Such oligo-
thiophenes with a defined number of hydrophilic-hydrophil-
ic (or hydrophobic-hydrophobic) thiophene neighbors can
most conveniently be constructed for terthiophene building
blocks, as depicted in Scheme 1C. It is anticipated that such
amphipathic oligothiophenes will be able to self-assemble in
a similar fashion as surfactants. However, it is expected that
the overall shape or curvature of the oligothiophene will de-
termine the aggregate morphology, rather than the ratio be-
tween head group area and hydrophobic tail volume.

FULL PAPER

It should be noted that regio-regular substituted terthio-
phenes like the one depicted in Scheme 1C were preferred
as the basic building blocks for longer oligomers, because
the different reactivity of the a- and w-positions allows the
synthesis of well-defined isomers. By this approach, unfavor-
able and unwanted steric interactions, which would disturb
the desired cis and trans conformations, are avoided. The
terthiophene itself does not possess any curvature like the
longer oligomers as can be seen in Scheme 2. Only coupled
terthiophenes will contain cis conformations, which will
result in curved amphipathic molecules. Evidently, this con-
formational preference is driven by the different solvent af-
finity of the alkyl chains and ethylene glycols chain for polar
and apolar solvents (Scheme 2).

Based on these assumptions it is now possible to estimate
the diameter directly from the molecular structure of the
oligothiophenes, and from this, one can predict at least one
characteristic length of the resulting supramolecular assem-
blies. The radii of curvature were calculated for a complete-
ly flat conformation of the oligothiophenes, with a cis con-
formation between two identically substituted thiophenes
(dihedral angle of 0°), and a trans conformation between
non-identical substituted thiophenes (dihedral angle of
180°). From basic trigonometry one can determine the basic
curvature parameters like curvature radius and cone angle
from the dimensions of a partial circular shape (Figure 1).

From the modeling, the dimensions of the chord length
(a) and height of the arc portion (&) can be obtained. The
radius of curvature R, which is equal to D/2 (D is the diame-
ter), then follows directly from Equation (1).

2R:D:(hz+(g)2) (1)

Nondiscriminating Discriminating
(CHClg) (H20)

N

Scheme 2. Molecular structures of the three different oligothiophenes (3, 6, and 10). On the right a schematic representation of the curvature they obtain
upon changes in environment, going from a nondiscriminating to a discriminating solvent.
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Figure 1. A) A geometrical approach to determine the diameter of the in-
trinsic curvature of the molecular structure. Here R is the radius, s the
arc length, a is the chord length, £ is the height of the arced portion, r is
the height of the triangular portion, and 6 is the angle between the arc
length and the centre of the circle. The modeled curvatures that each oli-
gomer adopts when placed in a discriminating environment (aqueous).
B) Compound 3 has an infinite number of potential curvatures which are
not expressed. C) 6 and D) 10 do possess a single curvature.

The diameter D was found to
amount to 5.2 and 5.3 nm with
cone angles of 26 and 53° for a
the sexi- (6) and dodecathio- g
phene (10), respectively. From 1

R
s [
\ / s~ "TMS

these values it can be predicted Creflas
that 6 and 10 are likely to form 100% | b)
assemblies with at least one R R

characteristic diameter of ap- /
proximately 5 nm, with regard s ) s
to the thiophene moieties, and C1eHag
not accounting for the oligo-
ethylene glycol chains. For ter-
thiophene 3, the diameter re-
mains undefined because the
arc height portion h is approximately zero. Most likely, the
morphology of assemblies of 3 is governed by parameters
formulated in the structure-shape concept. Similar values
have been obtained by application of other methods, for ex-
ample, fitting of the oligothiophene coordinates to a circular
segment (Figure 1).

Synthesis of oligothiophenes ter-, sexi, and dodecathio-
phenes: The amphipathic oligothiophenes proposed above,
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are based on the amphiphilic terthiophene (3). The terthio-
phene 3 is alternately regio-regular substituted with a tetra-
ethylene glycol monomethyl ether and a C4s-alkyl chain, and
was synthesized by the sequential addition of hydrophilic-
and hydrophobic-substituted thiophenes by using Stille cou-
plings. The terthiophene was then extended by cross-cou-
pling reactions to obtain an amphipathic sexithiophene (6)
and a dodecathiophene (10). The coupling was performed
stepwise in order to maintain the regio-regular structural
features to minimize any possible steric interactions of the
side-groups, which could influence the implementation of
the curvature upon orientation.

Amphiphilic terthiophene 1, which was TMS-protected
(TMS =trimethylsilane), was the starting compound from
which the higher oligomers were formed (Scheme 3). Com-
pound 1 was regioselectively converted to stannylated (2)
and brominated (4) derivatives, which could then be con-
nected by a Stille couplings to the regioregular sexithio-
phene 6. First, 1 was ortho-lithiated by reaction with lithium
diisopropylamide (LDA), followed by quenching with trime-
thyltinchloride, resulting in the introduction of a tin-moiety
on the 5”-position (2). Compound 4 was obtained in quanti-
tative yield by first removal of the TMS-group from 1 by re-
action with tetrabutyl ammonium fluoride (TBAF) to give
3, followed by bromination on the 2-position with N-bromo-
succinimide (NBS). A Stille coupling between 2 and 4 with
[Pd(PPh;),] gave the TMS-protected sexithiophene 5 in
81% yield. Deprotection of § was performed again with
TBAF in quantitative yield resulting in 6.

The dodecathiophene oligomer 10 was synthesized follow-
ing a similar approach as for 6 (Scheme 4). ortho-Lithiation
and stannylation of 5 at the 5”"”-position gave 7 in 82%

R R
I N s AN
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S 2 \ S R .
CieHas R N— R
Pt s SLQS (X
ls U L/ s
R R Crettas CieHas
/ S [ B 5: X=TMS (81%)
S . \J S F b). 6: X=H (99%)

C15H33 R=CH2(OCH2CHZ)4OMG

Scheme 3. Synthetic procedure for amphiphilic thiophene 6: a) LDA, —78°C, Me;SnCl; b) TBAF, THF; c)
NBS, CH,Cl,; d) [Pd(PPh;),], DMF, toluene, 110°C.

yield and bromination of 6 afforded 8 in quantitative yield.
A Stille cross-coupling of 7 and 8 gave the TMS-protected
dodecamer 9, which was directly deprotected to give 10 with
an isolated yield of 14 %. The isolated yield of the last cou-
pling was significantly lower due to a combination of lower
conversion and tedious purification. The compounds were
purified by chromatography (normal, reverse phase, and
size-exclusion (GPC)) and characterized using 'H and
BCNMR spectroscopy and mass spectrometry (electron

Chem. Eur. J. 2010, 16, 13417 -13428
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Scheme 4. Taking the same approach as for 6, 10 was synthesized: a) LDA, —78°C, Me;SnCl; b) TBAF, THF; c) NBS, CH,Cl,; d) [Pd(PPh;),], DMF, tol-

uene, 110°C.

spray ionization (-ToF)). The purity of the compounds was
confirmed by GPC (see the Supporting Information Fig-
ure SI1).

Aggregation behavior of 3, 6, and 10 in water: The oligo-
thiophenes 3, 6, and 10 were readily soluble in water. Com-
pounds 3 and 6 could be dissolved up to at least 90 and
50 mm giving clear yellow and orange solutions, respectively.
The solution of 3 was clearly more viscous than water at
concentrations from 1 mwm, while solutions of 6 retained sim-
ilar flow properties as water. The longest oligomer (10) was
soluble up to at least 10 mm and at this concentration a dark
red, highly viscous solution was formed, which was much
more viscous than 3 at comparable concentrations. The in-
creased viscosities of solutions of 3 and 10, compared to a
solution of 6 and water, clearly indicate the formation of dif-
ferent types of aggregates.

It is known that chromophores display changes in their
photophysical properties upon aggregation® and therefore
the absorption and emission properties of 3, 6, and 10 were
studied in more detail. Remarkably, solutions of compound
3 and 10 in water exhibit no significant changes in both ab-
sorption and emission wavelengths over the concentration
range from 0.005 to 10 mm. Only solutions of 6 in water dis-
played a shift of the maximum emission wavelength with in-
creasing concentration. Because the expected effects of ag-
gregation on the photophysical properties were not uniform-
ly observed for all three compounds, it was necessary to
study the self-assembly of 3, 6, and 10 by other methods.
The photophysical properties will be discussed later. Un-
fortunately, surface tension measurements and isothermal ti-
tration calorimetry (ITC) were unsuitable to study the self-
assembly behavior, because of surface tension instabilities
and low enthalpies for dilution, respectively. The low enthal-
pies for dilution indicate that either self-assembly of the oli-
gothiophene surfactants 3, 6, and 10 is a low-cooperative
process and is mainly driven by entropy effects, or that the
aggregates are highly stable and remain intact on the time
scale of the ITC experiments (minutes).

Chem. Eur. J. 2010, 16, 13417 -13428

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The self-assembly of 3, 6, and 10 was established more
firmly by dynamic light scattering (DLS) studies (Figure 2).
From these measurements it appeared that the scattered
light intensity for solutions of 3, 6, and 10 increased sharply
at a specific concentration, which clearly indicates the for-
mation of larger assemblies (Figure 2). The concentration of
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Figure 2. Number of counts (kilo-counts per second, kcps) for aggregates
at different concentration of 3, 6, and 10. When aggregates are formed,
the counts increase drastically which is where the cmc is depicted. The
added lines are solely a guide for the eye.

the sharp increase of the scattering intensity was taken as
the critical micelle concentration (cmc), and the resulting
values are summarized in Table 1. For all compounds the
cmc values are below the millimolar regime, which is slightly
above other tetraethyleneglycol surfactants with a hexadecyl
chain.® The cmc of 6 and 10, bearing more than one hexa-
decyl chain, is indeed lower than the cmc of 3, but surpris-
ingly, the cmc of 10, bearing four alkyl chains, is slightly
higher than the cmc of compound 6 with only two alkyl
chains. The hydrodynamic diameter was investigated by
DLS in separate measurements at concentrations above the
cmc. All three compounds form assemblies with very differ-
ent sizes. For 3, a hydrodynamic diameter of 18 nm was
found and this changes with concentration. The size is too
large for a spherical micelle and an increasing diameter with
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Table 1. Critical micelle concentration (cmc) determination by scattering
and fluorescence.

emepy s [mm]® D, [nm]®™ cmeyg [mm]
3 0.2 18 0.2
6 0.01 9 0.2
10 0.04 18, 91, 396 n.d.

[a] Determined cmcs by investigating the concentration dependent scat-
tering by DLS. [b] The hydrodynamic diameter (D;) of 1.0 mm solutions
of 3, 6, and 10, estimated error 10%, values are taken as the number
average. [c] Values for cmc of 3 and 6 obtained using fluorescence in
combination with Nile Red (4.: 550 nm) by investigating the change in
emission intensity. Estimated error in cmc is ~10%. Experiments were
performed at 20°C.

increasing concentration suggests elongated micelles, which
is in agreement with the observed visco-elastic properties of
the solution. The hydrodynamic diameter found for 6 was
9nm and did not show any concentration dependency. The
size would be appropriate for spherical micelles. Compound
10 displayed a polydisperse distribution of the hydrodynam-
ic radii varying between 18 and 400 nm (see Table 1). More-
over, they strongly depend on the concentration of 10.

The nature of the assemblies formed by 3, 6, and 10 was
further investigated by studying the emission properties of
Nile Red, which is a known fluorescent probe for hydropho-
bic domains. The fluorescence intensity of Nile Red will in-
crease when it is located in hydrophobic domains, formed
during aggregation, and also the emission maximum (A.,)
will shift towards the blue (1.,(NR)=660 nm in water). The
emission intensity of Nile Red showed a clear increase at
concentrations around 0.2 mm for both 3 and 6 (Table 1 and
Figure SI2 in the Supporting Information), which for 6 is at
a significantly higher concentration than the cmc value de-
termined by light scattering. However, when looking at the
shift in 4.,(NR), it was observed that, already at micromolar
concentrations of oligothiophene, a significant shift has oc-
curred towards 640 and 622 nm (see Figure SI2 in the Sup-
porting Information) for 3 and 6, respectively. This indicates
that hydrophobic domains are already formed well below
their respective cmcs, presumably due to the formation of
pre-aggregates. Though Nile Red is known to induce aggre-
gation,P! the formation of pre-aggregates was also observed
in a previous study with different terthiophene amphiphiles
and concurs with fluorescence measurements without Nile
Red.P”! For 10, the cmc could not be determined with Nile
Red because of nonselective excitation due to overlap of the
absorption spectra of Nile Red and 10. No other fluorescent
probe was found to have its excitation outside the absorp-
tion range of 10.

The thiophene amphiphiles 3, 6, and 10 have oligoethy-
lene glycol moieties as hydrophilic groups, and therefore
they might exhibit a cloudpoint (cp).”>*! Oligothiophene
surfactants 3 and 6 exhibit well-defined cloudpoints of 26°C
and 38°C, respectively, while for compound 10 no cloud-
point was observed between 5 and 90°C.

Morphology of aggregated 3, 6, and 10 in water: The values
of the hydrodynamic diameter listed in Table 1 and the dif-
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ferences in visco-elastic properties of solutions of 3, 6, and
10 already suggested assemblies with different morphologies.
To elucidate these different properties, the morphologies of
the aggregates of 3, 6, and 10 were investigated using cryo-
transmission electron microscopy (TEM). For all cryo-TEM
studies described below, samples were prepared by quench-
ing 10 mm solutions of 3, 6, and 10 in water from 20°C, that
is, well above the critical micelle concentration and well
below the cloudpoint. The diameters of the different aggre-
gate morphologies were determined by measuring one hun-
dred different positions on several aggregates and several
electron-micrographs, from which the average was taken.
The cryo-TEM studies revealed that the amphiphilic oli-
gothiophenes 3, 6, and 10 clearly formed different morphol-
ogies upon self-assembly in water (Figure 3). For compound

Figure 3. Cryo-transmission electron micrographs of the 3 showing elon-
gated micelles (A and B), 6 showing clustered spherical aggregates (C
and D), 10 showing tubular like elongated micelles (E and F), the scale
bar notes 100 nm.

3, elongated micelles were observed with a diameter of
7.1+1.0 nm, and a contour length of about 100-150 nm (Fig-
ure 3A, B). This last value is a crude estimate, since the
structures are coiling and overlap in the micrograph at these
relatively high concentrations. The presence of elongated
micelles explains the visco-elastic properties of the solution,
and also concurs with the previously mentioned DLS meas-
urements. The TEM images of compound 6 displayed spher-
ical micelles with a diameter of about 7.4+0.9 nm (Fig-
ure 3C, D). This is smaller than the hydrodynamic diameter
of 9 nm measured by DLS, but this value also includes the
hydration shell. When looking carefully, the aggregates tend
to cluster into elongated structures with the individual
spherical structures still visible. The cryo-TEM images of
solutions of compound 10 displayed dense network of cylin-
drical micelles, which is in excellent agreement with the ob-
served viscoelastic properties of the solutions. The diameter
of the cylindrical micelles of 10 amounted to 5.4+0.8 nm,
but the contour length could not be determined due to ex-
treme overlap of the structures (Figure 3E, F). These obser-
vations nicely explain the polydispersity as observed by
DLS.

Even though at first sight the aggregate morphologies are
similar to comparable aggregate morphologies formed by

Chem. Eur. J. 2010, 16, 13417 -13428
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Figure 4. Cryo-transmission electron micrographs, highly magnified in
order to show the contrast differences and displaying a difference fine
structure in the aggregates between 3 A), 6 B) and 10 C). Scale bar de-
picts 20 nm.

other more common surfactants, when taking a closer look
at the fine structure some striking features emerged
(Figure 4). The aggregates formed by compound 3 looks just
like what one would expect from an elongated micelle: an
elongated structure with a homogeneous filling and a dark-
ening at the ends due to a higher density of surfactants.
When enlarging the structures of 6, it became visible that
the contrast is not equally distributed throughout the aggre-
gate. In the middle there is a clear spot which has less con-
trast and it appears as if there is a structure of increased
density at the edges.

Similar contrast differences were observed for the aggre-
gates of 10. For these structures, the contrast was higher
along the long edges of the elongated structure, and also
many circular structures with strongly enhanced contrast at
the edges were visible. These elongated and circular struc-
tures are most likely the longitudinal and cross section of a
tubular, perhaps intertwined structure, respectively. At this
point it is not known what the origins of the fine structure
are, but this is currently under investigation.

The observed diameters of aggregates of 3, 6, and 10 devi-
ate significantly. For 3 and 6 the diameter determined by
cryo-TEM amounted to 7.1 and 7.4 nm, respectively. When
taking into account the dimensions of the surfactant, which
can be seen as a flat triangular shape, the total area of the
surfactant (o (m?)) and the full width of the triangular shape
(0 (m)) of the surfactant, compounds 3 and 6 can also be de-
scribed by a conventional packing!*! with an approximate
diameter calculated according to Equation (2).

D:? (2)

It should be noted that here the assumption is made that
the side-chains are in their fully extended state which is not
accurate for most systems bearing long flexible chains. It
was found that for 3 and 6 the diameter approximated by
Equation (2) amount to 8.0 and 8.4 nm, respectively. Within
10-15% error margin, the values are the same as the mea-
sured values and also show that indeed 6 should have a
slightly larger diameter than 3. When the same determina-
tion of diameter is applied to compound 10, a diameter of
8.4 nm was found, the same as for 6. However, experimen-
tally the diameter was about 35 % smaller, 5.4 nm.

The findings suggest that the morphology of 10 does not
follow conventional packing. Common micelle forming sur-

Chem. Eur. J. 2010, 16, 13417 -13428
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factants are said to have a cone shaped molecular structure,
while the amphiphiles used here are flat. This will already
influence the molecular packing inside the aggregates. Since
the different oligomers are of similar design with an equal
ratio of hydrophilic and hydrophobic groups, one would nor-
mally expect similar aggregate morphologies should be
formed. It can be concluded from this that the curvature
also influences the packing of the surfactants since this is
the main difference between the structures shown here.

The molecular curvature is located along the oligothio-
phene backbone and the diameter of this circular structure
is 5.4 nm. However, the aliphatic chains are about 2.0 nm in
length. This means that only a cross section of 4.0 nm can be
filled inside the hydrophobic domain of the micellar struc-
ture. This would result in an empty space upon aggregation,
which is not desirable, and as a result the system finds an-
other type of packing. Some possible packings of the oligo-
thiophene surfactants are depicted in Figure 5.

Figure 5. Suggested packing of compounds 3, 6, and 10 in their aggregat-
ed form in water. Elongated micelles with either a face-to-face or edge-
to-edge packing and spherical micelles are observed for 3 and 6, respec-
tively. For 10 a different packing is suggested, more intertwined which
causes the reduced diameter and explains the fine structure observed in
Figure 4C.

Here 3 can potentially pack in two ways, either with the
thiophene backbone parallel or perpendicular to the long
axis of the elongated micelle. The aggregate of compound 6
is spherical in nature and therefore will pack in such a way
that the surface curvature of the aggregate extends in two
directions in the same structure. The surfactants are orient-
ed at a certain angle with respect to each other to obtain
the spherical structure. For 10, a completely different ap-
proach is necessary in order to obtain the reduced diameter.
Intertwining of the curved surfactant is a way that they can
form aggregates with a significant smaller diameter than ini-
tially was predicted. This intertwining is also a possible
cause of the fine structure that was presented in Figure 4 C.

Photophysical properties of 3, 6, and 10: It was expected
that the intrinsic photo-physical properties of the oligothio-
phenes 3, 6, and 10 could be exploited to derive information
about their self-assembly behavior. As already noted above,
the aggregation of 3 and 10 in water, however, was not ac-
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Table 2. Photophysical properties of 3, 6, and 10 in water and chloroform.

lahs[d] (HZO) }'em[a] (HZO) 8[a] A’abs[a] (CHCI%) /‘{em[a] (CHCIX) s[a] AEabs[b] [eV] (CHCIS/ CacPL[C]
[nm] [nm] [10°Lmol'cm™] [nm] [nm] [10°Lmol'cm™] H,0) [mm]
3 348 461 16.2 337 444 26.2 0.11 0.1
6 423 572 35.7 404 523 35.0 0.14 0.01
10 454 645 69.4 426 564 77.6 0.17 0.01

[a] Concentrations used were 1.0 mm for 3 and 0.1 mm for 6 and 10. Listed are the A, for absorption and emission, the molar absorption coefficient (&)
in water and chloroform. [b] Also listed is the energy difference in eV of the 4, for absorption between both solvents to depict the amount of created
disorder between a discriminating to a nondiscriminating solvent. [c] The concentration at which the photoluminescence (PL) deviates from linearity

with increasing concentration. Estimated error in cac is ~10%.

companied by significant changes of the absorption and
emission maxima.l*! Solutions of compound 6 displayed a
clear shift of the emission maxima of 51 nm towards the
blue, upon increasing the concentration above 0.03 mwm (Fig-
ure SI3 in the Supporting Information). This concentration
is in good agreement with the cmc determined by DLS. It
was, however, observed that the emission intensity did not
increase linearly with the concentration of 3, 6, and 10 and
even at some point decreased, most likely due to self-
quenching caused by aggregation of the compounds.*!)

This fluorescence self-quenching occurred already at
much lower concentrations than the cmc values determined
with Nile Red emission intensity and light scattering, but
does occur at similar concentrations when compared to the
concentrations at which the Nile Red emission wavelength
shifts (for 3 and 6). For compounds 3, 6, and 10 self-quench-
ing started at concentrations of 0.1, 0.01 and 0.01 mwm, re-
spectively (Figure SI3 in the Supporting Information and
Table 2). Most likely, the self-quenching occurring below the
cmc is due to the formation of small pre-micellar aggregates.
The formation of these aggregates has been reported before
for other systems.””*’ The onset of the self-quenching gives
information about the concentration at which monomeric
surfactants in solution start to aggregate, that is, the critical
aggregation concentration (cac).

Water is a discriminating solvent for the amphiphiles
since one part of the amphiphile does not want to dissolve
while the other part does. This induces a certain orientation
of the groups, influencing the position of the thiophenes and
their planarity. When both types of chains (aliphatic and hy-
drophilic) extend to opposite sides, the thiophenes will be
planar and, in the case of 6 and 10, also curved. In a nondis-
criminating solvent both chains are soluble and therefore,
even though the all-trans configuration would be preferred,
will have some more rotational freedom over the thio-
phene-thiophene bonds. The difference between the rigid
curved conformation and all-trans configuration with more
rotational freedom was observed in the photophysical prop-
erties as the conformation is directly related to the conjuga-
tion length which can be observed in the absorption maxi-
mum. When a discriminating solvent (H,O) and a nondiscri-
minating solvent (CHCI;) are compared, it is seen that in
CHCI; there is a shift in the absorption towards the blue,
which can be interpreted as a reduction in conjugation
length. This was also reflected in the emission (Table 2,
Figure 6) for which a similar trend was observed. This
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Figure 6. A) Absorption and B) emission spectra in water (top) and
chloroform (bottom). Spectra were taken at concentrations of 1.0 mm for
3 and 0.1 mm for 6 and 10. Large blue shifts are observed when compared
between water and chloroform. The values for the A,,, of emission and
absorption are listed in Table 2. Measurements were performed at 20°C
and excitation was done at the corresponding absorption maximum.

change could also be interpreted as interactions between ad-
jacent chromophores in an aggregated state that have elec-
tronic interactions. However, although for 6 such a transi-
tion in aggregation could be observed in the emission, it did
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not result in a change in the absorption. Also similar
changes in absorption have been reported going from a dis-
ordered to an ordered conformation without aggregation.[*”)
Most likely, self-assembly of these oligothiophenes, and es-
pecially the longer 6 and 12, is accompanied by a transition
from a disordered conformation towards a more planar con-
formation with increased conjugation between thiophene
moieties. It should be noted that also other effects, for in-
stance exciton coupling between chromophores and solvent
polarity, are likely to contribute to the large shifts observed
in water compared to CHCI;, and therefore this conclusion
remains tentative.

Conclusion

In this study the possibility to control the size and shape of
self-assembled structures through the local curvature of
their molecular building blocks has been investigated. To
this end a series of amphipathic conjugated oligothiophenes
with a well-defined curvature of their backbone has been
designed and synthesized. The molecular (local) curvature
of these oligothiophenes resulted from a preference for cis
instead of trans conformations at specific positions along the
oligothiophene backbone, which can be controlled by the se-
quence of hydrophilic and hydrophobic groups, while their
ratio constant was kept constant. It was found that the mor-
phology depends on the length of the oligomers. The struc-
ture—morphology relationship of terthiophene 3 and sexi-
thiophene 6 could be described by conventional packing
theory, but the diameter for aggregates of dodecathiophene
10 deviated significantly from predicted diameters. The dif-
ferent behavior of 10 can be interpreted as a more pro-
nounced expression of the local curvature of this dodeca-
thiophene.

The self-assembly of oligothiopenes 3, 6, and 10 appeared
to be a low-cooperative process, involving the formation of
premicellar aggregates at sub-millimolar concentrations,
which at concentrations in the millimolar regime trans-
formed into micelles and cylindrical micelles. Unfortunately,
the occurrence of pre-micellar aggregates obscured aggrega-
tion-dependent changes of the photophysical properties,
which precluded the use of such changes as a intrinsic re-
porter for self-assembly behavior and aggregate structure. A
comparison with the photophysical properties in a non-ag-
gregating solvent, however, suggested that aggregation of es-
pecially the longer oligothiophenes is accompanied by a
transition to a more planar conformation.

These observations demonstrate that the aggregation mor-
phology of simple amphipathic oligothiophenes can be con-
trolled by the implementation of an additional structural
motif namely, the curvature. Currently it is under investiga-
tion whether this can be extended, thereby developing a
new approach to predicting and designing aggregate mor-
phologies with specific diameters derived from the intrinsic
molecular curvature. This class of conjugated curved amphi-
pathic molecules has potential functions in aqueous elec-
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tronic devices as sensors and light harvesting systems but
also they would be compatible with biological systems like
living cells.

Experimental Section

General information: Starting materials were commercially available and
were used without further purification. Synthesis of compound 1 has
been described previously.”) Aldrich silica gel Merck grade 9385 (230—
400 mesh) was used for column chromatography, in combination with the
Teledyne Isco CombiFlash Companion with UV detection. All solvents
used for dry reactions were purified with the use of MBRAUN Solvent
purification system MB SPS-800. MilliQ-water and spectroscopic grade
solvents were used for measurements. 'H NMR spectra were recorded on
a Bruker Avance-400 spectrometer (at 400 MHz) or a Varian Inova-300
spectrometer (at 300 MHz), at 25°C. The splitting patterns are noted as
follows: s (singlet), d (doublet), dd (double doublet), t (triplet), q (quar-
tet), qt (quintet), m (multiplet) and brs (broad singlet). 13C NMR spec-
tra were recorded on a Bruker Avance-400 spectrometer (at 100 MHz)
or a Varian Inova-300 spectrometer (at 75 MHz). Multiplicity was deter-
mined by attached proton test (APT) and chemical shifts are given in 0
(ppm) referenced to the residual protic solvent peaks. Coupling constants
J, are given in Hz. GPC was performed on a Waters gel permeation chro-
matography machine, LC-8 A pump with a Waters dual A absorbance de-
tector (detection wavelength set on 254 and 360 nm). The column used
here was the reprogel PS-GPC 500, 5 um particle size dimensions 300 x
30 mm for preparative with a 6 mLmin~' flow and 2.5 mL injection
volume, for analytical the same column with dimensions 30 x8 mm was
used with a flow of 1 mLmin~' (THF) with 50 pl injection volume. Sur-
face Tension measurements were done on a setup by KRUSS FM40 Easy
Drop, consisting of a syringe pump and a CCD camera, at ambient tem-
perature. Isothermal titration calorimetry was done on a Microcal VP-
ITC micro-calorimeter apparatus at 20°C. For UV/Vis measurements an
AnalytikJena Specord 250 spectrometer was used equipped with a deute-
rium-lamp and a halogen-lamp. Quartz cuvets were used with path-
lengths varying from 10-0.1 mm. Fluorescence spectroscopy was done on
a Jasco J-815 CD-spectrometer equipped with a fluorescence monochro-
mator and detector, and an L-38 low wavelength filter (cut-off 380 nm)
placed between the sample and the detector. The cuvet used here was
quartz with dimensions 3 x3 mm. Dynamic light scattering was performed
on a ZetaSizer Nano series Nano-ZS by Malvern Instruments at 20°C.
For cryo-TEM, a few microliter of suspension was deposited on a bare
700 mesh copper grid. After blotting away the excess of liquid the grids
were plunged quickly in liquid ethane. Frozen-hydrated specimens were
mounted in a cryo-holder (Gatan, model 626) and observed in a Philips
CM 120 electron microscope, operating at 120 kV. Micrographs were re-
corded under low-dose conditions on a slow-scan CCD camera (Gatan,
model 794).

Preparation of compound 2: A solution of diisopropylamine (0.5 mL) in
anhydrous THF (20 mL) was cooled to —78°C. n-Butyllithium (1.75 mL,
2.8 mmol; 1.6M in hexane) was then added to the solution. The mixture
was then allowed to reach 0°C and was stirred at this temperature for
10 min. Then it was again cooled to —78°C and a solution of 1 (2.6 g,
2.6 mmol) in dry THF (30 mL) was added and the mixture was stirred
for 4h at —78°C. Then a solution trimethyltinchloride (SmL; 1M in
THF) was added and the mixture was further stirred at —78°C. After 3 h
the reaction mixture was allowed to slowly warm to room temperature
overnight. The mixture was quenched with water and extracted with
CH,Cl,. The organic phase was dried over MgSO, and the solvent was re-
moved in vacuo. Compound 2 was obtained as a yellow oil in 89 % yield
(2.7 g, 2.4 mmol). This compound was used without further purification.
'"H NMR (400 MHz, CDCLy): =0.37 (s, 9H), 0.38 (t, J*=24.0 Hz, 9H),
0.88 (t, J;=7.4Hz, 3H), 1.15-1.40 (m, 26H), 1.60-1.68 (m, 2H), 2.75 (t,
J;=7.8Hz, 2H), 3.37 (s, 6H), 3.54-3.63 (m, 4H), 3.66-3.76 (m, 28H),
4.56 (s, 2H), 4.64 (s, 2H), 6.98 (s, 1H), 7.18 (s, 1H,), 7.20 ppm (s, 1H).
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Preparation of compound 3: A solution of TBAF (10 mL; 1.0m in THF)
was added to a solution of compound 1 (2.6 g, 2.6 mmol) in THF (10 mL)
and the resulting mixture was stirred overnight. After removal of the sol-
vent the yellow oil was dissolved in water and of cationic ion-exchange
resin (DOWEX MAC-3; ca. 100 g ) was added and the suspension was
stirred until the water became colourless and the resin yellow. This was
then filtrated and washed several times with water to remove the TBAF.
After extensive rinsing, the product was released from the resin by wash-
ing with methanol to obtain pure compound 3 as a yellow oil in quantita-
tive yield (2.4 g, 2.6 mmol). '"H NMR (400 MHz, CDCL,): =0.87 (t, J;=
7.4 Hz, 3H), 1.15-1.40 (m, 26 H), 1.60-1.68 (m, 2H), 2.73 (t, J;=7.8 Hz,
2H), 3.37 (s, 6H), 3.54-3.63 (m, 4H), 3.66-3.76 (m, 28H), 4.55 (s, 2H),
4.64 (s, 2H), 6.99 (s, 1H), 7.08 (d, J,=1.3 Hz, 1H), 7.12 (d, J;=5.2 Hz,
1H), 7.19 (d, J5=5.6 Hz, 1H), 7.20 ppm (d, J,=1.3 Hz, 1H); "C NMR
(100 MHz, CDCl;): 6=13.99 (CHj;), 22.50 (CH,), 29.10 (CH,), 29.17
(CH,), 30.45 (CH,), 31.53 (CH,), 61.56 (CH,), 66.77 (CH,), 68.42 (CH,),
69.30 (CH,), 69.33 (CH,), 70.18 (CH,), 70.44 (CH,), 70.47 (CH,), 70.50
(CH,), 7245 (CH,), 122.84 (CH), 123.85 (CH), 126.04 (CH), 129.20
(CH), 130.03 (CH), 132.98 (C), 134.99 (C), 136.13 (C), 139.64 (C),
140.06 ppm (C); purity analyzed by GPC (UV/Vis): tp =507 s; MS: m/z
caled for CygH314040S1,: 912.49 (mono-isotopic); found: 935.5 [M+Na]™*.
Preparation of compound 4: N-Bromosuccinimide (0.5 g, 2.8 mmol) was
added to a solution of 3 (2.4 g, 2.6 mmol) in CH,Cl, (100 mL). The mix-
ture was stirred overnight, followed by removal of the solvent in vacuo.
The crude product was dissolved in cold heptane and filtered over celite.
After evaporation of the heptane, pure compound 4 was obtained as a
yellow oil in quantitative yield (2.6 g, 2.6 mmol). 'H NMR (400 MHz,
CDCLy): 0=0.87 (t, J;=7.4Hz, 3H), 1.15-1.40 (m, 26H), 1.60-1.68 (m,
2H), 2.67 (t, J;=8.0 Hz, 2H), 3.34 (s, 6H), 3.49-3.54 (m, 4H), 3.58-3.68
(m, 28H), 4.48 (s, 2H), 4.60 (s, 2H), 6.97 (s, 1H), 6.99 (s), 7.10 (d, J3=
5.2 Hz, 1H), 7.17 ppm (d, J;=5.2 Hz, 1H).

Preparation of compound 5: A solution of 4 (2.4g, 2.4 mmol) and
palladium(tetrakis)triphenylphosphine (1.0 g, 0.9 mmol) in DMF/toluene
(20 mL; 50:50) was prepared under a nitrogen atmosphere and stirred for
20 min. A solution of 2 (2.7 g, 2.4 mmol) in DMF/toluene (5 mL; 50:50)
was added and the resulting mixture was heated at 110°C overnight. The
solvent of the reaction mixture was removed in vacuo and the crude
product was purified by column chromatography (reverse phase C18-
silica, flushing with acetonitrile removed impurities, flushing with CH,Cl,
gave pure compound). This gave pure compound 5 as a red oil in 81 %
yield (3.6 g, 1.9 mmol). '"HNMR (400 MHz, CDCL): 6=0.36 (s, 9H),
0.85 (t, J;=7.4 Hz, 6H), 1.15-1.40 (m, 52H), 1.60-1.68 (m, 4H), 2.75 (m,
J;=7.8Hz, 4H), 3.32-3.38 (m, 12H), 3.54-3.63 (m, 8H), 3.66-3.76 (m,
S56H), 4.55 (s, 2H), 4.64 (brs, 6H), 6.99 (s, 1H), 7.03 (s, 1H), 7.11 (d, J;=
5.2 Hz, 1H), 7.15 (s, 1H), 7.17 (d, J5=5.2 Hz, 1H), 7.19 (s, 1H), 7.21 ppm
(s, 1H).

Preparation of compound 6: Compound 5 (0.74 g, 0.39 mmol) was stirred
overnight in 10 mL THF with added, 0.5 mL of a 1.0m TBAF solution in
THEF. After removal of the solvent the red oil was dissolved in water and
about 100 g of cationic ion-exchange resin (DOWEX MAC-3) was added
and the suspension was stirred until the water became colorless and the
resin red. This was then filtrated and washed several times with water to
remove the TBAF. After extensive rinsing, the product was released
from the resin by washing with THF to obtain the pure title compound
as a red oil in quantitative yield (0.71 g, 0.39 mmol). '"H NMR (400 MHz,
CDCly): 0=0.87 (t, J5=7.4 Hz, 6H), 1.15-1.40 (m, 52H), 1.60-1.68 (m,
4H), 2.75 (m, J;=7.8 Hz, 4H), 3.32-3.38 (m, 12H), 3.54-3.63 (m, 8H),
3.66-3.76 (m, 56H), 4.55 (s, 2H), 4.63 (s, 2H), 4.64 (brs, 4H), 7.00 (s,
1H), 7.04 (s, 1H), 7.09 (s, 1H) , 7.13 (d, J5=52Hz, 1H), 7.15 (s, 1H),
718 (d, J;=52Hz, 1H), 720 ppm (brs, 2H); "CNMR (75 MHz,
CDCl;): 6=14.06 (CH;), 22.62 (CH,), (CHj3), 29.30 (CH,), 29.61 (CH,),
29.66 (CH,), 31.86 (CH,), 66.88 (CH,), 68.52 (CH,), 69.42 (CH,), 69.55
(CH,), 70.54 (CH,), 70.59 (CH,), 71.87 (CH,), 122.89 (CH), 123.94 (CH),
126.10 (CH), 128.52 (CH), 129.35 (CH), 130.12 (CH), 130.69 (C), 131.52
(0), 13252 (C), 132.87 (C), 133.23 (C), 133.28 (C), 133.83 (C), 134.15
(0), 134.64 (C), 13522 (C), 135.58 (C), 135.66 (C), 136.11 (C), 139.83
(C), 140.30 (C), 140.40 ppm (C); purity analyzed by GPC (UV/Vis), : tr=
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485's; MS: m/z caled for CosH;530,0Ss: 1822.97 (mono-isotopic); found:
930.2 [M+2NH,]**; 932.5 [M+Na+NH,]*".

Preparation of compound 7: A solution of diisopropylamine (0.15 mL) in
anhydrous THF (5 mL) was cooled to —78°C. n-Butyllithium (0.22 mL,
0.35 mmol; 1.6M in hexane) was then added. The mixture was then al-
lowed to reach 0°C and was stirred at this temperature for 10 min. Then
it was again cooled to —78°C and a solution of 5 (0.66 g, 0.35 mmol) in
dry THF (10 mL) was added and the mixture was stirred for 4 h at
—78°C. Then a solution of trimethyltinchloride (0.5 mL, 1m in THF) was
added and the mixture was further stirred at —78°C. After 3 h the reac-
tion mixture was allowed to slowly warm to room temperature overnight.
The mixture was quenched with water and extracted with CH,Cl,. The
organic phase was dried over MgSO, and the solvent was removed in
vacuo. Compound 7 was obtained as a red oil in 82% yield 0.58 g
(0.28 mmol). This compound was used without further purification.
'"H NMR (300 MHz, CDCL): §=0.36 (s, 9H), 0.38 (s, 9H), 0.85 (t, J;=
7.4 Hz, 6H), 1.15-1.40 (m, 52H), 1.60-1.68 (m, 4H), 2.78 (m, J;=7.8 Hz,
4H), 3.32-3.38 (m, 12H), 3.54-3.63 (m, 8H), 3.66-3.76 (m, S6H), 4.57 (s,
2H), 4.64 (brs, 6H), 7.03 (s, 1H), 7.08 (s, 1H), 7.16 (s, 1H), 7.19 (d, J;=
5.2 Hz, 1H), 7.21 (s, 1H), 7.22 ppm (s, 1H).

Preparation of compound 8: N-bromosuccinimide (0.07 g, 0.4 mmol) was
added to a solution of 6 (0.69 g, 0.38 mmol) in CH,Cl, (10 mL). The mix-
ture was stirred overnight. After completion the solvent was removed in
vacuo. The crude was solubilised in cold heptane and filtered over celite.
After the evaporation of heptane, compound 8 was obtained in quantita-
tive yield as a red oil (0.72g, 0.38 mmol) was obtained. 'H NMR
(400 MHz, CDCLy): 6=0.85 (t, J5=7.4Hz, 6H), 1.15-1.40 (m, 52H),
1.60-1.68 (m, 4H), 2.75 (m, J;=7.8 Hz, 4H), 3.32-3.38 (m, 12H), 3.54-
3.63 (m, 8H), 3.66-3.76 (m, S6H), 4.55 (s, 2H), 4.64 (brs, 6H), 7.01 (s,
1H), 7.02 (s, 1H), 7.04 (s, 1H), 7.17 (d, J5=5.2 Hz, 1H), 7.18 (s, 1H),
7.21 (d, J5=5.2Hz, 1H), 7.22 ppm (s, 1 H).

Preparation of compound 10: A solution of 8 (0.70 g, 0.37 mmol) and
palladium(tetrakis)triphenylphosphine (0.2 g, 0.2 mmol) in DMF/toluene
(10 mL 50:50) was prepared under a nitrogen atmosphere and stirred for
20 min. A solution 7 (0.58 g, 0.28 mmol) in DMF/toluene (50/50) was
added and the resulting mixture was heated at 110°C overnight. The sol-
vent of the reaction mixture was removed in vacuo and the crude was pu-
rified by column chromatography (reverse phase C18-silica, flushing with
acetonitrile removes impurities, flushing with CH,Cl, gives mixture of
compounds, that is, compound 9, starting materials, and side-products. It
was chosen first to remove the TMS group and then continue purification
in order to minimize the number of possible compounds. To this extent
crude 9 (1.3 g) was stirred overnight in a solution of TBAF (0.5 mL, 1.0m
solution in THF) in THF (10 mL). After removal of the solvent the dark
red oil was dissolved in water and a cationic ion-exchange resin
(DOWEX MAC-3) was added and the suspension was stirred until the
water became colorless and the resin red. This was then filtrated and
washed several times with water to remove the TBAF. After extensive
rinsing, the product was released from the resin by washing with THF to
obtain 1.0 g crude product as a dark red oil after removal of the solvent.
The crude product was purified by GPC (Repro-Gel PS, 5 um. 500 A,
THF), which allowed isolation of compound 10 as a dark red oil, in 14 %
yield (150 mg, 0.04 mmol). 'H NMR (400 MHz, CDCly): 6=0.87 (t, J;=
7.4 Hz, 12H), 1.15-1.40 (m, 104H), 1.60-1.68 (m, 8H), 2.79 (brs, 8H, J;=
7.8 Hz), 3.32-3.38 (m, 24H), 3.54-3.63 (m, 16H), 3.66-3.76 (m, 112H),
4.56 (s, 2H), 4.61-4.69 (brs, 14H), 7.01 (s, 1H), 7.05 (s, 1H), 7.07 (s, 1 H),
7.09 (s, 1H) , 7.14 (d, J5=5.2 Hz, 1H), 7.16-7.24 ppm (overlapping thio-
phene protons, 9H); *C NMR (75 MHz, CDCL): §=14.06 (CH;), 22.62
(CH,), (CH,), 29.30 (CH,), 29.61 (CH,), 29.66 (CH,), 31.86 (CH,), 66.88
(CH,), 68.52 (CH,), 69.42 (CH,), 69.55 (CH,), 70.54 (CH,), 70.59 (CH,),
71.87 (CH,), 128-142 ppm (clusters of overlapping signals of 14 CH and
34 C); purity analyzed by GPC (UV/Vis): tr =438 s; ESI-TOF: m/z calcd
for C9,H31404S1,; 3643.92 (mono-isotopic) found: 1844.9081 [M+2Na]**
1237.6293 [M+3Na*]**, calculated from this gives Mw: 3643.8 (mono-iso-
topic).
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