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devices. Here we present a very easy synthetic method to
produce a large number of well-defined block copolymers and
polyurethane elastomers containing regioregular polythiophenes. Despite having low percentages of regioregular
polythiophenes, these new copolymers have very high conductivities (of the order of a few S cm 1) and form very well
defined nanowires that reach lengths in the micron range. In
addition, we have found that simply changing the solvent or
evaporation conditions allows us to control the nanowire
formation and the electrical conductivity of the block
copolymer.
The synthesis of diblock copolymers of head-to-tail-coupled poly(3-alkylthiophenes) (HT-PATs) can be accomplished
by first preparing a well-defined PAT (polydispersity index
(PDI)  1.2) with 95 % of its end groups[9] containing one
proton and one bromine atom (2; Scheme 1). The method[10]
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thiophene derivative 5 and [Ni(dppp)Cl2] (dppp  propane1,3-diylbis(diphenylphosphane)) to yield polymer 6.[12] Deprotection of 6 leads to HT-PHT with one hydroxyl end group
(7),[12] as verified by NMR and MALDI-MS analysis. The
hydroxy-terminated PHT (7) was further modified by reaction with 2-bromopropionyl bromide to generate an atom
transfer radical polymerization (ATRP)[13] macroinitiator
(8).[14] Diblock copolymers (for example, 9) containing PHT
can be prepared by the ATRP ™living∫ free-radical polymerization method developed by Matyjaszewski and co-workers
to produce a wide variety of conventional polymers. As an
example, we have made polyhexylthiophene ± polystyrene
(PHT-PS; 9 a) and polyhexylthiophene ± polymethylacrylate
(PHT-PMA; 9 b) by ATRP using 8 as the initiator, styrene or
methyl acrylate as the monomer, and CuBr/N,N,N',N',N''pentamethyldiethylenetriamine (PMDTA) as the catalyst[15]
(Scheme 1). The percentage of the PS or PMA block is
completely controlled by the feed ratio of the monomers, as
confirmed by NMR spectroscopy and size-exclusion chromatography.[16] High molecular weights and low polydispersities
are produced by the combination of using the HT-PHT
macroinitiator (8) with a low PDI and the ™living∫ nature of
the ATRP method.
In addition, regioregular HT-PHT can be functionalized on
both the a and w ends, which allows for the synthesis of PS
and PMA triblock copolymers and polyurethane elastomers
containing HT-PHT (Scheme 2). Regioregular PHT 10 with a
mixture of end groups[6, 11] is debrominated by a Grignard
metathesis reaction and quenched with water to yield 11.[9] A
Vilsmeier reaction on 11 gives polymer 12 as determined by
MALDI-MS. The aldehyde end groups on 12 are reduced with
LiAlH4 to yield a PHT terminated by hydroxymethyl groups
(13). Analysis of the product by MALDI-MS unambiguously
proves the incorporation of the hydroxylmethyl group to both
ends of the polymer chains. We have prepared well-defined
triblock copolymers PS-PHT-PS (16 a) and PMA-PHT-PMA
(16 b) of high molecular weight with low polydispersities from
the common polymer (15)[15] by using ATRP with styrene or
methyl acrylate as the monomer.[16] Again the percentages of
PS or PMA corresponded to the feed ratio of the monomer. In
addition, polymer 13 is easily converted[17] into polyurethane
elastomers (14).

Thin films of all the polymers (PHT-PS (9 a), PHT-PA (9 b),
polyurethane elastomers (14), PS-PHT-PS (16 a), and PAPHT-PA (16 b)) were generated by the slow evaporation of
toluene solutions to give magenta to purple films with
excellent mechanical properties. These films were oxidized
by exposure to I2 vapor to give multifunctional polymers with
high electrical conductivities (Table 1), as determined by fourpoint probe conductivity measurements. Surprisingly high
Table 1. Conductivity of block copolymers containing HT-PHT.
PS-PHT diblock copolymers (9 a)
wt % of HT-PHT[a]
100 %
37 %
22 %
16 800
30 200
41 400
average Mn[b]
1.28
1.31
1.32
Mw/Mn[b]
conductivity [S cm 1]
110
4.7
0.08
PS-PHT-PS triblock copolymers (16 a)
wt % of HT-PHT[a]
100 %
52 %
26 %
17 900
25 500
38 100
average Mn[b]
1.23
1.21
1.25
Mw/Mn[b]
96
5.3
0.43
conductivity [S cm 1]
PA-PHT-PA triblock copolymers (16 b)
100 %
45 %
18 %
wt % of HT-PHT[a]
17 900
29 700
50 400
average Mn[b]
1.23
1.29
1.41
Mw/Mn[b]
96
3.3
1.6
conductivity [S cm 1]
Polyurethane (14)
wt % of HT-PHT
10 %
6.40 %
0.13
0.048
conductivity [S cm 1]

14 %
53 400
1.45
0.14
7.7 %
93 600
1.51
0.05
10 %
72 300
1.66
0.076
0.60 %
4.6  10

5

[a] Determined by 1H NMR spectroscopy. [b] Determined by GPC with
polystyrene as standard.

electrical conductivities were found in all of the copolymer
samples. While many copolymers containing conjugated
polymers and other polymers and blends have been prepared,
no one has reported conductivity values near to those
reported here (Table 1). While 100 % HT-PHT has a conductivity of 110 S cm 1, a block copolymer of PHT-PS (9 a)
containing 37 % HT-PHT has a conductivity of about 5 S cm 1.
The conductivity drops down to 0.1 S cm 1 for samples
containing approximately 22 % of HT-PHT or less. The
conductivity of the block copolymers largely depends on the
ratio of the conducting and nonconducting blocks and is
related to the structural assembly. The PS-PHT-PS triblock
copolymers (16 a) have conductivities as high as 5 S cm 1 for a
sample with 52 % PHT. Our conducting
polyurethane copolymers (14) exhibit
C6H13
C6H13
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(in the 10 4 S cm 1 range).[18] All of our
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CuBr, PMDTA, 90 °C
PEG (Mn = 1,500)
block copolymers also have excellent
film-forming and good mechanical proppolyurethane elastomer
ABA triblock copolymers
erties including elasticity in the polyur14
16 a: PS-PHT-PS
ethane samples.
16 b: PMA-PHT-PMA
We have found that thin and ultrathin
Scheme 2. Synthesis of triblock polymers and polyurethane elastomers. PEG  polyethyleneglycol,
PMDTA  N,N,N',N',N''-pentamethyldiethylenetriamine.
films these block copolymers containing
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that thin and ultrathin films prepared by spin-coating from
polythiophene that were prepared by casting from toluene
chloroform had distinctly different, ™uninteresting∫, morpholfollowed by free evaporation of a solvent reproducibly selfogy without any indications of long-range order (Figure 3).
assembled into very well-defined ™nanowires∫ spaced laterSuppression of the formation of nanowires under these
ally by 30 ± 40 nm (which corresponds to a fully extended HTconditions may be pointing to the key role of the intrinsic
PHT block) with lengths on the order of micrometers
self-assembly of polythiophene: this process might have been
(Figure 1). Lower percentages of PHT also lead to similar
kinetically suppressed here because of the high rate of
morphologies as found in drop-cast films, however, a clear
solidification associated with spin-coating from a highly
dilution factor of the PHT is observed. As an example, an
volatile solvent. This kinetic argument was further supported
atomic force micrograph (AFM) micrograph of a PS-PHT
by experiments in which thin films were again cast from
(9 a) sample is shown (Figure 2), where the weight percentage
of PHT is 37 % and the film was cast
from a 0.5 mg mL 1 solution in toluene. The samples were then imaged using the variable-tapping
force technique (developed in recent years) with the purpose of using
tapping-mode AFM to study mechanical properties of materials at
the
nanoscale.[19]
Interestingly,
™nanowires∫ were clearly discernible only under ™hard tapping∫ conditions (tens to hundreds nanonewtons) and were barely identifiable
when imaged with forces of the
Figure 1. ™Nanowire∫ morphology in poly(3-hexylthiophene)-b-poly(styrene) copolymers solvent-cast
order of just a few nanonewtons.
from toluene and visualized with tapping-mode AFM. Left: height; right: phase (see text). These and
The formation of a ™nanowire∫
subsequent images use gray-scale coding, with darker tones corresponding to lower values (for example,
structure is undoubtedly dictated
lower heights.)
by the immiscibility of polystyrene
and poly(3-hexylthiophene). Under
such circumstances nanowires can
be predicted to have a core ± shell
architecture, with the minority component (polythiophene) constituting the core. Such a sheathed structure is indeed consistent with our
variable-force experiments. Under
™light tapping∫ conditions, the tip ±
sample force is not high enough to
penetrate through the outer sheath
of the nanowires. Since the polystyrene segments in the sheath can mix
Figure 2. Under ™light tapping∫ conditions (top) only the outer, partially overlapping shells of aggregates
are visualized and the nanowire morphology is not apparent. In contrast, under ™hard tapping∫ conditions
with the chains from adjacent ag(bottom), the probe interacts with the outer shells with sufficient force to ™sense∫ the presence of rigid
gregates, the boundaries between
poly(3-alkylthiophene) cores.
nanowires are not well resolved. In
contrast, under ™hard tapping∫ conditions the probe ± sample force is
high enough to deform the outer
sheath and ™sense∫ the presence of
a rigid core. These structures have
also been observed in transmission
electron microscopy (TEM) experiments as well.
The strong tendency of regioregular poly(alkylthiophenes) to selfassemble into stacked aggregates
raises a question about the role of
this intrinsic self-assembly in the
formation of nanowires. An imporFigure 3. Tapping-mode AFM images of ultrathin films of poly(3-hexylthiophene)-b-poly(styrene) spintant observation in this regard is
coated from chloroform. Left: height; right: phase.
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toluene, but under a stream of nitrogen. Under these
accelerated evaporation conditions the formation of nanowires was also totally suppressed.
The nanowire morphologies found in block copolymers[20]
of regioregular poly(alkylthiophenes) points to the possibility
of guiding the intrinsic self-assembly of sufficiently regular
conjugated polymer chains by coupling them chemically to
incompatible segments. In the simplest case, the obtained
structure is the result of interplay between different driving
forces of self-assembly (p stacking versus phase separation).
To rephrase this point, the free-energy landscape of rigid
conjugated molecules has few deep local minima as a result of
strong p interactions which cannot be easily explored under
normal conditions. Thus, the molecules are easily trapped in
the states with a high degree of local stacking, but at the same
time there is a high concentration of defects that adversely
affects the bulk properties. Copolymerization with incompatible flexible segments brings into play competing driving
forces of self-assembly that result in ™more interesting∫ and
easier to explore free-energy landscapes. Identifying the
overall features of those energy landscapes may give us the
ability to exercise control of the resulting nanostructures, and
effectively pave the way to applications of conjugated
polymers as building blocks for future nanoscale and molecular level electronic devices.
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