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Introduction

Soluble polythiophene derivatives, such as poly(3 alkylthio-
phenes) (P3ATs), have broad application in organic electromcs
because they transport holes efficiently (1, ~0.1—1cm? V™'s ™),
are processable into films from many organic solvents, and they
exhibit relatively low band | gaps (E;~1.9eV) that can be tuned by
chemical modification.' ™ In particular, thiophene-containing
electron donor polymers in combination with electron-accepting
fullerenes are employed widely in high performance, bulk hetero-
junction (BHJ) organic photovoltaic cells (OPVs) that exhibit
power conversion efficiencies as high as ~5—6%.°~’ Because the
photoexcited electron—hole pairs (excitons) in BHJ OPVs dis-
sociate into free charge carriers most usefully at the electron
donor—acceptor interfaces, the morphology of polythiophene/
fullerene active layers is crucial to device performance.® So far,
however, the microstructures of BHJ films have largely been
empmcally mampulated by controlling coatmg and postprocess-
ing conditions™~'? of the active organic layer.

In contrast, block copolymers can self-assemble into domains
with dimensions on the order of the exciton diffusion length
(Lg ~20 nm), and thus many groups have synthesized semicon-
ducting block copolymers with the aim to control systematically
the morphology of active layers in OPVs.'*!¥ The phase behavior
of P3AT-containing block copolymers is consequently of increas-
ing interest.'> %’ Obtaining long-range, well-ordered microstruc-
tures in diblock and triblock copolymers composed of polythio-
phene and a coil-like polymer has proven difficult to achieve in
practice. To date, only poly(3-hexylthiophene)-b-poly(2-vinyl-
pyridine) (P3HT—P2VP) has been shown to form well ordered
microstructures, and this occurred only after specific solvent
annealing conditions were employed.'® Generally, the lack of
long-range order is attributed to the crystallization of the highly
regioregular polythiophene moiety; crystallization dominates the
phase behavior. The regioregular, semicrystalline polythloghenes
generated by the Grignard metathesis (GRIM) method?
desirable due to their enhanced optoelectronic properties relatlve
to their regiorandom, noncrystalline counterparts. However,
amorphous (or low melting temperature) polythiophenes may
prove more useful in generating ordered block copolymer micro-
structures, as has been the case with PPV-based rod—coil block
copolymers.**~3*

Here we report the synthesis of polylactide-b-polythiophene-
b-polylactide block copolymers (PLA—PT—PLA) by the con-
trolled polymerization of p,1-lactide®> ™’ from hydroxyl-termi-
nated telechelic polythiophenes (HO-PT-OH). Polylactide was
chosen asit can be selectlvely etched from a polythiophene matrix
to yield a nanoporous film** that subsequently could be filled
with an electron-accepting material for OPV applications.*

*To whom correspondence should be addressed. E-mail: frisbie@
cems.umn.edu (C.D.F.), hillmyer@umn.edu (M.A.H.).

pubs.acs.org/Macromolecules Published on Web 03/05/2010

We synthesized three distinct series of PLA—PT—PLA block
copolymers: regioregular poly(3-dodecylthiophene) (PLA-ReP3-
DDT-PLA), regiorandom poly(3-hexylthiophene) (PLA-RaP3-
HT-PLA), and poly(3-dodecylthiophene-co-thiophene) (PLA-coPT—
PLA). We demonstrate that this general postpolymerization
functionalization of regioregular polythiophene homopolymers
can be extended to generate regioirregular polythiophenes and
thiophene statistical copolymer macroinitiators.

Results and Discussion

The syntheses of the PLA—PT—PLA triblock copolymers are
shown in Scheme 1. The synthetic strategy utilized to generate the
hydroxyl-functionalized polythiophenes is similar to that pre-
viously outlined by Liu and McCullough.* Here, we have
expanded this protocol to include nonregioregular polythiophenes
and have used the HO-PT-OH macroinitiators to generate ABA-
type triblock copolymers.*” The polythiophene midblocks in-
corporate specific physical properties into the triblocks. Regio-
regular poly(3-dodecylthiophene) was chosen because the melting
temperature of the more common regioregular P3HT is above the
thermal degradation temperature polylactide; thus, the use of
P3DDT allowed annealing of the PLA-ReP3DDT-PLA block
copolymers above the melting temperature of P3DDT but below
the degradation temperature of PLA.***' In the regiorandom
midblock case, we chose poly(3-hexylthiophene) even though this
block has a larger band gap and ~10% of the hole mobility of
regioregular P3HT.* On the positive side, phase separation in this
block copolymer system would not be influenced by crystallization
of the semiconducting block. Previous work with copolymerized
thiophene and 3-dodecylthiophene monomers has shown that
these materials have little to no crystallinity.* Importantly, similar
materials to the coPT midblock used in this work showed reason-
able power conversion efficiencies in typical BHJ solar cells.*’
Thus, PLA-coPT-PLA may play an important role in generating
well-ordered semiconducting microstructures that are not in-
fluenced by crystallization of the midblock but are capable of
efficient charge transport.

The end groups of regioregular, regiorandom, and copoly-
merized P3ATs were converted into nonfunctionalized (i.e.,
H-terminated) end groups (PT) through the use of the halogen—
magnesium exchange reaction followed by hydrolysis. PT polymers
were converted to the bis-aldehyde polymers (HCO-PT-COH)
using a Vilsmeier transformation* and were subsequently re-
duced with LiAlHy4 to the hydroxyl-terminated polythiophenes.
HO—PT—OH polymers were used as macroinitiators for the tin
octanoate [Sn(oct),]-catalyzed ring-opening polymerization
(ROP) of p,L-lactide** to give atactic PLA end blocks.*” Note
that ReP3DDT- and RaP3HT-based block copolymers have
no unsubstituted thiophene repeat units (m = 0) while coPT has
10 unsubstituted thiophene units on average (m = 10) (see
Scheme 1).
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The PLA chain lengths could be tuned through stoichiometry
and conversion. PLA—PT—PLA block copolymers were synthe-
sized from the three parent macroinitiators, HO-ReP3DDT-OH,
HO-RaP3HT-OH, and HO-coPT-OH (Table 1). The molecular
weights of the polymers were determined using '"H NMR spec-
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report.® The inset of Figure 1 illustrates the difference in
chemical shift and splitting patterns for the three different types
of aromatic protons present in the regioregular, regiorandom,
and copolymer thiophene blocks. As expected, the resonances at

troscopy end-group analysis. ReP3DDT and coPT were synthe- PLA-PT-PLA

sized using the GRIM method, leading to polythiophenes with o] e

relatively narrow molecular weight distributions (M,,/M,,) by SEC. H(‘oje)L)o \s ) \s y o O’)H

However, the mechanism used to generate RaP3HT leads to poly— P " e b P

thiophenes with polydlspersr[y indices typically greater than 3.% f R f
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copolymers are shown in Figure 1; the main-chain polythiophene —/‘“’;kg_ ’ :
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Figure 1. Representative '"H NMR spectra of the PLA-ReP3DDT-
PLA, PLA-RaP3HT-PLA, and PLA-coPT—PLA block copolymer
series. The inset shows a magnified view of the region of interest for
aromatic protons. The unlabeled peaks upfield of 6 = 3 ppm are due to
the protons on the alkyl side chains. The polymers were dissolved in

PLA-PT-PLA deuterated chloroform and spectra were recorded at room temperature.
Table 1. Characterization of PLA—PT—PLA Samples
M, (kg/mol) T, (°C) Ty (°C)

sample” PT PLA M| M© wpr! PT PLA PT crystallinity’ (%)
HO-ReP3DDT-OH 21.0 1.9 —-10 156 16
PLA-ReP3DDT(0.72)-PLA(8) 21.0 8.1 2.2 0.72 -8 54 157 4
PLA-ReP3DDT(0.39)-PLA(33) 21.0 33.1 2.0 0.39 -9 56 160 5
PLA-ReP3DDT(0.37)-PLA(35) 21.0 34.6 1.9 0.37 -8 58 159 3
HO-RaP3HT-OH 12.5 4.6 14
PLA-RaP3HT(0.56)-PLA(11) 12.5 11.0 3.6 0.53 16 48
PLA-RaP3HT(0.46)-PLA(14) 12.5 14.4 4.4 0.46 17 53
PLA-RaP3HT(0.35)-PLA(24) 12.5 235 4.9 0.35 15 50
HO-coPT-OH 5.8 1.7 25
PLA-coPT(0.82)-PLA(1.3) 5.8 1.3 2.1 0.82 e 39
PLA-coPT(0.77)-PLA(1.7) 5.8 1.7 2.0 0.77 e 41
PLA-coPT(0.59)-PLA(4.0) 5.8 4.0 1.8 0.59 e 45
PLA-coPT(0.14)-PLA(35.7) 5.8 357 1.5 0.14 e 50

“HO-ReP3DDT-OH is the homopolymer of the polylactide-b-regioregular poly(3-dodecylthiophene)-b-polylactide series symbolized by PLA-
ReP3DDT(X)-PLA(Y), where X is the weight fraction of polythiophene present in the polymer and the PLA has a molecular weight of Y kg/mol.
HO-RaP3HT-OH is the homopolymer of the polylactide-b-regiorandom poly(3-hexylthiophene)-b-polylactide series symbolized by PLA-RaP3HT(X)-
PLA(Y), where X is the weight fraction of polythiophene present in the polymer and the PLA has a molecular weight of ¥ kg/mol. HO-coPT-OH is the
homopolymer of the polylactide-b-poly(3-dodecylthiophene-co-thiophene)-b-polylactide series symbolized by PLA-coPT(X)-PLA(Y), where X is the
weight fraction of polythiophene present in the polymer and the PLA has a molecular weight of ¥ kg/mol. ” As determined by 'H NMR spectroscopy.
¢ As determined by SEC versus polystyrene standards. “wpr = M,(PT)/[M,(PLA)+ M,(PT)]. The weak glass transition signal from the polythiophene
block is masked by the polylactide block glass transition signal in the coPT series of polymers.” As determined by the ratio of the enthalpy of melting for
the P3DDT fraction of the sample relative to the infinite enthalpy of melting reported in the literature for the P3DDT (AH,,,~ = 55 J/g).*°
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0 ~ 2.8 ppm associated with the o-carbon protons of the alkyl
chains also differ between the three types of polythiophene
blocks.*® The end groups of HO-PT-OH macroinitiators and
PLA—PT-PLA triblock copolymers were also monitored
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Figure 2. WAXS spectra of the HO-PT-OH homopolymers and the
semicrystalline PLA-ReP3DDT-PLA triblock copolymers. The promi-
nent lamellae reflections are marked for the semicrystalline samples.
Note that all of the ReP3DDT samples exhibit sharp, prominent (100)
and (200) reflections while the amorphous samples do not; this confirms
the lack of melting endotherms in the DSC data. No annealing
treatments were performed prior to acquiring these data.

Note

(Figure S1). The resonance associated with the methylene
end group protons at 0 ~ 4.8 ppm in HO-PT-OH is no longer
observed upon PLA addition presumably because this reso-
nance has approximately the same chemical shift as one of the
main chain PLA protons (e in Figure 1, 6 ~ 5.2 ppm). Upon
addition of PLA, a triplet, corresponding to the terminal
repeat units of the PLA chains, at 0 ~ 4.4 ppm was observed
(Figure S1). Integration of these resonances shows complete
conversion of HO-PT-OH to PLA—PT—PLA, which is con-
sistent with clear shifts to higher elution volumes in the SEC
data for the triblock copolymers relative to the HO-PT-OH
homopolymers (Figure S2).** These data indicate that the
postpolymerization functionalization and subsequent p,L-lactide
polymerization strategy shown in Scheme 1 is robust and can
be used to generate a wide variety of polythiophene-based
triblock copolymers.

Differential scanning calorimetry (DSC) data showed both
main-chain and side-chain melting transitions for the PLA-
ReP3DDT-PLA series of block copolymers,™ but no melting
transitions were observed for the HO-RaP3HT-OH or HO-coPT-
OH polymers (Figure S3). This lack of crystalline order was
confirmed by wide-angle X-ray scattering (WAXS) experiments.
Figure 2 shows that clear (100) and (200) reflections associated
with crystalline lamellae (orthogonal to the z-stacking direction)
of regioregular poly(3-dodecylthiophene) are present in all of the
PLA-ReP3DDT-PLA samples, even at 63 wt % PLA. On the
other hand, only broad signals are present in the HO-RaP3HT-
OH and HO-coPT-OH cases indicating amorphous structures.
The broad reflections at lower (¢;) and higher (¢,) angles are
associated with lamellar and w—u interchain stacking, respec-
tively.’'? As expected, the interchain s-stacking spacing is
approximately the same for the RaP3HT and coPT as the
structure of the polythiophene backbone rings remains nearly
unchanged between the two cases. However, the ¢, reflection of
RaP3HT appears at a lower ¢ value than the coPT polymer,
which suggests that the lack of alkyl substitution on every
thiophene repeat unit allows the polythiophene lamellae to pack
closer together in the copolymerized thiophene case.

Preliminary thin film studies imply that the composition of the
polythiophene block can influence the microstructures observed
using atomic force microscopy (Figure 3). PLA-coPT(0.82)-
PLA(1.3) and PLA-coPT(0.77)-PLA(1.7) self-assembled into
lamellar-like structures. However, the thin film of PLA-coPT-
(0.14)-PLA(35.7) shows phase-separated domains with curved
interfaces on the order of the exciton diffusion length (Figure 3c).
These results suggest that the synthesis of block copolymers
containing regiorandom or copolymerized thiophenes and a
sacrificial block could be useful in developing polythiophene

Figure 3. AFM thin film phase images of (a) PLA-coPT(0.82)-PLA(1.3), (b) PLA-coPT(0.77)-PLA(1.7), and (c) PLA-coPT(0.14)-PLA(35.7). The
insets show the fast Fourier transforms (FFTs) of the acquired phase images. Integration of the FFTs indicated domain spacings of 20, 21, and 19 nm
forimages a, b, and c, respectively. The AFM image (not shown) acquired for PLA-coPT(0.59)-PLA(4.0) had no discernible domain spacing. The films
were spun-coat from 10 mg of polymer in I mL of 1,2-dichlorobenzene solutions onto glass substrates at a rotation rate of 1000 rpm for 1 min. Final film
thicknesses were all 20 £+ 4 nm as measured by AFM. The films were annealed at 150 °C in inert atmosphere for 10 min. The phase scale for (a) and (c) is
20°, and the phase scale for (b) is 15°. The RMS roughness value for the glass substrates was ~1.5nm overa 10 x 10 um? area, as measured using the AFM.
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films for ordered bulk heterojunction photovoltaics where the
microstructures are not dominated by the crystallization of the
polythiophene moiety.

Conclusions

We have demonstrated the synthesis of polylactide-b-poly-
thiophene-b-polylactide triblock copolymers from a variety of
difunctional polythiophene-based macroinitiators. This protocol
was applicable to polythiophene blocks with differing regio-
chemistries and comonomer contents. DSC and powder X-ray
scattering indicated the regiorandom poly(3-hexylthiophene) and
copolymerized poly(3-dodecyl-co-thiophene) macroinitiators
were amorphous. Initial studies suggest that block copolymers
synthesized from regiorandom or copolymerized polythiophenes
phase separate into morphologies not dominated by the crystal-
lization of the polythiophene block, as opposed to the case of
block copolymers containing a regioregular polythiophene moi-
ety. This phase behavior could prove useful in controlling the
long-range microstructures of the active layers in organic photo-
voltaic devices.
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