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In this paper, we describe the design and characterization of regioregular poly(3-hexylthi-
ophene)-poly(e-caprolactone) di- and tri-block copolymers (RRP3HT-b-PCL and PCL-b-
RRP3HT-b-PCL). The well-controlled synthesis of (di)hydroxyl-terminated RRP3HT makes
possible to design block copolymer structures with a narrow molecular weight distribu-
tion. The microscopic morphology is investigated by atomic force microscopy, which
reveals self-assembled fibrillar structures with the RRP3HT nanoribbons separated by nar-
row domains of insulating PCL. The charge transport properties are characterized in thin
films field-effect transistors, and comparison between the devices performances is carried
out in view of the nanoscale morphology within the transistor channel.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Regioregular poly(3-alkylthiophene)s (RRP3AT) [1] con-
stitute a landmark as organic semiconductors because of
their high charge carrier mobility in field-effect transistors
(FET) [2,3] and their extensive use in the fabrication of or-
ganic photovoltaic diodes for solar cells applications
(mostly in bulk heterojunction architectures with fullerene
derivatives [4-8]). Recently, various copolymers contain-
ing a polythiophene segment have been designed in order
to obtain novel materials combining good charge transport
properties with superior or novel properties in terms of
solubility or amphiphilic character, or compatibility with
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molecules such as fullerene derivatives or carbon nano-
tubes [9-14]. In this context, combining a (semi-)rigid
RRP3AT block with insulating flexible block(s) could yield
interesting materials, often referred to as “rod-coil” block
copolymers. This type of copolymers can generate unique
solid-state morphologies resulting from the nanoscale
phase-separation of the different blocks, and could lead
to tailored electronic and photonic materials [15-20]. This
“rod-coil” block copolymer approach has been recently
exploited by McCullough et al., who designed structures
containing a regioregular poly(3-hexylthiophene) (RRP3HT)
segment copolymerized with styrene or various methacry-
late-based monomers (thanks to the control over the end-
groups of RRP3HT), and correlated the nanoscale ordering
within copolymers films with their electrical conductivity
[21,22]. A variety of other block copolymer structures have
been obtained by association of the living Grignard
metathesis (GRIM) process of halogeno-functionalized
3-hexylthiophene monomers with atom-transfer radical,
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ring-opening metathesis, reversible addition fragmenta-
tion chain transfer and nitroxide mediated polymeriza-
tions [22-26]. Recently, the GRIM approach has been
associated with the ring-opening polymerization (ROP) of
D,L-lactide [27]. Extending this family of block copolymers
with other lactones would yield interesting materials,
especially by polymerizing e¢-caprolactone (CL) onto
RRP3HT segment since poly(e-caprolactone) (PCL) is: (1)
crystallizable (in contrast to other segments copolymer-
ized with P3HT, such as poly(methacrylate)s [22]); (2) mis-
cible with a number of other polymer compounds (such as
poly(vinyl chloride), poly(ethylene chloride), poly(styrene-
co-acrylonitrile),...); (3) removable by hydrolysis, and; (4)
biocompatible. The capacity of PCL to be miscible blended
with various commercial polymers over a wide range of
composition (in contrast to polylactide blocks) opens the
way for interesting compatibilization of a P3HT matrix by
using P3HT/PCL block copolymers, whatever their topol-
ogy. PCL is therefore a valuable partner for RRP3HT for im-
proved compatibility and for potential bio-applications.
Here, we report on the stepwise synthesis of diblock
and triblock copolymers by controlled polymerization of
e-caprolactone from (di)hydroxyl-terminated RRP3HT,
see Scheme 1. Such copolymers are inherently expected
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to self-assemble in the solid-state; the resulting nanoscale
morphologies in thin deposits are studied via atomic force
microscopy (AFM) and correlated with the charge trans-
port properties in field-effect transistor configuration.

2. Experimental section
2.1. Synthesis

o-bromo poly(3-hexylthiophene): Into a flask under a
nitrogen atmosphere containing 2-bromo-3-hexyl-5-iodo-
thiophene (1.18 g, 3.15 mmol), dry THF (15.0 mL) was
added via a syringe, and the mixture was stirred at 0 °C.
i-PrMgCl (2.0 M solution in THF, 1.08 mL, 3.15 mmol) was
added via a syringe, and the mixture was stirred at 0 °C
for 0.5 h. A suspension of Ni(dppp)Cl, (18 mg, 0.03 mmol)
in THF (5.0 mL) was added to the mixture via a syringe at
0°C, and then the mixture was stirred at room tempera-
ture. After the reaction mixture was stirred for 1 day, a
5N HCI aqueous solution was quickly added to quench
the reaction. The mixture was stirred for 0.5 h more, then
precipitated in cold MeOH. The product was washed with
MeOH vyielding a purple solid, >98.5% rr-HT-P3HT.
Yield = 69%; UV (CHCl3, nm): 445; IR (cm™!): 819 (C-H
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Scheme 1. Comparative routes leading to diblock (P3HT-b-PCL) and triblock (PCL-b-P3HT-b-PCL) copolymers. Reagents a: LiAIlH4/HCI, b: 1. POCl3/DMF, 2.

CH3COONa/H;0, and c: CL/SnOct;.
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aromatic out-of-plane) and Isym/lasym = 6, characteristic of
rr-HT-P3HT; 'H NMR (300 Hz, CDCl3): 6.98 (s, 1H), 2.80
(t, 3] = 7.5 Hz, 2H), 1.71 (quint, 2H), 1.34 (m, 6H), 0.91 (t,
3]=6.4Hz, 3H); GPC analysis: M, = 4450 g/mol; PDI=
1.17. Formyl-de-hydrogenation of a-bromo poly(3-hex-
ylthiophene): H-P3HT-Br (M, =3700, PDI=1.17)
(300 mg, 0.071 mmol) was dissolved in anhydrous toluene
(80mL) under N,. N,N-Dimethylformamide (1 mL,
13 mmol) and POCl;3 (0.7 mL, 7.6 mmol) were added. The
reaction was carried out first at 75 °C for 50 h. The solution
was cooled down to room temperature, followed by the
adding of a saturated aqueous sodium acetate solution.
The reaction mixture was stirred for another 2 h. The poly-
mer was precipitated in cold methanol and washed with
water, then methanol. Yield=94%; GPC analysis:
M, =4800 g/mol; PDI=1.17; 'H NMR (300 Hz, CDCls):
M;,NMR = 5400 g/mol. Reduction of a-bromo, ®w-formyl
poly(3-hexylthiophene):  HOC-P3HT-Br (M, = 3500,
PDI =1.23; 200 mg, 0.057 mmol) was dissolved in anhy-
drous THF (80 mL), under N,. LiAlH4 1 M solution in THF
(0.5 mL) was then added. The reaction was then kept stir-
ring at room temperature for 1.5 h. HCl (1 N, 1 mL) was
then added to quench the excess of LiAlH4. The polymer
was precipitated in methanol and washed with water then
methanol. After drying in vacuum, 190 mg of CH,OH-
P3HT-Br was obtained. Yield=95%; GPC analysis:
M, = 5100 g/mol; PDI = 1.22; 'H NMR (300 Hz, CDCl3): M,
NMR = 5400 g/mol. Synthesis of poly(3-hexylthioph-
ene)-b-poly(e-caprolactone): In a previously dried and
nitrogen-purged 25 mL round-bottom flask equipped with
a three-way stopcock and a rubber septum, 0.43 ml of CL
(3.92 mmol) and 3.3 ml of dried toluene were added to
freshly dried 0.5 g of hydroxyl-P3HT (0.098 mmol). The
reaction mixture was gently heated to 110 °C until com-
plete dissolution of P3HT before adding a 0.2 M solution
of Sn(Oct), (0.2 mL, 0.039 mmol, [OH]o/[Sn(Oct),]o = 2.5, fi-
nal concentration of CL=1 M). After 15h at 110°C, the
reaction was cooled down and stopped by adding dropwise
an aqueous HCI solution (1 mol L™!). The copolymer was
then precipitated from cold methanol yielding a brown so-
lid. Yield =76% (m =704 mg); 'H NMR (300 Hz, CDCls):
M,PCL = 2300 g/mol; Conversion in PCL=50.4% (M, in
PCL expected =40 x 114 =4560 g/mol); GPC analysis:
M,GPC = 6500 g/mol; PDI=1.23. A detailed description of
the materials, synthesis steps and characterization tech-
niques is given in the Supporting information.

2.2. Atomic force microscopy

Sub-monolayer deposits were prepared by solvent cast-
ing on freshly-cleaved muscovite mica or silicon oxide sub-
strates from dilute solutions (0.05-0.5 g L™1); the solvent
was slowly evaporated at room temperature in a solvent-
saturated atmosphere. Thicker, homogeneous films were
prepared by spin-coating the solutions onto silicon oxide
or glass substrates (spinning speed from 2500 to
4000 rpm, solution concentration = 1.0 g L~'). AFM studies
were carried out in Tapping-Mode with Multimode Nano-
scope Illa or Nanoscope V microscopes (Veeco) operating
in air at room temperature, using microfabricated silicon
cantilevers with a spring constant of around 30 Nm™!

(TESP, Veeco). Images of different areas of the samples
were collected and Nanoscope image processing software
was used for image analysis.

2.3. FET fabrication and characterization

The FET devices consist in a thermally-grown 200 nm-
thick SiO, gate dielectric on top of a doped n**-type Si gate
electrode. Gold source and drain electrodes were used, and
the devices were fabricated either in bottom-contact
(100 nm-thick electrodes, channel length of 5 or 10 pm)
or top-contact (channel length of 50 um) configurations.
Homogeneous thin films of the (co)polymers were pre-
pared by spin-coating a 1.0 gL™! solution (at 2500 rpm)
onto the silicon oxide gate dielectrics. The devices were
then tested in a glove box under nitrogen atmosphere
and the electrical characteristics were measured on a
probe station with a Keithley 4200 semiconductor para-
metric analyzer. The charge mobility has been estimated
from the saturation regime (at source-drain voltage of
—60 V), see the description in Refs. [35,40-44] for instance.

3. Results and discussion
3.1. Synthesis of (co)polymers

The key-step for the controlled generation of these no-
vel architectures is the synthesis of perfectly controlled
(di)hydroxyl-terminated regioregular P3HT. The first
method considered for the synthesis of P3HT-OH consisted
in the hydroboration/oxidation reaction of previously syn-
thesized vinyl-terminated P3HT, as recently reported by
McCullough et al. (Route A, Scheme 2) [28]. However, the
expected P3HT-OH compound was systematically contam-
inated by ca. 10 wt.% of non-hydroxylated P3HT [23,29]
(see Supporting information, SI) leading upon ring-opening
polymerization of e-caprolactone (CL) to a mixture of
P3HT-b-PCL and P3HT and requiring intensive purification
by fractionation. Comparatively, the formyl-dehydrogena-
tion of the a-bromo P3HT protic end-group (Route B)
was successfully performed by a Vilsmeier reaction leading
to a-bromo, w-formyl P3HT characterized by a recovering
yield of 94% [23,29]. The evolution of the reaction was fol-
lowed by MALDI-ToF analysis until complete transforma-
tion of the a-bromo P3HT to a-bromo, w-formyl P3HT
(Fig. S2) allowing us to recover a 100% formyl end-capped
structure. After completion of the reaction, both the formyl
and the bromide end-groups were reduced by LiAlH, yield-
ing the expected P3HT-OH with a narrow molecular
weight distribution (polydispersity index =1.22) and a
recovering yield of 95% (see SI, Fig. S3). It is worth noting
that the global yield of the polymerization and the post-
polymerization end-group modification processes reached
62%. Such a high yield, together with the fact that the
recovered P3HT-OH is 100% functionalized by a hydroxyl
group, represents a relevant progress in the field. Dihydr-
oxyl-terminated P3HT (P3HT-(OH),) was also obtained by
the same procedure but starting with a reduction reaction
of a-bromo P3HT by LiAlH, (Total recovering yield: 58%,
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Scheme 2. Comparative routes leading to (di)hydroxyl-terminated P3HT. Route A: hydroboration/oxidation of a-bromo, w-vinyl P3HT [10]. Routes B and C:

vilsmeier oxidation/reduction of (o-bromo) P3HT.

Route C, Scheme 2, Fig. S4). The molecular characterization
of representative P3HT is described in Table 1.

These homopolymers were used as the starting materi-
als for the synthesis of di- and triblock copolymers shown
in Scheme 1. Tin(Il)octoate (Sn(Oct),) was used to catalyze
the controlled ROP of CL from the hydroxyl-end-groups(s)
of P3HT macroinitiators [30]. Both P3HT-OH and P3HT-
(OH), were thus treated with Sn(Oct), in toluene with an
initial hydroxyl/Sn molar ratio of 2.5. CL was then added
and the polymerization was carried out in toluene at
110 °C with an initial monomer concentration of 1 M and
an initial [CL]o/[OH], molar ratio of 40. After a reaction
time of 15 h, the copolymers were recovered by precipita-
tion (see SI); the PCL molecular weights (M,,), as estimated
from 'H NMR, are 1900 and 3200 g/mol for P3HT-b-PCL
and PCL-b-P3HT-b-PCL, respectively (Table 1). These values
are in good agreement with the expected molecular
weights taking into account the monomer conversion and
initial monomer-to-initiator molar ratios. Size exclusion
chromatography traces of the copolymers were all mono-
modal with polydispersity indices below 1.2 (Table 1 and
SI).

3.2. Microscopic morphology in thin deposits
The micro- and nano-scopic morphology of thin depos-

its of the (co)polymers was investigated by atomic force
microscopy (AFM) in intermittent-contact mode. Thin

deposits have been prepared by drop-casting or spin-
coating onto various substrates starting from good sol-
vents for both P3HT and PCL blocks (e.g., tetrahydrofuran,
toluene or chlorobenzene). Thin deposits of the studied
compounds all show a fibrillar (nanowire-like) morphol-
ogy (see AFM images in Fig. 1). This is observed for both
sub-monolayer deposits (Fig. 1c and Fig. 1e, where the
substrate surface appears dark) and for thicker deposits
(Fig. 1a,b,d) prepared by drop-casting, in which the fibrils
extend up to a few um and arrange in lamellae. Films pre-
pared by spin-coating from the same solvent (tetrahydro-
furan) also show entangled fibrillar structures (Fig. 1f),
indicative that the fibrillar assembly occurs even with a
very rapid solvent evaporation process (spinning speed
>2500 rpm). Indeed, this fibrillar morphology is typical
from the (crystalline) assembly of RRP3HT into m-stacked
assemblies, as observed and described for highly regioreg-
ular poly(thiophene)s and other conjugated (co)polymers
thin deposits prepared with the same methods [31,32].
In these fibrils, P3HT molecules have extended conjugated
backbones, with their long axis perpendicular to the m-
stacking direction (the fibril axis). The fibrils arrange in
lamellae due to interdigitation of alkyl groups perpendic-
ularly to the backbone axis with a lamellar thickness of
1.7 nm, as observed using (Grazing Incidence) X-ray Dif-
fraction measurements [33-34], which is in agreement
with the fibril thickness measured here. This is further
supported by the measured width of the fibrils, which

Table 1

Molecular characteristics and FET properties of the synthesized RRP3HT and their corresponding PCL-based copolymers.
Compound M,P3HT (g/mol)? M,PCL (g/mol)* M,GPC (g/mol)° PDIP ud (cm?v-1s71) Tonjoft®
P3HT-OH 5400° - 5100 1.22 - -
P3HT-b-PCL 6000 1900 6500 1.23 1.1x107° ~1x10°
P3HT-(OH), 7400°¢ - 8700 1.16 6.0 x 107> ~3 x 10°
PCL-b-P3HT-b-PCL 7900 3200 12100 1.15 4.6 x107* ~2 x 10%

Absolute molar masses as determined by 'H NMR analysis.

Molar masses obtained by 'H NMR analysis have been calculated after confirmation of the number of hydroxyl-end-groups by MALDI-Tof.

a
b Relative molar masses as determined by gel permeation chromatography in THF at 35 °C using PS standards.
c
d

Charge mobilities  and current on/off ratios Ioy o have been estimated from the transfer characteristics of top-contact FET devices.
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Fig. 1. AFM images of thin deposits from tetrahydrofuran of (a-b) P3HT-OH (a: height; b: phase); (c-d) P3HT-b-PCL (phase images, c: sub-monolayer
deposit; d: thick film); (e-f) PCL-b-P3HT-b-PCL (phase images, e: sub-monolayer deposit; f: spin-coated film). The white scale bar is 250 nm-long.

correlates with the length of the P3HT conjugated back-
bone [35]: the measured widths are 11 +2 nm for P3HT-
OH and 17 +2 nm for PCL-b-P3HT-b-PCL, while the esti-
mated lengths of fully-extended P3HT backbones are
12.6 and 18.4 nm in average, respectively [36]. Note that,
for the P3HT-b-PCL and PCL-b-P3HT-b-PCL block copoly-
mers, adjacent fibrils (in bright) are close to each other,
and appear to be separated by narrow dark bands in the
phase images (for instance, compare Fig. 1b and Fig. 1e).
This, together with the fact that the measured fibrils
width is close to the length of the extended P3HT back-
bone, indicates that the PCL segments are very likely in
a compact conformation in between the P3HT assemblies.
Indeed, the PCL segments have a quite low degree of

polymerization in these block copolymer structures (e.g.
20 monomer units in average in the diblock copolymer),
which seems not sufficient to induce crystallization of
PCL. If we consider a coiled conformation of the PCL seg-
ments, the estimated radius of gyration would be around
1.3-1.6 nm (in the di- and tri-block copolymers), i.e.
around 3 nm in diameter [36]. All these results suggest
that the self-assembly of the these block copolymers is
driven by the ordering of the RRP3HT backbones (intra-
lamellar m-stacking of conjugated backbones and inter-
lamellar interdigitation between alkyl groups) rather than
by the assembly of the PCL segments, which are very
likely in a coiled configuration in between the P3HT fibrils
[37].
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3.3. Charge transport properties in field-effect transistors

Field-effect transistors (FET) were fabricated in bottom-
gate configuration, with a gate dielectric layer made of SiO,
on top of a heavily doped silicon (n**) gate electrode. Thin
films of the (co)polymers were deposited by spin-coating
on the SiO, from chlorobenzene solutions because this
deposition process leads to flat, homogeneous thin films
suitable for FET fabrication (thickness ~20+5nm and
RMS roughness (over 1 um?) of about 2 nm, as measured
with AFM). The devices were tested with gold source and
drain electrodes either in top-contact or bottom-contact
configurations, in the accumulation regime of hole trans-
port (negative source-gate voltages) since holes are the
major charge carriers in P3HT structures using this device
architecture. Here we report results for top-contact FET de-
vices, which show more reproducible FET characteristics
using these preparation conditions [38]. Examples of trans-
fer and output characteristics are shown in Fig. 2. For all
(co)polymers, the output characteristics (source-drain cur-
rent Iys versus source-drain voltage Vys at various gate volt-
ages V) show good saturation behavior, and the curves
display typical characteristics of P3HT films using this
preparation method [2,39]. From the transfer characteris-
tics, we observe that the threshold voltages are close to
0V, and the current on/off ratios are on the order of 10>~
10* (see Table 1). All these results show that the studied
compounds behave as semiconducting polymers with
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low level of doping. The charge carrier mobilities yu, esti-
mated in the saturation regime (i.e., from the slope of the
plot of I4s versus Vgs”2 at source-drain voltage V4 = —60 V),
are listed in Table 1. The u values are in the range of 10>~
1073 cm? V! s~ 1; this is quite low compared to the highest
mobilities reported for polymer FETs, which are on the or-
der of 0.1-1 cm? V~! 57! for thiophene-based or thienothi-
ophene-based polymers [40-42]. This difference can be
attributed to the low molecular weight of the P3HT-based
polymers studied here (maximum 7600 g/mol, corre-
sponding to about 46 hexylthiophene units). Indeed, it
has been shown that FETs made of low molecular weight
fractions of P3HT show lower charge carrier mobilities:
for M, < 10000 g/mol, the charge mobility estimated in
the same manner is ~107°-10"%cm?V~'s~!. For higher
molecular weight fractions (10000 g/mol < M,, < 40000 g/
mol), u is up to 1072 cm? V~! s, This difference has been
attributed to the existence of charge transport pathways
along longer chains connecting crystalline domains in the
film and/or the more planar conformations in films of high
molecular weight RRP3HT [43-44]. Surprisingly, we ob-
serve that the triblock copolymer film displays the highest
value (around 0.5 x 10 3cm?V~!s71), i.e. one order of
magnitude higher than that of the corresponding P3HT
homopolymer (0.6 x 1074 cm?V~'s™!) despite the fact
that P3HT represents only about 60% by weight. This differ-
ence is not related to a molecular weight difference of the
P3HT sequence, see Table 1. In our interpretation, it origi-

gs
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Fig. 2. Output (top) and transfer (bottom) characteristics of top-contact FET devices made of P3HT-(OH), (a,b) and PCL-b-P3HT-b-PCL (c,d) as active layers.
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Fig. 3. AFM phase images of the active layer within the FET channel of (a) PCL-b-P3HT-b-PCL, and (b) P3HT-(OH),. The white scale bar is 250 nm-long.

nates from a difference in structural order within the thin
films and/or interface with the electrodes. AFM measure-
ments on the active layer in the channel of FET devices
(see Fig. 3) reveal that films of PCL-b-P3HT-b-PCL show a
higher degree of fibrillar order than pure P3HT-(OH),.
The fibrils are relatively long in the case of PCL-b-P3HT-
b-PCL (few hundreds nm-long) compared to the assemblies
of P3HT-(OH),, which are confined in tens of nm-wide
granular domains. In FET devices made of pure RRP3HT,
it has been shown that films made of pm-long fibrillar
structures lead to higher performances (i.e., charge mobil-
ity and current on/off ratio) than untextured, non-crystal-
lized films, demonstrating that the fibrils act as efficient
“conduits” for the charge transport in FET (in which the
channel length is typically a few pm-long) [33]b,[35,39].
The higher degree of fibrillar order in PCL-b-P3HT-b-PCL
spin-coated films is likely due to the tendency of this
copolymer to phase-separate on the nanoscale, which
probably forces the P3HT segments to be more in registry
with each other and therefore leads to straight and long
P3HT fibrils separated by small PCL domains. The higher
charge carrier mobility observed here for the triblock
copolymer also suggests that the charge transport is one-
dimensional (along each fibril) rather than inter-fibrillar
(bi-dimensional) in these materials [45], since in the case
of the triblock copolymer film, the P3HT fibrils are sur-
rounded by the PCL segments on each side, which are likely
to insulate the m-conjugated systems of adjacent fibrils
from each other.

4. Conclusions

In summary, we have described a well-controlled syn-
thesis method for the design of poly(thiophene) block
copolymers. Each reaction step has been carefully fol-
lowed, making it possible to recover the target compounds
in high yields without tedious purification steps. Regioreg-
ular P3HT homopolymers and P3HT-PCL block copolymers
self-assemble into well-defined fibrillar structures. The
charge transport properties of these (co)polymers have
been characterized in FETs, showing characteristics of good
quality organic semiconductors, with charge carrier mobil-
ities in the range of 107°-10~3 cm? V~! s~ Interestingly,
the copolymer PCL-b-P3HT-b-PCL shows higher charge

mobility than the corresponding pure P3HT block, which
is attributed to a higher degree of long-range fibrillar struc-
tures favored by nanophase separation. Since P3HT can be
chemically doped after the self-assembly process and the
lateral dimensions can be tuned by controlled synthesis
of the polymer segments, these copolymers could be suit-
able materials for fabricating conducting nanowires insu-
lated from each other. Moreover, the possibility of
removing the PCL segments by hydrolysis shows potential
for designing nano-sized pores (in between RRP3HT seg-
ments) [27] that could then be filled with electron acceptor
molecules, which would be of interest for designing organ-
ic photovoltaic diodes with improved performances thanks
to fine-control over the nanoscale morphology.
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