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ABSTRACT: A block copolymer with discotic liquid crystalline
behavior was synthesized using Grignard metathesis polymerization
(GRIM) and initiators for continuous activator regeneration atom
transfer radical polymerization (ICAR-ATRP). A novel discotic
liquid crystalline mesogen, 6-(pyren-1-yloxy)hexyl methacrylate
(PyMA), comprises a block that is attached to regioregular poly(3-
hexylthiophene) (rr-P3HT) generated by GRIM and subjected to
end-group modification. Due to the continuous regeneration of
Cu+ in the reaction mixture in ICAR-ATRP compared to
conventional methods, the synthesis was successfully performed
with less catalyst. The purity and yield of the final product are
increased by eliminating rigorous post-synthesis purification.
Stacked pyrene units have contributed to the enhanced long-range π−π interactions and aligning of the P3HT block as observed
in thin-film X-ray diffraction (XRD). Furthermore, field-effect mobilities in the order of 10−2 cm2 V−1 s−1 in bottom-gate, top-contact
organic field-effect transistors (OFETs) suggest an enhancement in charge transport due to the discotic electron-rich pyrene units
that help mitigate the insulating effect of the methacrylate backbone. The formation of uniform microdomains of P3HT-b-
poly(PyMA) observed with tapping mode atomic force microscopy (TMAFM) on the channel regions of OFETs indicates the
unique packing of the block copolymer in comparison to pristine P3HT. Thermotropic properties of the novel discotic mesogen in
the presence and absence of P3HT were observed with both the poly(3-hexylthiophene)-b-poly(6-(pyren-1-yloxy)hexyl
methacrylate) (P3HT-b-poly(PyMA)) block copolymer and poly(6-(pyren-1-yloxy)hexyl methacrylate) (poly(PyMA)) homopol-
ymer using polarized optical microscopy (POM) and differential scanning calorimetry (DSC).

■ INTRODUCTION

A variety of studies have been carried out during the past few
decades to improve organic semiconductors. Low manufactur-
ing cost and the ability to make large area, flexible, and
lightweight devices make organic semiconductors valuable
materials. Studies based on different approaches have been
reported on organic photovoltaics (OPVs),1−3 organic field-
effect transistors (OFETs),4−6 organic light-emitting diodes
(OLEDs),7−9 organic lasers,10,11 and memory devices.12,13 For
the fabrication of efficient organic electronic devices, tuning of
the mechanical properties and charge transport of organic
semiconductors has to be addressed through the development
of structure−property relationships.14,15 Organic semiconduc-
tors are highly versatile materials that can be functionalized to
tune function, morphology, and optical properties. To that
end, regioregular poly(3-hexylthiophene) (rr-P3HT) is among
the extensively studied semiconducting polymers that have
been tested as the active component in organic electronic
applications.16,17

Many rod-coil block copolymers that consist of P3HT are
reported to exhibit good optoelectronic properties. Rod-coil

diblock and triblock copolymers with P3HT were synthesized
using Grignard metathesis polymerization (GRIM) and other
living polymerization techniques.18−26 The synthesis of rod-
rod block copolymers with P3HT was performed by attaching
a liquid crystalline block to P3HT. There are a few recent
reports based on the synthesis of all conjugated block
copolymers based on P3HT or a block copolymer with liquid
crystalline blocks attached to P3HT.27,28 Stefan’s group
reported P3HT block copolymers comprising poly(γ-benzyl-
L-glutamate) and poly(N-hexylisocyanate).27,28 In another
report, Lin and co-workers had demonstrated the synthesis
of a P3HT-b-poly(3-butylthiophene) diblock copolymer with
greatly improved crystallinity and electrical conductivity upon
solvent annealing.29 Apart from that, Peng et al. recently
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reported a series of all-conjugated triblock copolymers to
comprise co-poly(3-alkylthiophene) with good electrical
properties (hole mobilities > 0.1 cm2 V−1 s−1).30

The synthesis of poly(3-hexylthiophene)-b-poly(6-(pyren-1-
yloxy)hexylmethacrylate) (P3HT-b-poly(PyMA)) reported
here was accomplished by GRIM and initiators for continuous
activator regeneration atom transfer radical polymerization
(ICAR-ATRP).31,32 GRIM was employed due to the ability to
synthesize the P3HT block with a controlled molecular weight
while maintaining the livingness of the process, high
regioregularity, and low dispersity.18,33−35 As a reversible
deactivation radical polymerization (RDRP) technique, ICAR-
ATRP provides the ability to tune the molar composition of
the block copolymers while maintaining a narrow molecular
weight distribution.36 Thus, ICAR-ATRP was employed for
the addition of the liquid crystalline block to the P3HT
macroinitiator. Compared to conventional ATRP, ICAR-
ATRP has the added advantage of conducting the polymer-
ization with a lower amount of copper catalyst (<97.5%). In
addition, continuous regeneration of Cu1+ by organic free
radical generators such as azobisisobutyronitrile (AIBN)
ensure continuity even in the presence of very low catalyst
concentration.
Pyrene-based organic semiconducting materials have the

potential to be involved in a variety of applications such as
OLEDs, OFETs, and organic photovoltaics.1−3,8,9,37 Pyrene is
a chromophore with good chemical and thermal stability, high
charge carrier mobility, and the capability to function as a hole
injection layer, which makes it a promising material for organic
electronics.38,39 In the application of OFETs, the planar fused
ring structure leads to extended conjugation and facilitates
close π−π stacking, resulting in high crystallinity, making
pyrene an interesting material.3,6,38,40 Thus, an array of organic
semiconducting materials has been reported with the
incorporation of pyrene as a substituent with the target of
efficient charge transport.3,6,38,40 The ability to undergo
substitution at multiple positions and the potential of being
part of large fused ring systems make pyrene a versatile
building block in organic electronics that enable tuning of the
structure to gain the desired properties.8 In addition, pyrene-
based blocks have been used as an effective backbone
component in conjugated polymers to improve electrical

properties through enhanced backbone planarity and π−π
stacking.41−45

As a thermotropic discotic liquid crystalline (LC) mesogen
that can undergo columnar stacking, 6-(pyren-1-yloxy)hexyl
methacrylate (PyMA) integrated into P3HT block copolymers
was expected to improve ordering in the semiconducting
P3HT block. In addition to providing a columnar matrix for
the supramolecular self-assembly of P3HT, anisotropic charge
transport of P3HT-b-poly(PyMA) can be further enhanced by
the pyrene pendant groups due to the p-type semiconducting
behavior.4,46 The ability of PyMA to self-assemble into
columnar domains during the mesophase transitions upon
cooling from the isotropic state indicates the thermotropic
nature of PyMA. At the same time, the flexible hexyl side
chains improve solution processability into thin films and
impart mechanical flexibility. The high compatibility of the two
blocks with π−π stacking and hole transport facilitates
anisotropic long-range charge transport within the block
copolymer.3,37,46,47

Albeit pyrene has been widely studied as a small molecule,
there are not many studies related to semiconducting polymers
containing pyrene as a substituent.2,5,37,47 Among the recent
works based on P3HT and pyrene, Chen et al. have reported
an all-conjugated block copolymer with pyrene and P3HT,
which has the potential to be used as an additive in organic
photovoltaics.48 Our group recently reported a series of side-
chain thermotropic liquid-crystalline block copolymers with
P3HT with calamitic mesogens.49,50 The ability to use the well-
ordered mesophases of azobenzene (nematic mesophase) and
biphenyl (smectic mesophase) to enhance the self-assembly of
P3HT was studied in the context of OFETs.49,50

In this study, we report the synthesis and characterization of
the poly(3-hexylthiophene)-b-poly(6-(pyren-1-yloxy)hexyl
methacrylate) (P3HT-b-poly(PyMA)) block copolymer and
the homopolymer poly(PyMA). The electrical characterization
of P3HT-b-poly(PyMA) was determined by field-effect
mobility measurements (OFETs). Mesophase-driven polymer
packing and the film morphology were studied and correlated
with the field-effect mobility.

■ RESULTS AND DISCUSSION
Synthesis of Poly(3-hexylthiophene)-b-poly(PyMA)

and Poly(PyMA). The synthesis of P3HT-b-poly(PyMA)

Scheme 1. Synthesis of Poly(3-hexylthiophene)-b-poly(6-(pyren-1-yloxy)hexyl methacrylate) (P3HT-b-poly(PyMA)) and
Poly(6-(pyren-1-yloxy)hexyl methacrylate) (poly(PyMA))
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and poly(PyMA) was performed by ICAR-ATRP, as shown in
Scheme 1. The synthesis of the P3HT macroinitiator started
with the end-capping of living nickel-terminated P3HT with
allyl magnesium bromide (Figure S1, Supporting Information).
Allyl-terminated P3HT was subjected to hydroboration and
oxidation using 9-borabicyclo[3.3.1]nonane (9-BBN) and
NaOH to convert the allyl to the hydroxypropyl end group
(Figure S2 and Scheme S1, Supporting Information). The
reaction of hydroxypropyl-terminated P3HT with 2-bromoi-
sobutyryl bromide in the presence of triethylamine generated
the ATRP macroinitiator (P3HT-Br) (Scheme S2 and Figure
S3, Supporting Information). Modification of the end groups
of P3HT from allyl to hydroxypropyl to bromoester was
confirmed by 1H NMR analysis (Supporting Information).
The vinyl protons of the allyl end group at 5.11 and 5.98 ppm
disappeared with the appearance of the protons of hydrox-
ylpropyl P3HT at 3.78 ppm. Furthermore, the appearance of a
sharp singlet at 1.96 ppm (six methyl protons) indicated the
formation of the bromoester ATRP macroinitiator (Supporting
Information).
To synthesize P3HT-b-poly(PyMA) and poly(PyMA) by

ICAR-ATRP, AIBN was used as the free radical generator for
the activation of CuBr2 by converting Cu2+ to Cu1+ in a
continuous process. This method helped polymerize the
methacrylate monomer with a significantly lower concentration
of copper halide than our previous study.50 With this, we
overcame the need for rigorous cleaning after the conventional
ATRP, which would otherwise cause residual traces of copper
in the P3HT block copolymer. Furthermore, we improved the
incorporation of PyMA (∼40 mol %) with a significantly lower
amount of copper catalyst (97.5% less copper catalyst
compared to previous studies) while maintaining a comparable
PDI after the addition of the second block. This can be
attributed to the reduced chain disproportionation observed in

the earlier studies with conventional ATRP.50 The content of
P3HT and poly(PyMA) segments in the block copolymer was
calculated from the integration of peaks of 1H NMR
(Supporting Information). The area under the alkoxy protons
at the terminals of the hexyl side chain of PyMA units and the
area under the peak for the first methylene protons attached to
the thiophene ring were used to estimate the composition of
each block (Figure S7, Supporting Information). The increase
in the molecular weight of P3HT-b-poly(PyMA) as compared
to the P3HT-Br macroinitiator observed in size exclusion
chromatography (SEC) measurements further confirmed the
incorporation of the poly(PyMA) block (Table 1 and Figure
S14).

UV−Vis Analysis. The UV−Vis analysis of P3HT-Br,
P3HT-b-poly(PyMA), and poly(PyMA) was performed both
in chloroform solution and thin films (Figure 1a and Figure S9
in the Supporting Information). In the spectrum of P3HT-b-
poly(PyMA) in chloroform, the peak at 450 nm corresponds to
the P3HT block, while the peaks at 351 and 384 nm are
attributed to the absorption by pyrene. The well-defined peak
at 351 nm is due to S0 → S2 transition of the methacrylate-
bound pyrene units, and the less intense peak at 384 nm
corresponds to the weaker transition from S0 → S1. The
absorption peaks of pyrene red-shifted for the films of P3HT-b-
poly(PyMA) under both annealed and nonannealed con-
ditions, indicating closer π stacking of pyrene units upon
crystallization. In addition, the peak at 525 nm in the
nonannealed thin-film spectrum of P3HT-b-poly(PyMA)
corresponds to π−π* transition in the P3HT block, which
shows a clear redshift of ∼75 nm (Figure 1 a) when moving
from solution to a thin film. Compared to the solution, this is
due to the enhanced ordering in the P3HT block copolymer
films. The vibronic structure of the absorption band of the
solid film becomes more distinct with the appearance of the

Table 1. Molecular Weights and Optoelectronic Properties of Polymers

polymer
Mn

a

(g mol−1) PDI λmax (nm)b λmax (nm)c
optical band gap

(eV)
HOMOd

(eV)
LUMOe

(eV)
electrochemical band gap

(eV)

P3HT-Br 13,000 1.6 450 530, 604 1.90 −4.74 −2.77 1.97
P3HT-b-
poly(PyMA)

18,000 1.7 351, 384, 450 352, 384, 525,
602

1.83 −4.83 −3.03 1.80

poly(PyMA) 3500 1.7 348, 384
aDetermined by SEC by calibration with polystyrene standards (THF eluent). bAbsorption of chloroform solution. cAbsorption of thin films
annealed at 150 °C. dDetermined from the onset of the oxidation peak of the cyclic voltammogram (CV). eDetermined from the onset of the
reduction peak of CV.

Figure 1. (a) UV−Vis absorption spectra of P3HT-b-poly(PyMA) and poly(PyMA) in solution and thin films (nonannealed and annealed at 150
°C for 20 min); (b) absorbance spectra for the solvatochromism study with the H2O-THF mixture.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c04176
ACS Omega 2021, 6, 27325−27334

27327

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04176/suppl_file/ao1c04176_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04176/suppl_file/ao1c04176_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04176/suppl_file/ao1c04176_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04176/suppl_file/ao1c04176_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04176/suppl_file/ao1c04176_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04176/suppl_file/ao1c04176_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04176/suppl_file/ao1c04176_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04176/suppl_file/ao1c04176_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04176/suppl_file/ao1c04176_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04176/suppl_file/ao1c04176_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04176/suppl_file/ao1c04176_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04176/suppl_file/ao1c04176_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04176/suppl_file/ao1c04176_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04176/suppl_file/ao1c04176_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04176?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04176?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04176?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04176?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


peak at 602 nm upon annealing films of P3HT-b-poly(PyMA)
(Figure 1a). Annealing of this crystalline block copolymer has
created an improved ordering in thin films, leading to
improved interchain π−π stacking interactions.
Solvatochromism of the P3HT-b-poly(PyMA) diblock

copolymer was studied with a series of solution mixtures of
THF and H2O (Figure 1b, Figure S11, and Table S1 in the
Supporting Information) in which P3HT-b-poly(PyMA) is
fully soluble in THF and insoluble in H2O. The concentration
of P3HT was kept constant throughout the solution series with
the incremental addition of water to the solvent mixture. It was
observed that the absorbance spectra were red-shifted,
indicating the solvent-induced aggregation of polymer chains,
resulting in positive solvatochromism (Figure S11, Supporting
Information). At the THF:H2O volume ratio of 10:90, P3HT-
b-poly(PyMA) became utterly insoluble in the solvent mixture.
According to our previous study, the solubility of P3HT-b-
poly(PyMA) is higher than that of the precursor P3HT
(P3HT-Br).28 This can be attributed to the favorable
interactions of water with multiple ester linkages of
methacrylate units in the second block. The hydrophobic
P3HT segment can get shielded with the LC block. Close
stacking of P3HT chains within the aggregates could have
resulted in the fine vibronic structure of the absorption spectra,
independent of the concentration. The water content λmax

increment corresponding to the P3HT block has red-shifted by
∼68 nm. Furthermore, the absorbance peak for pyrene
developed into the fine vibronic structure, indicating π−π
stacking in both blocks within the potential aggregate
formation.28 Cyclic voltammetry was used to estimate the
HOMO and LUMO energy levels of P3HT-b-poly(PyMA)
from the potential onset values of oxidation and reduction
curves, respectively (Table 1). For P3HT-b-poly(PyMA), the
stabilization of the LUMO level in the block copolymer has
accounted for a decline in the band gap after adding the LC
block. Both P3HT-b-poly(PyMA) and P3HT-Br have
comparable electrochemical band gaps where the insulating

liquid crystalline block did not significantly diminish the charge
transport properties (Figure S10, Supporting Information).

X-ray Diffraction Studies. The crystallinity of P3HT-b-
poly(PyMA) concerning lamellae packing and π−π stacking
was studied both under annealed and nonannealed conditions
using 2D grazing-incidence wide-angle X-ray scattering
(GIWAXS) (Figure 2) and grazing-incidence small-angle X-
ray scattering (GISAXS) (Figure S12, Supporting Information)
data. The GIWAXS data show long-range order and π−π
stacking corresponding to P3HT crystals for annealed and
nonannealed films. Before annealing, crystallites are mostly
nontextured such that crystals are isotropically oriented. After
annealing, the (100) intensity appears to be more localized to
the out-of-plane direction, although a significant amount of
π−π stacking is also apparent.
Both out-of-plane and in-plane sector cuts showed a

decrease in the (100) peak with annealing. Because GIWAXS
data cannot capture crystals strongly textured in the out-of-
plane direction (within a few degrees), we attributed the
apparent loss in GIWAXS intensity for the (100) peak to the
formation of crystals with lamellar stacking that is highly
oriented in the out-of-plane direction. With annealing, sector
cuts in Figure 2 also showed an increase in the π−π stacking
peak in the out-of-plane direction and decreased in-plane peak
intensity. This suggests that annealing leads to stronger “face-
on” stacking. Furthermore, the d-spacing between the
polymers decreased from 3.90 Å to 3.75 Å, indicating dense
packing of polymer chains that could facilitate charge hopping
within the semiconducting P3HT block. Close lamellae
stacking of polymer chains of P3HT-b-poly(PyMA) was
observed in thin-film XRD analysis performed on films of
P3HT-b-poly(PyMA) and P3HT-Br on silicon substrates to
explore the packing arrangements and crystallinity (Figure S13
and Table S2, Supporting Information). Closely resembling
XRD spectra of P3HT-b-poly(PyMA) and P3HT-Br indicated
unaltered π stacking and lamellar stacking of the P3HT
segment in P3HT-b-poly(PyMA) even after the addition of the
LC segment. Furthermore, the lamellae packing distance in

Figure 2. 2D GIWAXS data of P3HT-b-poly(PyMA) deposited from chlorobenzene on SiO2 substrates: (a) out-of-plane and (b) in-plane sector
cuts. 2D GIWAXS patterns of P3HT-b-poly(PyMA) (c) before annealing and (d) after annealing at 150 °C for 20 min.
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P3HT-b-poly(PyMA) was reduced by 3.22 Å compared to
P3HT-Br (Figure S13 and Table S2, Supporting Information).
This increased close assembly of P3HT-b-poly(PyMA)
explains the comparable hole mobility in OFETs for P3HT-
b-poly(PyMA) with its macroinitiator (P3HT-Br) even in the
presence of an insulating methacrylate block.
GISAXS data (Figure S12, Supporting Information) of

P3HT-b-poly(PyMA) did not show any peaks that can be
attributed to microphase-separated domains, suggesting that
the two blocks are uniformly dispersed within the films even
upon annealing.
Field-Effect Mobility. Field-effect mobilities (μ) of P3HT-

b-poly(PyMA) were measured in a bottom-gate, top-contact
field-effect transistor (OFET) using the equation:

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ
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ÑÑÑÑÑÑÑÑÑÑ
μ =

−
L

WC
I

V V
2

( )i
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where IDS is the source−drain current, VGS is the gate voltage,
VT is the threshold voltage, Ci is the capacitance of the
dielectric, W is the channel width, and L is the channel length.
OFET measurements were performed under both nontreated
and (heptadecafluoro-1,1,2,2-tetrahydrodecyl)trimethoxysilane
(FTS)-treated SiO2 dielectric conditions for both the P3HT
macroinitiator and P3HT-b-poly(PyMA) diblock copolymer.
The average field-effect mobilities obtained for both polymers
are listed in Table 2 (see Figure 3 and Figure S15 in the
Supporting Information).

The highest hole mobilities measured for P3HT-b-poly-
(PyMA) were 8.76 × 10−3 cm2 V−1 s−1 for nontreated devices
and 2.16 × 10−2 cm2 V−1 s−1 for FTS-treated devices.
According to the UV−Vis and XRD studies, both treated and
nontreated devices were annealed at 150 °C for 20 min before
measurements for better packing of the block copolymer. The
average field-effect mobility of P3HT-b-poly(PyMA) was
comparable with that of the P3HT macroinitiator after the
surface treatment with FTS. The increased hydrophobicity of
the SiO2 surface with FTS treatment helped form favorable
hydrophobic surface interactions with P3HT and pyrene units.
This facilitated the increase in the mobility of P3HT-b-
poly(PyMA) compared to the nontreated devices. Favorable
surface interactions and annealing above the mesophase
transition help the pyrene units in the methacrylate block
undergo columnar stacking and contribute to the charge
transport.47 There are no indication of nanofibril formation in
P3HT-b-poly(PyMA) films (as in pristine P3HT) observed in

tapping mode atomic force microscopy (TMAFM) (Figure 4
and Figure S16). Yet, the contribution from pyrene in charge
transport could have contributed to the comparable OFET
results of P3HT-b-poly(PyMA) and pristine P3HT.51 The
threshold voltages to turn on devices are somewhat higher,
although this could be due to the oxidation of the polymers
since the measurements were performed under ambient
conditions.

Surface Morphology. TMAFM analysis was performed on
the thin films of P3HT-b-poly(PyMA) and the macroinitiator
(P3HT-Br) both on mica and in the OFET channel region.
Sample preparation on mica was performed by drop-casting
solutions of P3HT-b-poly(PyMA) in chlorobenzene (0.3 mg
mL−1). Slow evaporation of the solvent is expected to provide
sufficient time for the polymer chains to undergo adequate
packing followed by annealing at 150 °C for 20 min. The
unique morphology of P3HT-b-poly(PyMA) was observed on
mica for both annealed and nonannealed conditions (Figure
4). The characteristic nanofibrillar morphology of P3HT was
only observed in the macroinitiator films on mica (Figure 4
and Figure S16). Yet, the unique morphology observed for
P3HT-b-poly(PyMA) appeared to be consistent for a long
range (∼20 μm) both on mica and silicon wafers (Figure 4).
The correlation between the appearance of the micro-

structure and higher values for the field-effect mobility suggests
that the morphological features positively contribute to long-
range ordering. It is plausible that the organization of the
pyrene pendant groups into columnar assemblies after
annealing creates a matrix in which the rigid polythiophene
chains can organize.52−54 In addition, the FTS-treated OFET
surface had more uniformity and smoother morphology as
compared to the nontreated device surface, indicating better
surface interactions of P3HT-b-poly(PyMA) with the FTS-
modified SiO2 dielectric surface, leading to more even and
ordered distribution of the polymer within the channel region
of the OFETs (see Figure S16 in the Supporting Information).

Thermotropic Phase Behavior and Liquid Crystal-
linity. The thermal transitions of P3HT-b-poly(PyMA),
including the glass transition, melting point, crystallization,
and mesophase transitions, were studied with DSC. The data
were collected from the first cooling and second heating
curves. Prominent first-order transitions were observed for
melting (198 °C) (Figure S17) and crystallization (166 °C)
(Figure S18) of P3HT-b-poly(PyMA), respectively, in the
heating and cooling curves. The second-order transition at 77
°C is the glass transition of the methacrylate block. The weak
endothermic transition at ∼125 °C in the cooling curve is due
to the LC mesophase transition of pyrene (Figure S18). The
presence of the mesophase transition of pyrene after the glass
transitions of the methacrylate block provides more flexibility
for the mesogens to undergo rearrangements using heat as a
trigger. After passing the glass transition, the polymer behaves
like a more rubbery and flexible medium. This helps the
alignment of the mesogenic groups at the mesophase
transition, which is due to the increased mobility within the
medium. As a result, upon cooling from the mesophase
transition temperature, pyrene can undergo long-range π−π
stacking. After cooling below the crystallization temperature,
the block copolymer becomes more rigid and crystalline, and
the long-range assembly will remain intact, enhancing the
OFET performance of P3HT-b-poly(PyMA).
Thin films for the polarized optical microscopy of P3HT-b-

poly(PyMA) and poly(PyMA) were spin-coated on clean glass

Table 2. Field-Effect Mobilities Were Obtained for P3HT-b-
poly(PyMA) and P3HT-Br for FTS-Treated and Nontreated
OFET Devices

polymer device
average VT

(V) Ion/Ioff
average mobility
(cm2 V−1 s−1)a

P3HT-Br nontreated 15.5 ± 0.8 103 1.00 × 10−2
(1.11 × 10−2)

FTS-treated 5.2 ± 1.3 103 1.21 × 10−2
(1.34 × 10−2)

P3HT-b-
poly(PyMA)

nontreated 11.2 ± 2.1 103 8.54 × 10−3
(8.76 × 10−3)

FTS-treated 12.5 ± 1.2 103 1.53 × 10−2
(2.16 × 10−2)

aMeasured for 15 devices annealed at 150 °C for 20 min; maximum
field-effect mobilities measured are given in brackets.
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surfaces from solutions in chlorobenzene. The films were
heated up to the isotropic state (150 °C) using the heating
stage. Afterward, samples were allowed to cool slowly up to the
mesophase transition temperature range that was obtained
from the DSC analysis. The micrographs were collected under
the cross-polarizer under high power (400× magnification)
(Figure 5).
PyMA is a discotic LC mesogen with a rigid core of pyrene

ring connected to methacrylate via a six-carbon flexible side
chain. Due to the conjugated planar core of pyrene that can
undergo π−π stacking, it can facilitate charge transport by

hopping between the adjacent units.46 Thus, pyrene is an
interesting mesogen for organic electronic applications as
compared to the calamitic mesogens used in our previous
studies, which are not capable of charge transport.28,49,50,55

Also, this can be correlated with the comparable hole mobility
of P3HT-b-poly(PyMA) with the macroinitiator, which was
not observed with the calamitic mesogens in our previous
studies.49,50 By comparing the POM images before and after
the mesophase transition, it can be observed that the polymer
films gained an extended uniform pattern after heating and
crystallization (Figure 5). The less defined and randomly

Figure 3. Transfer curves of (a) P3HT-b-poly(PyMA) nontreated OFETs and (b) P3HT-b-poly(PyMA) FTS-treated OFETs; output curves of (c)
P3HT-b-poly(PyMA) nontreated OFETs and (d) P3HT-b-poly(PyMA) FTS-treated OFETs at VDS = −100 V (W = 530 μm, L = 50 μm).

Figure 4. TMAFM (3 μm × 3 μm) (a) phase and (b) height images of P3HT-Br (Rq = 0.8); (c) phase and (d) height images of P3HT-b-
poly(PyMA) on mica (Rq = 1.1); (e) phase and (f) height images of P3HT-b-poly(PyMA) on nontreated OFET devices (Rq = 1.7); (g) phase and
(h) height images of P3HT-b-poly(PyMA) on FTS-treated OFET devices (Rq = 1.5).
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distributed domains become more defined after cooling below
the mesophase transition (Figure 5). The characteristic
discotic mesophase features observed in the poly(PyMA)
homopolymer is less prominent in P3HT-b-poly(PyMA) due
to the high content of P3HT (60 mol %). Yet, the POM
images demonstrated good consistency with the TMAFM
images of P3HT-b-poly(PyMA) after annealing, which
indicated long-range ordering in P3HT-b-poly(PyMA).

■ METHODS

Materials. All commercially available chemicals were
obtained from Aldrich Chemical Co. Inc. No further
purifications were done unless noted otherwise. All the
glassware was oven-dried before the experiments, and reactions
were performed under an inert nitrogen environment. The
glassware used for the polymerization was oven-dried at 120
°C and cooled under nitrogen before the experiment. Freshly
distilled tetrahydrofuran (THF) obtained after drying over
sodium benzophenone ketyl was used in reactions.
General Characterization Methods. A detailed descrip-

tion of all the general characterization methods is provided in
the Supporting Information. Briefly, monomer and polymer
structures were characterized using nuclear magnetic resonance
(NMR) spectroscopy, gas chromatography−mass spectrome-
try (GC−MS) (for monomers), and size exclusion chromatog-
raphy (SEC) (for polymers). The thermal properties of the
materials were analyzed by DSC. Furthermore, cyclic
voltammetry and UV−Vis spectroscopy were employed in
determining optoelectronic properties. OFET properties were
analyzed by preparing thin-film transistors with the bottom-
gate, top-contact configuration at different annealing temper-
atures, and transfer and output characteristics were deter-
mined. Thin-film properties were further investigated by
TMAFM, POM, GIWAXS, and thin-film XRD.
Synthesis of the Liquid Crystalline Monomer (PyMA).

The discotic mesogen 6-(pyren-1-yloxy)hexyl methacrylate
(PyMA) was synthesized using pyrene-1-carbaldehyde (10.00
g, 0.044 mol) as the starting material. The conversion of
pyrene-1-carbaldehyde to pyren-1-ol (Figure S4) was done
according to the procedure reported by Chen and co-workers
(6.72 g; yield, 70%).48 1H NMR (CDCl3, 500 MHz): δ 7.34−
8.61 (m, 9H), 5.60 (broad s, 1H).
Synthesis of 1-((6-Bromohexyl)oxy)pyrene. Pure

pyren-1-ol (6.72 g, 0.031 mol) was subjected to Williamson
ether synthesis in the presence of 1,6-dibromohexane (9.54
mL, 0.062 mol) and K2CO3 (5.53 g, 0.04 mol) using acetone
(250 mL) as the solvent. The reaction mixture was refluxed for
24 h at 65 °C. The resulting solution was filtered hot using
vacuum filtration to remove K2CO3 and was concentrated

under reduced pressure. Petroleum ether was added to the
resulting concentrated solution to separate the product 1-((6-
bromohexyl)oxy)pyrene (Figure S5). The solid product was
isolated by gravity filtration and further purified by
recrystallization from methanol (8.72 g; yield, 74%). 1H
NMR (CDCl3, 500 MHz): δ 7.48−8.53 (m, 9H), 4.33 (t, 2H),
2.15 (t, 2H), 2.03 (m, 2H), 1.96 (m, 2H), 1.69 (m, 2H), 1.61
(m, 2H).

Synthesis of 6-(Pyren-1-yloxy)hexyl Methacrylate.
Potassium methacrylate was prepared by adding methacrylic
acid (2.58 g, 0.030 mol) dropwise into KHCO3 (3.00 g, 0.030
mol, 100 mL) aqueous solution. Pure 1-((6-bromohexyl)oxy)-
pyrene (8.72 g, 0.023 mol) was reacted with excess potassium
methacrylate in the presence of hydroquinone (0.25 mg g,
0.0023 mol). N,N′-Dimethylformamide (DMF) (300 mL) was
used as the solvent, and the reaction mixture was refluxed at
100 °C for 24 h. Excess distilled water was added to the
resulting reaction mixture after cooling to precipitate 6-(pyren-
1-yloxy)hexyl methacrylate (PyMA) (Figure S6). The product
was isolated from gravity filtration, dissolved in CHCl3, and
washed further with 5% NaOH aqueous solution and distilled
water to remove the remaining residual methacrylic acid and
salts in PyMA. Then, the organic layer was dried over
anhydrous MgSO4 and was concentrated under reduced
pressure. The solid PyMA obtained was further purified by
recrystallization from ethanol (7.46 g, yield 84%). 1H NMR
(CDCl3, 500 MHz): δ 7.48−8.53 (m, 9H), 5.98 (s, 1H), 5.51
(s, 1H), 4.35 (t, 2H), 4.20 (t, 2H), 4.36 (t, 2H), 4.23 (t, 2H),
2.00 (m, 2H), 1.95 (m, 3H), 1.75 (m, 2H), 1.72 (m, 2H), 1.56
(m, 2H).

Synthesis of the P3HT Macroinitiator (P3HT-Br). The
synthesis of allyl end-capped P3HT, hydroxypropyl end-
capped P3HT precursors (Scheme S1), and P3HT-Br is
given in the Supporting Information.

Synthesis of Poly(3-hexylthiophene)-b-poly(PyMA).
P3HT-Br was subjected to ICAR-ATRP with the LC monomer
(PyMA), Cu catalyst (CuBr2), chelating ligand tris[(2-
pyridyl)methyl]amine (TPMA), and the radical initiator
(AIBN). A clean dry Schlenk flask was charged with P3HT-
Br (0.5 g, 0.0385 mmol), PyMA (2.97 g, 7.7 mmol), CuBr2
(0.430 mg, 0.0019 mmol), TPMA (2.236 mg, 0.0077 mmol),
and AIBN (1.264 mg, 0.0077 mmol). Therefore, the molar
ratio of the reactants is PYMA:P3HT:CuBr2:TPMA:AIBN =
200:1:0.05:0.2:0.2. After subjecting the reaction mixture to
three freeze−pump−thaw cycles, the Schlenk flask was
immersed in a thermostat oil bath at 65 °C. A minimum
amount of toluene (∼4 mL) was used as the solvent. The
reaction mixture was stirred under nitrogen for 24 h at 65 °C.
The formation of the second block was confirmed by

Figure 5. Polarized optical micrographs of P3HT-b-poly(PyMA) (a) before heating (b) during mesophase transition (∼130 °C) after cooling from
the isotropic state and polarized optical micrographs of poly(PyMA) (c) before heating (d) during mesophase transition (∼130 °C) after cooling
from the isotropic state.
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withdrawing samples from the reaction mixture using
deoxygenated syringes and isolating the polymer by precipitat-
ing in methanol. After 24 h, the reaction mixture was
precipitated in cold methanol to isolate P3HT-b-poly(PyMA).
Further purification was done by reprecipitation of P3HT-b-
poly(PyMA) in excess methanol after dissolving in THF,
followed by drying under vacuum until the complete removal
of solvent residues. Polymer characterization was done by SEC
(Mn = 18,000 g mol−1, PDI = 1.7) and 1H NMR (Figure S7 in
the Supporting Information). Percent yield = 53%. 1H NMR
(500 MHz, CDCl3): δ H 0.92 (s, 3H), 1.12−1.63 (m, 6H),
1.69 (t, 2H), 2.80 (t, 2H), 3.68 (s, 3H), 3.86 (s, 4H), 6.96 (s,
1H), 6.75−8.45 (broad peaks for pyrene protons, 9H). SEC:
Mn = 18,000 g mol−1; PDI = 1.7.
Synthesis of Poly(PyMA). PyMA was polymerized by

ICAR-ATRP following the same experimental procedure as in
P3HT-b-poly(PyMA). Poly(PyMA) was synthesized using the
LC monomer PyMA (2.97 g, 7.7 mmol), ethyl 2-bromoisobu-
terate (EBiB) (7.5 mg, 0.0385 mmol), CuBr2 (0.086 mg, 0.385
μmol), TPMA (0.447 mg, 1.54 μmol), and the radical initiator
AIBN (0.253 mg, 1.54 μmol). A clean, dry Schlenk flask was
charged with all the reactants with 4 mL of toluene in the
molar ratio of PYMA:EBiB:CuBr2:TPMA:AIBN =
200:1:0.01:0.04:0.04. After three freeze−pump−thaw cycles,
the Schlenk flask was immersed in a thermostat oil bath at 65
°C for 24 h under nitrogen with stirring. The resulting polymer
was further purified by reprecipitation in cold methanol from a
solution of poly(PyMA) in THF before characterization by
SEC and 1H NMR (Figure S8 in the Supporting Information).
Percent yield = 63%. 1H NMR (CDCl3, 500 MHz): δ 6.8−8.5
(m, 9H), 3.8 (broad s, 4H), 0.7−2.3 (m, 10H), 0.95 (s, 3H).
SEC: Mn = 3500 g mol−1, PDI = 1.7.

■ CONCLUSIONS
A poly(3-hexylthiophene)-b-poly(PyMA) diblock copolymer
and poly(PyMA) homopolymer carrying pendant pyrene units
as thermotropic discotic LC mesogens were synthesized and
characterized. In comparison with previous studies, employing
ICAR-ATRP contributed to the significant reduction of the
amount of copper catalyst (<97.5%) required for the addition
of the second block while maintaining comparatively low PDI.
Well-ordered packing of the polymer was confirmed by UV−
Vis analysis, XRD data, and TMAFM studies. The thermo-
tropic liquid crystallinity of poly(3-hexylthiophene)-b-poly-
(PyMA) with the formation of the discotic mesophase was
investigated and confirmed with DSC and POM. Annealing
above the mesophase transition led to a long-range order in
poly(3-hexylthiophene)-b-poly(PyMA) in the active layer of
OFETs, improving self-assembly, resulting in comparable field-
effect mobilities with the P3HT macroinitiator (in the order of
10−2 cm2 V−1 s−1), even in the presence of the insulating LC
block. Our results demonstrate a path to control block
copolymer morphologies with potential applications in dis-
plays, sensors, and memory devices.
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