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ABSTRACT: We report the synthesis, morphology, and charge-

transporting characteristics of new crystalline–crystalline diblock

copolymers, poly(3-hexylthiophene-block-stearyl acrylate) (P3HT-

b-PSA). Three different diblock copolymers, P1, P2, and P3, with

P3HT/PSA polymerization degree block ratios of 60/26, 60/50, and

60/360, respectively, were prepared for investigating the mor-

phology-property relationship and the dependence of optoelec-

tronic properties on the block copolymer structure. Small- and

wide-angle X-ray scattering indicated the presence of both P3HT

and PSA crystalline domains and the presence of microphase

separation among blocks. The transmission electron microscopy

and atomic force microscopy results revealed that the diblock

copolymers cast from chlorobenzene, tended to form needle-like

morphologies. The field-effect mobilities of the diblock copoly-

mers deposited on untreated SiO2 substrates, decreased with

increasing PSA block length. In a sharp contrast, the mobilities

enhanced with increasing PSA content when the P3HT-b-PSA

was deposited on phenyltrichlorosilane (PTS)-treated substrates.

The copolymers with a 60/360 P3HT/PSA ratio showed a good

mobility of 4 � 10�3 cm2 V�1 s�1 and a high on/off ratio of 7 �
106 on PTS-treated substrates. This study highlighted the impor-

tance of the block ratio, the substrate and self-assembly struc-

tures on the charge transport characteristics of the crystalline–

crystalline conjugated diblock copolymers. VC 2011 Wiley Periodi-

cals, Inc. J Polym Sci Part A: Polym Chem 50: 686–695, 2012

KEYWORDS: block copolymers; charge transport; conjugated

polymers; FET; rod-coil; self-assembly; synthesis

INTRODUCTION Rod-coil block copolymers have attracted
great scientific interest because they can self-organize to
form ordered nanostructures. A variety of morphological
transformations can be manipulated by controlling various
driving forces, including block length, hydrophilicity, chain
flexibility, segregation among blocks, and other driving
forces.1–11 Conjugated rod-coil block copolymers, in particu-
lar, have been extensively investigated for sensory and elec-
tronic applications because of their tunable optoelectronic
properties and nanoscale morphologies, including polyfluor-
ene,7,9,12,13 polythiophene,14–31 phenylenevinylene,2–4 and
polyquinoline.6,32 Among these conjugated diblock copoly-
mers, we are particularly interested in the diblock copolymer
with regioregular poly(3-hexylthiophene) (P3HT) block,
because P3HT possesses solution processability, supramolec-
ular two-dimensional ordering, and excellent semiconducting
properties, inducing high charge mobility.33–37

Several amorphous nonconjugated polymer blocks have been
incorporated with the P3HT block for tuning the morphology

and properties, such as poly(4-vynilpyridine),33 poly(2-
(dimethylamino)ethyl-methacrylate),20 poly(methyl acrylate)
(PMA),17 poly(methyl methacrylate),18 poly(styrene) (PS),38

and other coil segments.39–41 However, the diblock copoly-
mer of P3HT and amorphous nonconjugated polymer com-
monly required a significant amount of semiconducting poly-
mers to maintain the charge transporting ability. For
instance, the charge mobilities of P3HT-b-PMA showed an
obvious degradation when incorporating with 57% amor-
phous PMA segments.17 Liu et al. reported that the electrical
conductivities of P3HT-b-PS with 48% PS exhibited one to
two orders of magnitude lower than the pristine P3HT. In
contrast with rod-coil block copolymers with an amorphous
nonconjugated coil block, the diblock copolymers consisting
of a P3HT rod and a crystalline nonconjugated block have
not been explored in details. Müller et al. demonstrated that
adding a semicrystalline polyethylene block to P3HT is an ef-
ficient approach to enhance the mechanical property of the
resulting block copolymer and obtain excellent charge

Additional Supporting Information may be found in the online version of this article.
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transporting characteristics even at a P3HT content as low
as 10 wt %.16 However, semicrystalline polyethylene
requires a relatively high processing temperature in the
range from 110 to 145 �C, depending on its molecular
weight and branching,42,43 restricting the window of process-
ing parameters and substrates. To reduce the processing
temperature, comb-like crystalline poly(stearyl acrylate)
(PSA) may be an appealing candidate to develop a P3HT-
based block copolymer for device applications. PSA, with a
low melting temperature of 45 �C, has been extensively stud-
ied for industrial applications, ex. shape memory,44 and
pour-point depressant,45 which is commonly used to depress
the pour point and improve low-temperature flow behaviors
of crude oil.45

In this study, we report the synthesis, morphology, and
charge transporting characteristics of a new crystalline–crys-
talline P3HT-b-PSA diblock copolymer. P3HT macroinitiator
was prepared by Grignard metathesis reaction (GRIM), first
and then, the PSA segments with different molecular weights
were prepared by atom transfer radical polymerization
(ATRP), as shown in Scheme 1. Three different diblock
copolymers of P1, P2, and P3, with the P3HT/PSA polymer-
ization degree block ratios of 60/26, 60/50, and 60/360,
respectively, were prepared. The morphology of the P3HT-b-
PSA block copolymers was investigated by small- and wide-
angle X-ray scattering (SAXS/WAXS), atomic force microscopy
(AFM), and transmission electron microscopy (TEM). The
charge carrier mobilities were measured on both untreated
and treated SiO2/Si substrates by field-effect transistors

(FETs). The surface treatment of SiO2 was carried out by
phenyltrichlorosilane (PTS), because the presence of phenyl
groups was shown to provide good interactions with aro-
matic semiconductors.46 The experimental results show the
importance of the P3HT/PSA block ratio, the substrate sur-
face properties and morphology on the charge transport, and
FET characteristics of diblock copolymers.

EXPERIMENTAL

The synthetic scheme of P3HT-b-PSA block copolymer is
shown in Scheme 1. The regioregular P3HT macroinitatior
was synthesized by GRIM procedures,47 and then, the
diblock copolymer was synthesized by ATRP.14,20 The details
of synthetic procedure, the diblock characterizations, and the
electrical properties of the diblock copolymers are described
below.

Materials
P3HT60 was prepared according to our previous report.20

Stearyl acrylate (SA), purchased from Polysciences, was
recrystallized from ethanol solution. 1,1,4,7,7-Pentamethyl-
diethylenetriamine (PMDETA; Acros, 99%), copper(I) bro-
mide (Aldrich, 99%), and tetrahydrofuran (TEDIA, HPLC)
were used as received without further purification. Common
organic solvents for synthesis and ultra-anhydrous solvents
for preparation of thin film transistors such as anisole, chlor-
obenzene, and methanol were purchased from Aldrich.

SCHEME 1 Synthetic scheme of P3HT-b-PSA with different block length ratios.
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Synthesis of P3HT-b-PSA Diblock Copolymers
The synthesis of P3HT-b-PSA diblock copolymers is shown in
Scheme 1. P3HT60 with Mn and polydispersity index of
10,080 and 1.35, respectively, was prepared via Grignard
reaction. The P3HT-b-PSA copolymers with different coil
lengths were synthesized from P3HT60 via ATRP. As an
example, the preparation of P1 is described below. A dry 10-
mL round-bottom flask with a magnetic stir bar was filled
with the mixture of CuBr (1.42 mg, 9.92 � 10�3 mmol),
P3HT60 macroinitiator (100 mg, 9.92 � 10�3 mmol, Mn (NMR)
¼ 10,080), SA (3.21 � 10�1 g, 9.92 � 10�1 mmol), PMDETA
(2.07 lL, 9.92 � 10�3 mmol), and anisole (2 mL). The mix-
ture was degassed and backfilled with nitrogen three times,
stirred at ambient temperature for 1 h, and then immersed
into an oil bath at 120 �C for 24 h. After cooling to ambient
temperature, tetrahydrofuran (THF) was added to the mix-
ture. The mixture was passed through an Al2O3 column to
remove the copper catalyst and then was precipitated into
methanol to obtain the P1 (yield: 26.78%) as a brown solid.

1H NMR (CDCl3, 400 MHz) d (ppm): 2.52–2.79 (2H,
ACH2ACH2A(CH2)3A(CH3)), 3.99 (2H, AOCH2(CH2)16CH3,
for SA side chain), 6.96 (1H, thiophene aromatic protons).
Elemental analysis for [C1156H1956S60]: C, 74.40; H, 10.49; S,
10.30. Found: C, 73.97; H, 10.32; S, 9.53.

Characterization
Size-exclusion chromatography was performed on an Asahi
Techneion AT-2002 equipped with a Viscotek TDA model
302 triple detector array using THF as a carrier solvent at a
flow rate of 1.0 mL/min at 40 �C. To determine the Mn and
Mw/Mn values of the resulting polymers, a calibrated curve
was made with polystyrene standard. 1H NMR spectra were
recorded on a Bruker DPX (400 MHz for 1H) in CD2Cl2.
Chemical shifts were recorded in ppm downfield relative to
CH2Cl2 (d 5.33) as standards. Thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) measure-
ments were performed under a nitrogen atmosphere at a
heating rate of 20 and 10 �C/min using a TA instrument
(TGA-951 and DSC-910S), respectively. UV–vis optical
absorption spectra were obtained using Hitachi U-4100 spec-
trometer. Elementary analyses were performed by using Vari-
oEL III (Elementar, Germany).

SAXS and WAXS measurements were performed on a Rigaku
microfocused source based on Cu Ka radiation (k ¼ 0.154
nm). For SAXS, the diffracted beam was collected on a two-
dimensional high-resolution gas-filled detector. For WAXS,
the diffracted signal was collected on image plates. The
resulting accessible window of the scattering vector q (q ¼
4psin(y)/k, where 2y is the scattering angle) is 0.05–2 nm�1

and 1.9–20 nm�1, for SAXS and WAXS, respectively. The
recorded scattered intensities were azimuthally integrated
yielding scattered intensity as functions of the scattering vec-
tor. After casting from 1 wt % dichlorobenzene solutions, the
samples were dried at 230 �C (50 �C higher than the melting
temperature of P3HT) under high vacuum (10�9 mbar) for
12 h and then cooled at 0.1 �C/min down to room tempera-
ture. Synchrotron grazing incidence X-ray diffraction (GIXD)

measurement was performed at B23A1 beamline of National
Synchrotron Radiation Research Center (Taiwan). For GIXD,
the thin films of P1 and P3 were prepared from 0.8 wt %
polymer solution in chlorobenzene via spin coating at a
speed rate of 600 rpm for 30 s onto the PTS-treated SiO2

substrates.

The morphologies of polymer film surface were also studied
by AFM using a Nanoscope 3D Controller (AFM, Digital
Instruments) operated in tapping mode at room tempera-
ture. For AFM samples, 0.8 wt % polymer solution in chloro-
benzene was filtered through a 0.22-lm syringe filters, and
then spin-coated at a speed rate of 600 rpm for 30 s onto ei-
ther the bare or the PTS-treated SiO2/Si substrate. TEM was
performed using a JEOL 1230 operated at an acceleration
voltage of 100 kV. The samples for TEM measurement were
prepared by spin-coated coating on NaCl substrates, and
then put into water. The polymer films were floated on the
water surface and picked up onto 200-mesh copper grids
with carbon.

Fabrication of Field-Effect Transistors
The FETs were fabricated on a highly doped n-type Si sub-
strate with a thermal grown SiO2 (300 nm, capacitance ¼
10 nF/cm2). The SiO2 surface was also modified by phenyl-
trichlosilane (PTS), a silane coupling agent, by the following
procedure: a clean SiO2/Si substrate was immersed into a
10 mM solution of PTS in anhydrous toluene at room tem-
perature overnight. Polymer solution (0.8 wt %) in chloro-
benzene was filtered through a 0.22-lm syringe filters, and
then spin-coated at a speed rate of 600 rpm for 30 s onto ei-
ther the original or the PTS-treated SiO2/Si substrate. The
top-contact source/drain regions were defined by gold
electrodes (100 nm), deposited through a regular shadow
mask, and the channel length (L) and width (W) were 50
and 1000 lm, respectively. The output and transfer character-
istics of the FET devices were measured by a Keithley 4200
semiconductor parametric analyzer. The above electrical meas-
urements were performed in a nitrogen-filled glove box. All
FETs showed typical p-type I-V characteristics with the accu-
mulation mode operation. Field-effect mobility was estimated
from saturated transfer characteristics via the slope of the
plot giving (Id)

1/2 versus Vg by the following equation:48

Id ¼ WColh
2L

ðVg � VtÞ2 (1)

where Id is the drain current, Vg is the gate voltage, Vt is the
threshold voltage, lh is the hole mobility, W is the channel
width, L is the channel length, and Co is the capacitance of the
gate insulator per unit area (SiO2, 300 nm, Co ¼ 10 nF/cm2),
respectively.

RESULTS AND DISCUSSION

Synthesis and Thermal Properties
The chemical structures and synthesis procedure of the rod-
coil block copolymers considered here are shown in Scheme 1.
The 1H NMR spectrum of the macroinitiator P3HT60 is
shown in Supporting Information Figure S1. The NMR peak
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at 1.82 and 4.39–4.51 ppm is assigned to the integration of
end-capped group (ACH3 and ACHA). The peaks at 3.10 and
4.39–4.51 ppm are attributed to the proton resonance of the
two ACH2A located between P3HT and the ester group. The
signal at 6.96 ppm (1H), attributed to aromatic proton in thi-
ophene units, is �20-fold of those at 4.39–4.51 ppm (3H).
This indicates that there are 60 repeated thiophene units in
the macroinitiator. The 1H NMR spectra of the macroinitiator
is consistent with the proposed structure. The number-aver-
age molecular weight (Mn) of the macroinitiator P3HT60 esti-
mated from gel permeation chromatography profile (Sup-
porting Information Fig. S3) is 10 kg mol�1, and thus, the
degree of polymerization is 60. The 1H NMR spectra of the
diblock copolymers are shown in Figure 1. The proton sig-
nals of the SA backbone and oxymethylene on PSA are
clearly observed in the region of 2.25–2.39 and 3.99–4.13
ppm, implying the successful incorporation of the PSA block.
The proton signals of the alkyl chain and thiophene ring on
P3HT are in the region of 2.52–2.79 and 6.96 ppm, respec-
tively. Note that P1 has a much longer P3HT chain length

than PSA, and thus, strong signals of the thiophene proton
resonances are observed. The SA repeating units of three
copolymers estimated from the peak integration of the 1H
NMR are 26, 50, and 360, named as P1, P2, and P3, respec-
tively. This corresponds to a number-averaged molecular
weight of 18,500, 27,180, and 126,720 g/mol, respectively,
in good agreement with the expected theoretical content.
Note that the NMR signals of the ester group located
between P3HT and PSA are relatively weak. The similar phe-
nomena were also observed in the material, P3HT-b-poly(2-
(diemthylamino)ethyl methacrylate).20

The relevant thermal properties of the diblock copolymers
are listed in Table 1, together with the corresponding data of
the individual P3HT60 and PSA blocks. The thermal decom-
position temperatures (Td) of the diblock copolymers were
between 352 and 365 �C, indicating their good thermal sta-
bility. The crystallization behaviors were affected by the
composition of the diblock copolymers. The DSC curve of P1
(Fig. 2) shows two melting and crystallization temperatures
(TcPSA and TcP3HT) of 34 and 174 �C, corresponding to those
of the PSA and P3HT blocks, respectively. TcPSA is increased
with the larger PSA length, whereas TcP3HT exhibits an oppo-
site trend, suggesting that the P3HT tendency to crystallize
is lowered by a PSA block of increasing molecular weight.
Note that the TcP3HT of P3 exhibited the largest reduction
(almost 20 �C). Despite the decreased TcP3HT, the P3HT
blocks still crystallized before the PSA segments during cool-
ing down. It was reported that the sequence of crystalliza-
tion of conjugated components conspicuously influenced the
electrical performances of diblock copolymers or polymer
blends, because the semiconductor polymer cannot crystal-
lize efficiently within a crystalline insulting matrix.16,42

Therefore, it is strongly preferable for optimal charge mobil-
ity, when the crystallization of the P3HT block occurs first,
as in the present case.

Small- and Wide-Angle X-Ray Scattering
P3HT is known to be capable of crystallizing into lamellar
packing crystal structures with the P3HT backbones stacked
via p-p interactions and the alkyl side chains spacing neigh-
boring P3HT stacks.37 The packing scheme is maintained
also in polythiophene–polythiophene fully conjugated crystal-
line block copolymers.49 To understand the crystalline

FIGURE 1 1H NMR spectra of P1 in CDCl3. (x:CDCl3).

TABLE 1 Polymerization Conditions, Molecular Weights, and Thermal Properties of P3HT-b-PSA Copolymers

Expected

Composition [M]0/[I]0
a

Mn (g/mol)b

PDIc Td
d (�C) TcPSA

e (�C) TmPSA
e (�C) TcP3HT

e (�C) TmP3HT
e (�C)P3HT PSA

P3HT60 – 10,080 – 1.35 349 – – 179.7 203.8

P1 100 10,080 8,424 1.41 365 33.6 44.7 173.6 199.4

P2 250 10,080 17,100 1.38 358 33.8 44.9 173.2 200.9

P3 400 10,080 116,640 1.70 352 39.3 46.4 160.8 200.1

PSA – – 65,000 – 331 36.1 45.1 – –

a Feed molar ratio of the monomer [M]0 to initiator [I]0.
b Determined by 1H NMR.
c Polydispersity index determined by GPC.

d 5 wt % loss temperature measured by TGA under N2.
e Determined by DSC.
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structure of the P3HT-b-PSA diblock copolymers, their WAXS
and SAXS profiles were investigated, as shown in Figure 3.
For P1, the typical crystal diffraction peaks (100), (200),
(300), and (020) of the P3HT block can be easily distin-
guished at room temperature and at 70 �C in Figure 3(a);
the peaks at 70 �C shift at lower q compared with room tem-
perature due to thermal expansion. These multiple, strong,
and sharp peaks of P3HT indicate its high crystalline nature.
The peaks at 1.51 and 1.86 Å�1, which disappeared at 70 �C
above the melting temperature of PSA, arise from the crystal-
lization of the PSA block. By increasing the length of the PSA
block from P1 to P3, the crystallization peaks of P3HT
(100), (200), and (020) are still visible at the same positions,
but become broader and the (300) peak cannot be observed
any longer. This suggests that the long PSA block depressed
the crystallization of P3HT. Meanwhile, because the PSA
block is the majority component in P3, its crystallization
peaks becomes more pronounced at room temperature com-
pared with P1, the same peaks disappearing above its melt-
ing temperature. Figure 3(b) shows the SAXS profiles of the
two block copolymers. The peaks at 0.029 and 0.021 Å�1 sug-
gest that microphase separation occurred in both block
copolymers, with periodicities of 21.6 nm and 30 nm for P1
and P3, respectively. Figure 3(c) illustrates the synchrotron
grazing incidence X-ray diffraction (GIXD) profiles of P1 and
P3 on the PTS-treated surfaces with a thickness of �50 nm.
On the PTS-treated surface, P3 exhibits the scattering peaks
at 1.51 and 1.62 Å�1, corresponding to the crystallization of
the PSA block and the (020) reflection of the crystalline P3HT
segments, respectively, whereas only the peak at 1.51 Å�1 is
observed in the thin films of P1. This indicates that, in con-
trast to what observed in bulk, the long PSA block facilitates
the p-p stacking of P3HT on the PTS-treated surface.

Figure 4 shows the TEM images of the thin films of P3HT-b-
PSA cast from chlorobenzene solvent. All the diblock copoly-
mers tend to form dark needle-like structures with an aver-
age feature size of 30 nm, as a result of the crystallization of
the block copolymer.50 Because the stained phase is P3HT,
these needles identify the crystalline P3HT microphase

separated in a PSA background. As shown in Figure 4(c), the
TEM image of P3 shows the lowest number of needles which
also appear shorter, as expected by the decreasing P3HT vol-
ume fraction for the block copolymer with the longest PSA
block. As SAXS/WAXS analysis indicated an effect of the sub-
strate on the crystallization behavior of the P3HT-b-PSA
block copolymers, to gain further insight on this trend, we
also performed AFM on SiO2 and PTS-modified SiO2 sub-
strates. Figure 5 shows the AFM topography images of P1
on both types of surfaces. Remarkably, a much stronger
tendency to form crystalline needle-like structures can be
observed on the PTS-treated surface. These AFM images,

FIGURE 2 DSC curves of P1, P3HT, and PSA at a heating/cool-

ing rate of 10 �C min�1.

FIGURE 3 (a) WAXS and (b) SAXS profiles of block copoly-

mers P1 (filled dot) and P3 (open dot) in bulk, and (c) GIXRD

profiles of P1 and P3 thin films on the PTS-treated SiO2

substrates.
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taken together with GIXD analysis, strongly support that the
PTS-treated surfaces are able to greatly improve the crystal-
lization of P3HT blocks. These results demonstrate the cru-
cial role of the substrate surface properties on the self-
assembly of diblock rod-coil crystalline block copolymers.

Optical Properties
The UV–vis absorption spectra of the diblock copolymers on
the bare quartz and PTS-treated quartz surfaces are shown
in Figure 6. The absorption coefficients of the diblock
copolymers decreased with increasing the block lengths of
the PSA segments, because PSA diluted the P3HT content.
Intriguingly, the absorption peak of the diblock copolymer at
604 nm,51 which can be attributed to the interchain p-p
stacking of the P3HT segments, exhibits a fairly stronger

absorption intensity on the PTS-treated substrates, compared
with those on the bare quartz substrates. This is a further
evidence that PTS can promote the crystallization of P3HT,
and thus, enhance the interchain p-p stacking of the P3HT
segments.48

Characteristics of Field-Effect Transistors
The electrical characteristics of the FET devices based on the
P3HT-b-PSA are listed in Table 2. The experimental result
suggests that the interface between the diblock copolymers
and the dielectrics revealed a remarkable influence on the
charge transport, as shown in Figure 7. For comparison, the
mobility of the macroinitiator P3HT60 was also measured.
P3HT60 only shows moderate mobilities of 10�4 to 10�3 cm2

V�1 s�1, comparable with that of P3HT with the similar mo-
lecular weight.52,53 On the untreated SiO2 substrate, the FET
hole mobilites of P3HT60, P1, P2, and P3 are 6.38 � 10�4,
3.41 � 10�4, 2.88 � 10�5, and 2.26 � 10�6 cm2 V�1 s�1,
respectively. The hole mobility of the block copolymer
decreases with enhancing the PSA block length. This may be

FIGURE 4 TEM images of (a) P1, (b) P2, and (c) P3.

FIGURE 5 AFM topography images of P1 on the (a) untreated

and (b) PTS-treated surface surfaces.
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related to the morphology in which fewer crystalline needles
form in the thin films with increasing PSA lengths, reducing
the volume fraction of effective domains for charge trans-
port. In contrast, on the PTS-treated SiO2/Si surface, the FET
hole mobilites of P3HT60, P1, P2, and P3 on the PTS-treated
surface are 1.19 � 10�3, 4.51 � 10�4, 6.30 � 10�4, and
4.16 � 10�3 cm2 V�1 s�1, respectively. The polymers have
then an enhanced electrical performance with increasing the
PSA block length. Furthermore, the mobilities measured on
the PTS-treated surface are systematically higher than that
on the bare surface, implying that the modification of sub-
strate surface is crucial for the charge transport of the P3HT
segments.54 This conclusion joins the recent report on the
critical effects of interfacial engineering for efficient organic
photovoltaic design.33 The mobility of the block copolymers
on PTS-treated substrates initially decreases for the short
PSA segment, but then becomes enhanced at a high PSA con-
tent. The best FET mobility of 4.16 � 10�3 cm2 V�1 s�1 is
obtained from the P3 on the PTS-treated substrates, which
is three orders of magnitude higher than that on the
untreated SiO2/Si substrate. Similar trend of the hole
mobilites of P3HT-b-PMA on the octyltrichlorosilane-
treated surface was reported by Sauvé and McCullough.17

They proposed that the factor affecting the tendency of the
mobilities could arise from a repulsive interaction of
the hydrophilic PMA segments with hydrophobic octyltri-
chlorosilane-treated interfaces,17 leading to a different

structural order of P3HT at the interface. However, in our
case, both P3HT and PSA segments are hydrophobic.
Therefore, we assume that the factor affecting the mobili-
ties is attributed to the p-p interaction between P3HT and
the phenyl groups on the PTS-treated surfaces. The phenyl
groups may trigger P3HT stacking via the p-p interactions
between thiophene units and phenyl groups. Therefore, the
PTS-treated surface improves the interchain p-p stacking
within the P3HT segments and initiates and improves
P3HT crystallization during the film deposition. This is evi-
denced by the results of the GIXD, UV–vis spectra, AFM,
and hole mobility.

To verify our hypothesis, we measured water contact angles
on the P3HT-b-PSA films spin coated on both SiO2 and PTS-
treated SiO2. Because the hydrophobicity of P3HT and PSA is
different, the water contact-angle measurement is a simple
approach to recognize the changes of the interfacial composi-
tion of the diblock copolymers on the different substrates.
The water contact angle as a function of mol % PSA on the
different SiO2 surface is shown in Figure 8. On the PTS-
treated surface, the contact angles of water on the various
diblock copolymers films are similar to that of the pristine
PSA film (114�). This already suggests a selectivity of P3HT
segments for phenyl group at the substrate interface, displac-
ing PSA blocks towards the free surface of the block copoly-
mer. On the other hand, on the untreated SiO2 surface, the
contact angles of water against the diblock copolymers films
were between that of the PSA film (114�) and the P3HT film
(107�), implying that there is no groups selectivity for inter-
action between the silanol of the SiO2 and either the PSA or
P3HT segments. With the increased length of the PSA seg-
ments, the degree of the crystallization of the PSA increases,
leading to denser packing of the P3HT segments on the PTS-
treated surface. It is interesting to note that, the on-off ratios
and threshold voltages had remarkable improvements on the
PTS-treated surface, greatly exceeding even those of the
P3HT60. On the PTS-treated surface, P3, with the longest
PSA block, exhibits the highest on-off ratios of 7.38 � 106

and a reduced threshold voltage of �12 V. This implies that
the crystalline PSA segments provides an excellent barrier to
prevent the invasion of oxygen and moisture, which are com-
monly considered as dopants, leading to the reduced OFF
current and threshold voltages.

The effects of thermal annealing on morphology, optoelec-
tronic properties, and charge transport were also studied.
From the AFM images (Supporting Information Fig. S5),

FIGURE 6 UV–vis absorption spectra of P3HT60 (square), P1

(sphere), P2 (up triangle), and P3 (down triangle) on the

untreated (hollow) and PTS-treated (solid) quartz substrates.

TABLE 2 Electrical Properties of P3HT-b-PSA Based FET Devices on Both Untreated and PTS-Treated Dielectric Surfaces

Polymer

Untreated SiO2 PTS-Treated SiO2

lAvg (cm2 V�1 s�1) On/Off Vth (V) lAvg (cm2 V�1 s�1) On/Off Vth (V)

P3HT60 (6.38 6 2.50) � 10�4 2.52 � 102 83 6 3 (1.19 6 0.17) � 10�3 3.10 � 102 76 6 2

P1 (3.41 6 0.17) � 10�4 1.91 � 103 0 6 7 (4.51 6 0.28) � 10�4 2.50 � 103 20 6 5

P2 (2.88 6 0.85) � 10�5 1.89 � 103 14 6 6 (6.30 6 0.61) � 10�4 8.21 � 103 12 6 1

P3 (2.26 6 1.09) � 10�6 7.30 � 103 �22 6 3 (4.16 6 1.33) � 10�3 7.38 � 106 �12 6 1
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there were several large aggregates appeared on the surface
of the P3 film after thermal treatments. In addition, the main
peak of the absorption spectra of P3 exhibited an obvious
blue shift of 10 nm after thermal annealing at 150 �C,
as shown in Supporting Information Figure S6. It indicates
that the thermal annealing reduces the p-conjugation of the

P3HT segments in P3 film. The thermal annealing also led to
the significant reduction on the electrical properties of the
P3HT-b-PSA FETs, as shown in Supporting Information
Figure S7. The mobilities of the thermal annealed FETs
exhibited an order of magnitude smaller than those without
annealing. This poor thermal stability is probably due to the
low melting point (45 �C) of the PSA segments, causing
the reduced p-p stacking during thermal annealing. Despite
the thermal degradation, P3 still exhibits a lower off current
than that of P1, implying that incorporating long PSA
segments provides the good insulting ability during thermal
annealing.

CONCLUSIONS

We have demonstrated the optical properties, morphology,
and charge transporting characteristics of the novel diblock
copolymers with different P3HT/PSA polymerization degree
block ratios of 60/26, 60/50, and 60/360, respectively, and
thus, on the different SiO2 and PTS-treated SiO2 surfaces.
The block ratios of P3HT/PSA and surface treatments signifi-
cantly affected the morphology, molecular packing, and elec-
trical properties of the diblock copolymers. SAXS and WAXS
indicated a microphase separation between crystalline P3HT
and PSA blocks. AFM and TEM further allowed to resolve
needle-like P3HT domains within a PSA continuous phase
with an average diameter of 30 nm. The number of the
P3HT domains decreased with increasing PSA length. The
UV–vis absorption spectra showed that the interchain p-p
stacking of the P3HT segments on the PTS-treated quartz
substrates was stronger than on untreated substrates, indi-
cating that PTS can increase the interchain stacking of the
P3HT segments via p-p stacking. GIXD result also showed
that the long PSA block facilitates the p-p stacking of P3HT
on the PTS-treated surface. In line with these observations,
the charge transport performance of the diblock copolymers

FIGURE 7 Transfer characteristics of the field-effect transistors

prepared from P1, P2, and P3 on the (a) untreated and (b) PTS-

treated surface, where VDS ¼ �100 V. (c) Average FET mobility

as a function of PSA content of the diblock copolymers.

FIGURE 8 Average water contact angles of the diblock copoly-

mers with different PSA content on the untreated (circle) and

PTS-treated (square) SiO2 surfaces, respectively.
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was remarkably improved by the PTS-treated surface. This
significant improvement was due to the enhancement of the
p-p stacking interactions of the P3HT blocks with the PTS-
modified interface. This study demonstrated explicitly that
the block ratios of the crystalline–crystalline diblock copoly-
mers and the substrate surface modification played impor-
tant roles on their self-assembly behavior and the FET elec-
trical performance.
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