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A B S T R A C T   

Since thiophene and selenophene have comparable molecular structures and possess individual remarkable 
optoelectronic characteristics, crystals comprising both units may exhibit improved charge mobility than their 
respective homopolymers due to the synergy. This, however, has yet to be largely utilized in statistical co
polymers. In this study, a series of poly(3-butylthiophene)-stat-poly(3-hexylselenophene) (P3BT-stat-P3HS) sta
tistical copolymers with variable molar ratios of thiophene to selenophene were synthesized and investigated in 
respect of thermal, crystalline, and charge transport properties. All three P3BT-stat-P3HS copolymers were found 
to well crystallize in an edge-on configuration in spite of their random arrangement of thiophene and seleno
phene units along the main backbones. Consequently, high-performance organic field-effect transistors (OFETs) 
were achieved in as-cast P3BT-stat-P3HS crystals, surpassing those of P3BT, P3HS and P3BT/P3HS blend. After 
150 ◦C thermal annealing, the charge mobilities of these statistical copolymers were further slightly enhanced 
due to the improved crystallinities as well as more ordered crystalline structures. This work shows the improved 
field-effect mobilities in conjugated polymer-based statistical copolymers due to the synergy of thiophene and 
selenophene units. Such P3BT-stat-P3HS crystals may be used in diverse printable flexible electronics owing to 
their excellent charge mobilities and annealing-free properties.   

1. Introduction 

Organic field-effect transistors (OFETs) based on conjugated poly
mers have attracted much interest due to their light weight, solution 
processability, and excellent charge transport properties [1,2]. As the 
most important parameter in OFET devices, the charge carrier mobility 
(μ) is subject to their chemical structure, molecular stacking, crystalline 
structure and morphology within the active layer on multiple length 
scales [3]. On one hand, from the molecular design perspective, a large 
number of novel conjugated polymers have been synthesized with 
well-defined chemical structure and good charge mobilities due to the 
great advances in synthetic techniques [4–7]. On the other hand, 
tailoring their condensed state structure including the molecular pack
ing, crystalline structure, etc. is receiving increasingly attention since 
the charge transport is a complicated multi-scale process [8–11]. In the 
latter context, a set of extrinsic parameters such as solvent [12], aging 
[13], the addition of additives [14], thermal annealing [15], solvent 
vapor annealing [16], and applying electric field [17] have been utilized 
to tune the crystalline structures of conjugated polymers efficiently. 

Up to now, most of OFETs comprising conjugated polymers are based 
on single constituent possessing its own intrinsic properties. The ag
gregation of two or more conjugated constituents into crystalline 
structures may confer them with novel properties and diverse func
tionalities, which is promising for OFETs [18]. Among a number of 
conjugated polymers, poly(3-alkylthiophene)s (P3ATs), have been 
widely researched as the model systems. P3ATs have a hair-rod 
configuration which can preferentially pack into an edge-on orienta
tion where the alkyl sidechains (a-axis) is perpendicular to the substrate 
and both the π-π stacking (b-axis) and the main backbone (c-axis) are 
parallel to the substrate [19]. Compared to P3ATs, poly 
(3-alkylselenophene)s (P3ASs), the close analogues of P3ATs, are 
much less studied due to difficulty in synthesis and relatively poor sol
ubility [20]. The physical and chemical properties of P3ASs and P3ATs 
are relatively close. Nonetheless, P3ASs have a more planar backbone 
and a narrower bandgap compared to P3ATs [20]. These characteristics 
are beneficial for the improvement of light absorption and charge carrier 
mobility. However, P3AS-based OFETs do not outperform P3ATs in 
terms of charge carrier mobility due to the poor solubility resulting from 
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the stronger Se–Se interaction and the increased π-π stacking distance 
arising from the larger Se atoms. Since P3ATs and P3ASs carry respec
tive excellent optoelectronic properties, it is conceivable that the co
polymers composed of both of them may have better performance than 
their respective components. 

In general, there are two ways to combine two different conjugated 
polymers, i.e., simply blending them without covalent bonds and 
copolymerization with covalent bonds. In the latter, the copolymeriza
tion can be divided into block copolymerization, alternating copoly
merization, graft copolymerization, and random copolymerization 
according to the arrangement order of structural units [21–25]. For 
example, several all-conjugated block copolymers comprising P3AT or 
P3AS blocks have been reported, among which poly(3-butylth
iophene)-block-poly(3-hexylselenophene) (P3BT-b-P3HS) [18] and poly 
(2,5-dihexyloxy-p-phenylene)-block -poly(3-(2- ethylhexyl)thiophene) 
(PPP-b-P3EHT) [25] are found to have cocrystalline structures. Statis
tical copolymers containing thiophene or selenophene building block 
may possess properties distinct from the block copolymers and their 
blends, however, are relatively less explored [26–30]. 

Herein, a set of poly(3-butylthiophene)-stat-poly(3-hex
ylselenophene) (P3BT-stat-P3HS) statistical copolymers were rationally 
designed and synthesized with varying molar ratios of thiophene to 
selenophene via Grignard metathesis (GRIM) polymerization. Butylth
iophene and hexylselenophene units were chosen based on the consid
eration that the butylthiophene units can pack more closely which favor 
interchain charge transport, and the hexylselenophene units have a 
higher planarity which facilitate intrachain charge transport. Their op
tical, crystalline and thermal properties have been elucidated through a 
suite of characterization techniques including ultraviolet–visible 
(UV–vis) spectroscopy, cyclic voltammetry (CV), differential scanning 
calorimetry (DSC) and grazing-incidence X-ray diffraction (GIXRD), etc. 
By controlling the composition ratio of thiophene to selenophene, their 
optical bandgaps could be precisely tuned. Quite interestingly, the 
presence of crystals adopting an edge-on orientation were recognized in 
P3BT-stat-P3HS thin films, despite the random sequence of thiophene 
and selenophene units along the main backbone, beneficial to high 
charge mobility. Importantly, these P3BT-stat-P3HS crystals exhibited 
excellent field-effect mobilities in the absence of further thermal or 
solvent treatments, surpassing those of P3BT, P3HS, and P3BT/P3HS 
blend. The average charge mobility of stat-BT70HS30 reaches up to 5.9 
£ 10¡2 cm2 V− 1 s− 1, demonstrating excellent compatibility and synergy 
of thiophene and selenophene units connected covalently within the 
mainchains. In stark contrast, the charge mobility of P3BT/P3HS blend 
was lower than P3BT-stat-P3HS crystals and its parent P3BT and P3HS 
homopolymers due to its separated P3BT and P3HS crystalline domains 
with quantities of grain boundaries as well as the absence of adequate 
bridging chains between crystalline domains. After 150 ◦C thermal 
annealing, the crystallinities of P3BT-stat-P3HS were enhanced, leading 
to slightly higher charge mobilities compared with those in as-cast state. 
As such, the P3BT-stat-P3HS copolymers possess a number of desirable 
characteristics including tunable bandgap, crystalline nature and rela
tively high mobilities, and thus may find diverse potential applications 
in optoelectronic devices. 

2. Experimental section 

Materials. 2-bromo-5-iodo-3-butylthiophene and 2,5-dibromo-3- 
hexylselenophene were synthesized based on the literature [31]. (1, 
3-bis(diphenylphosphino)propane)-dichloronickel(II) (Ni(dppp)Cl2) 
and isopropylmagnesium chloride (i-PrMgCl, 2.0 M in tetrahydrofuran) 
were obtained from Sigma-Aldrich. Other solvents were purchased from 
Sinopharm Chemical Reagent Co., Ltd. (SRC). 

Synthesis of Poly(3-butylthiophene)-stat-poly(3-hexylselenophene) 
(P3BT-stat-P3HS). P3BT-stat-P3HS with varied molar ratios of thiophene 
to selenophene were synthesized via Grignard metathesis (GRIM) 
polymerization [32]. Taking the feed molar ratio of 75:75 as an example, 

the typical procedure for synthesizing P3BT-stat-P3HS was as follows. 
2-bromo-5-iodo-3-butylthiophene (1.032 g, 3 mmol) and 2,5-dibro
mo-3-hexylselenophene (1.108 g, 3 mmol) were injected into two 
respective three-neck flasks pre-dried by heating. Subsequently, THF 
(50 mL) were loaded into the two flasks to dissolve the monomers. The 
solutions were cooled to 0 ◦C, followed by the addition of i-PrMgCl in 
THF (3 mL, 6 mmol) via a syringe. After 30 min, the two activated 
monomers were mixed and the copolymerization was initiated via Ni 
(dppp)Cl2 (0.0217 g, 0.04 mmol). After stirring the resulting solution at 
35 ◦C for 2 h, the reaction was quenched with HCl (aq) (50 wt %), fol
lowed by the precipitation of the product in methanol. The product was 
filtered and successively Soxhlet extracted with methanol and hexane, 
and dried under reduced pressure to yield a purple solid. The other two 
P3BT-stat-P3HS with 100:50 and 50:100 feed molar ratios were pre
pared using the same method. 

OFET Device Fabrication. OFETs in a bottom-gate top-contact 
configuration were crafted on highly n-doped silicon wafers with a layer 
of 300 nm SiO2. Acetone, methanol, and isopropanol were used in 
sequence to clean the wafers. The spotless wafers were then cleaned by 
plasma (~10 min), followed by modification with n-octadecyltri
chlorosilane (ODTS). Thin polymer films were obtained by spin-coating 
the polymer toluene solution (10 mg/mL) on silicon wafers. The gold 
with a thickness of 30 nm was evaporated on the polymer films before or 
after thermal annealing as the source/drain electrodes via a shadow 
mask. The transistor channel length (L) and width (W) are 30 and 300 
μm, respectively. The mobility (μFET) was derived from the transfer 
curves based on the following equation [33]: 

IDS =
W
2L

μFET Cg(VG − VT)
2  

where IDS is the drain current, VG is the gate voltage, VT is the threshold 
voltage, and Cg is the capacitance of the gate dielectric. 

2.1. Characterizations 

Gel permeation chromatography (GPC) was carried out on an Agilent 
1260 system, calibrated with polystyrene standards. 1H NMR spectra 
were acquired using a DMX500 MHz spectrometer in CDCl3. UV–vis 
absorption spectra were collected on a PerkinElmer Lambda 750 UV–vis 
spectrophotometer. Cyclic Voltammetry (CV) curves were recorded on a 
CHI 660 Electrochemical Analyzer. Grazing-incidence X-ray diffraction 
(GIXRD) were performed at the BL14B1 beamline (wavelength: 1.24 Å) 
in Shanghai Synchrotron Radiation Facility (SSRF). TGA measurements 
were conducted using a Perkin Elmer TGA 4000 under a N2 environ
ment. Differential scanning calorimetry (DSC) traces were acquired on a 
TA DSC Q2000 with the heating rate and cooling rate of 10 ◦C/min and 
− 10 ◦C/min, respectively. Atomic force microscopy (AFM) were per
formed at a Bruker Multimode Dimension FastScan in the tapping mode. 
The OFETs device performance of all samples were characterized uti
lizing a Keithley 4200-SCS in an argon atmosphere. 

3. Results and discussion 

A series of P3BT-stat-P3HS statistical copolymers with various thio
phene to selenophene molar ratios were synthesized through GRIM 
polymerization (Scheme 1). The 2-bromo-5-iodo-3-butylthiophene 
monomer and the 2,5-dibromo-3-hexylselenophene monomer were 
activated by i-PrMgCl, respectively. Subsequently, the two activated 
monomers were mixed at a certain ratio and the polymerizations were 
initiated via Ni(dppp)Cl2 to prepare the target statistical copolymers. 
These P3BT-stat-P3HS have relatively high molecular weights, ranging 
from 26.0 kDa to 29.9 kDa, a narrow polydispersity index (PDI) of 
1.07–1.09, and high regioregularity (RR) of 92%–95% (Figure S1 and 
Table 1). For comparison, the control samples including P3BT (Mn =

29.4 kDa, PDI = 1.03) and P3HS (Mn = 25.3 kDa, PDI = 1.10) 
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homopolymers were also synthesized. The percentage of thiophene and 
selenophene units in the. 

Statistical copolymers were determined by 1H NMR (Fig. 1 and 
Figure S2). The P3BT-stat-P3HS statistical copolymers show four aro
matic signals, with 6.98 and 6.93 ppm corresponding to the thiophene 
ring proton, and 7.19 and 7.13 ppm assigned to the selenophene ring 
proton. Due to the effect of the adjacent heterocycle coupled at 5-posi
tion, there are four kinds of dyads (i.e., S–S, S–Se, Se–Se, and Se–S) in 
a statistical copolymer. This is in contrast to P3BT-b-P3HS block 
copolymer possessing only two types of dyads (i.e., S–S and Se–Se) and 
thus showing only two peaks at 6.99 and 7.12 ppm, ascribed to the 
thiophene and selenophene ring proton, respectively [18]. By inte
grating the corresponding aromatic proton signals, the actual thiophene 

to selenophene molar ratio within the three P3BT-stat-P3HS copolymers 
were determined to be 70:30, 56:44 and 37:63, which are denoted as 
stat-BT70HS30, stat-BT56HS44, and stat-BT37HS63, respectively. For 
each P3BT-stat-P3HS statistical copolymer, the fraction of each dyad in 
the four kinds (S–S, S–Se, Se–Se, Se–S) can be further obtained directly 
from the integration of the corresponding aromatic signals. Notably, 
they are all close to expected values based on a perfectly statistical 
copolymerization model (Figure S3) [28,30]. For three P3BT-stat-P3HS, 
the increased fraction of BT leads to the increased signal of Ha (corre
sponding to S–S dyad) and the decreased signal of Hc (corresponding to 
Se–Se dyad). For each statistical copolymer, the intensity of Hb and Hd 
(corresponding Se–S and S–Se dyad, respectively) is similar without 
obvious difference. It further confirms the statistical nature of the 
copolymerization. 

To probe the molecular structure and electronic properties of P3BT- 
stat-P3HS, dodecamer comprising the thiophene and selenophene units 
with the same number was constructed and density functional theory 
(DFT) calculations were carried out with the B3LYP/6-31G (d, p) as the 
basis set [34]. Methyl groups were adopted to replace the original alkyl 
side chains on heterocycle rings to simplify the calculation. Calculations 
on thiophene dodecamer and selenophene dodecamer were also carried 
out using the same way for reference. The average dihedral angles of 
thiophene dodecamer and selenophene dodecamer are 17.4◦ and 0.02◦, 
respectively, signifying that the backbone of polyselenophene is more 
planar than that of polythiophene (Fig. 2a and b). The average dihedral 
angle of statistical dodecamer is 4.2◦, lower than that of thiophene 
dodecamer, indicating that the introduction of selenophene rings to the 
thiophene backbone improved its planarity markedly (Fig. 2c). Fig. 2d 
shows that the highest occupied molecular orbital (HOMO) and the 
lowest unoccupied molecular orbital (LUMO) distribution contours of 
statistical dodecamer are relatively evenly distributed on thiophene and 
selenophene units. It implies that both the selenophene and thiophene 
units have approximately equal effect on determining the bandgap of 
statistical copolymers. According to the formula: Eg = 0.68 ×

(LUMODFT/B3LYP – HOMODFT/B3LYP) + 0.33 eV [35], the theoretical 
bandgap (Eg) of thiophene dodecamer, selenophene dodecamer, 
thiophene-selenophene statistical dodecamer is calculated to be 1.91, 
1.69, and 1.76 eV, respectively (Table 2). 

In order to gain insight into the optical and electrochemical prop
erties of P3BT-stat-P3HS, UV–vis absorption spectroscopy and cyclic 
voltammetry (CV) were performed, together with P3BT and P3HS ho
mopolymers for comparison. The UV–vis spectra revealed that single 
peaks were observed in each system in their solution state and the 
maximum absorption peaks varied almost linearly with the increase of 
selenophene content (i.e., 455 nm for P3BT, 464 nm for stat-BT70HS30, 
470 nm for stat-BT56HS44, 477 nm for stat-BT37HS63, and 490 nm for 
P3HS) (Fig. 3a). Thus, the optical absorption properties of P3BT-stat- 
P3HS copolymers can be precisely tuned by simply adjusting the 
composition ratio of thiophene to selenophene. In the thin film state, the 
maximum absorption peaks of all polymers red-shifted remarkably 
compared with their absorption in the solution, which are 528, 571, 581, 
586, and 590 nm for P3BT, stat-BT70HS30, stat-BT56HS44, stat- 
BT37HS63, and P3HS, respectively (Fig. 3b). It indicates a more planar 
backbone conformation and an extended conjugation length of all sys
tems in the thin film state. Two shoulder peaks at around 560 and 610 

Scheme 1. Synthesis of P3BT-stat-P3HS Statistical Copolymers.  

Table 1 
Summary of compositions and molecular weights of P3BT-stat-P3HS statistical 
copolymers and P3BT and P3HS homopolymers.  

polymers feed molar ratio n/ma Mn (kDa)b PDI RR (%)c 

P3BT – – 29.4 1.03 93 
P3HS – – 25.3 1.10 95 
stat-BT70HS30 100:50 70:30 26.0 1.09 92 
stat-BT56HS44 75:75 56:44 29.9 1.08 94 
stat-BT37HS63 50:100 37:63 28.5 1.07 95  

a Determined by 1H NMR. 
b Measured by GPC. 
c Regioregularity determined by 1H NMR. 

Fig. 1. (a) Four kinds of dyads (i.e., S–S, S–Se, Se–Se, and Se–S) and the cor
responding aromatic protons (i.e., Ha, Hb, Hc, and Hd) in P3BT-stat-P3HS sta
tistical copolymers. (b) 1H NMR spectra of the selected aromatic region of three 
P3BT-stat-P3HS statistical copolymers and P3BT and P3HS homopolymers 
in CDCl3. 
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nm were observed for P3BT, indicating the increased ordering of P3BT 
backbones. P3HS displayed only one single shoulder peak at 690 nm due 
to the interchain π-π stacking. For three P3BT-stat-P3HS copolymers, 
there was one shoulder peak between 610 and 690 nm for each system, i. 
e., 621, 638, and 660 nm for stat-BT70HS30, stat-BT56HS44, and stat- 
BT37HS63, respectively, which could be ascribed to their respective 
interchain π-π interaction. 

The actual Eg of each system can be determined by the onset of their 
thin film absorption, which is 1.90, 1.83, 1.78, 1.72, and 1.65 eV for 
P3BT, stat-BT70HS30, stat-BT56HS44, stat-BT37HS63, and P3HS, 
respectively (Table 2). The Eg of three P3BT-stat-P3HS copolymers are 
between those of P3BT and P3HS homopolymers, which are in good 
accordance with the theoretical Eg. The actual Eg decreases gradually 
with the increased selenophene content. It provides an effective way to 

efficiently control the bandgap of the statistical copolymers by simply 
tuning the ratio of thiophene to selenophene. Subsequently, the HOMO 
energy levels of all systems were measured by CV experiments, which 
are − 5.03, − 5.04, − 5.06, − 5.08, and − 5.09 eV for P3BT, stat- 
BT70HS30, stat-BT56HS44, stat-BT37HS63, and P3HS, respectively 
(Table 2 and Figure S4). On the basis of the HOMO energy levels and the 
actual Eg, the LUMO energy levels of all systems were then obtained 
readily, i.e., − 3.13 eV for P3BT, − 3.21 eV for stat-BT70HS30, -3.28 eV 
for stat-BT56HS44, -3.36 eV for stat-BT37HS63, and -3.44 eV for P3HS, 
respectively (Table 2 and Figure S5). It can be seen that with the 
increased selenophene content, the decrease in bandgap was due largely 
to the decline in the LUMO energy level. The relatively deep LUMO 
energy levels can protect the electrons from oxidation, which may 
endow the P3BT-stat-P3HS statistical copolymers with improved pho
tostability [20]. 

Conjugated polymer thin films comprise both crystalline regions and 
amorphous regions. In the crystalline regions, the polymer chains 
possess long conjugation length and pack compactly to form ordered 
structures, favouring effective interchain and intrachain charge trans
port [36]. However, the conjugation length of the polymer chains is 
reduced accompanied with the formation of disordered structures in the 
amorphous regions, which are detrimental to the charge transport. Thus, 
charge transport is a complicated multi-scale process, from the molec
ular structure to the microscopic packing structure and up to the 
macroscopic film morphology. Hence, 2D-GIXRD measurements were 
performed so as to investigate the P3BT-stat-P3HS crystalline structures, 
along with the corresponding P3BT and P3HS homopolymers, and 
P3BT/P3HS blend for comparison. Fig. 4a describes the schematic of the 
synchrotron GIXRD measurement. P3BT and P3HS homopolymers 
display (100) diffraction patterns along the out-of-plane (qz) direction, 
which is indicative of an edge-on orientation with respect to the sub
strate (Figure S6). Their 1D GIXRD profiles show the (100) diffraction of 
P3BT and P3HS at the scattering vector (qz) of 5.10 and 4.00 nm− 1, 
corresponding to the interlayer spacing (d100) of 12.3 and 15.7 Å, 
respectively (Figure S6b and Table 3). The π-π stacking distance (d010) of 
P3BT and P3HS is 3.75 and 3.89 Å, deriving from the scattering vector 
(qx,y) along the in-plane direction at 16.75 and 16.14 nm− 1, respectively 
(Figure S6c and Table 3). The P3HS homopolymer shows a higher 
crystallinity revealed by stronger intensity of (100) diffraction peak. A 
further detailed analysis indicates that the P3HS homopolymer has a 
narrower full width at half maxima (FWHM) of (100) peak (FWHM100, 

P3HS = 0.435 nm− 1) than that of P3BT homopolymer (FWHM100,P3BT =

0.591 nm− 1) (Fig. 5). Since the narrower FWHM means the narrower 
distribution of chain conformations and more ordered structure [37,38], 

Fig. 2. DFT-simulated molecular structure of (a) thiophene dodecamer, (b) 
selenophene dodecamer, and (c) P3BT-stat-P3HS statistical dodecamer 
comprising 6 thiophene and 6 selenophene units. (d) DFT calculations on 
frontier orbital distribution contours for P3BT-stat-P3HS statistical dodecamer 
comprising 6 thiophene and 6 selenophene units. 

Table 2 
Summary of electrochemical properties of P3BT-stat-P3HS statistical copolymers 
and P3BT and P3HS homopolymers.  

Polymers HOMO (eV)a LUMO (eV)b Experimental 
Bandgap (eV)c 

Theoretical 
Bandgap (eV)d 

P3BT − 5.03 − 3.13 1.90 1.91 
P3HS − 5.09 − 3.44 1.65 1.69 
stat- 

BT70HS30 
− 5.04 − 3.21 1.83 – 

stat- 
BT56HS44 

-5.06 − 3.28 1.78 1.76 

stat- 
BT37HS63 

− 5.08 − 3.36 1.72 –  

a Measured from the onset of oxidation vs ferrocene. 
b Calculated based on the HOMO and optical bandgap. 
c Determined by the onset of thin film absorption. 
d Derived from the DFT calculation. 

Fig. 3. UV–vis spectra of three P3BT-stat-P3HS statistical copolymers and P3BT 
and P3HS homopolymers in (a) the toluene solutions and (b) in the thin films 
cast from the toluene solutions. 
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it implies the P3HS displays more ordered crystalline structure in (100) 
direction than P3BT homopolymer. Because P3HS has a better solubility 
due to a longer alkyl side chains and higher planarity of backbone than 

P3BT, it may form a more ordered crystalline structure in (100) direc
tion than P3BT. 

For three thin films of P3BT-stat-P3HS, all copolymers exhibited only 
one (100) peak in the direction of out-of-plane, with qz of 4.52 nm− 1 

(d100 = 13.9 Å) for stat-BT70HS30, 4.36 nm− 1 (d100 = 14.4 Å) for stat- 
BT56HS44, and 4.10 nm− 1 (d100 = 15.3 Å) for stat-BT37HS63, respec
tively (Fig. 4b-c and Table 3). The d010 values of three P3BT-stat-P3HS 
are 3.80, 3.81, and 3.87 Å for stat-BT70HS30, stat-BT56HS44, and stat- 
BT37HS63, with the qx,y at 16.53, 16.48, and 16.23 nm− 1, respectively 
(Table 3). Both d100 and d010 values of the statistical copolymers are 
between those of P3BT and P3HS homopolymers and increased gradu
ally with the increased content of selenophene units, due to the fact that 
the hexyl chains on the selenophene rings are longer than the butyl 
chains on the thiophene rings and the Se atom is larger than the S atom 
as well. By comparison, with the increased content of selenophene units 
in the statistical copolymers, the FWHM of their (100) diffraction peak 
decreased (Fig. 5). The as-cast stat-BT37HS63 has the smallest FWHM100 
of 0.433 nm− 1. Since the FWHM reflects the crystallite size and disorder 
within the crystal, it suggests an increased ordering along the (100) 
direction in P3BT-stat-P3HS with the increased content of selenophene. 
These GIXRD data indicate that thiophene and selenophene chains in the 
copolymers form crystals in an edge-on configuration, confirming the 
semi-crystalline properties of all three statistical copolymers despite 
their random sequence architectures. In contrast, there were two (100) 
peaks at qz of 4.01 (d100 = 15.7 Å) and 5.02 nm− 1 (d100 = 12.5 Å) for the 
P3BT/P3HS blend at as-cast state, implying that P3BT and P3HS crys
tallized individually (Figure S6 and Table 3). Since P3BT and P3HS have 

Fig. 4. (a) Schematic of 2D-GIXRD 
characterization for P3BT-stat-P3HS 
statistical copolymers with the inci
dence angle of the X-ray beam of 0.15◦. 
qz and qx,y are out-of-plane and in-plane 
direction, respectively. (b) 2D-GIXRD 
profiles from P3BT-stat-P3HS thin films 
with various molar ratios of thiophene 
to selenophene in as-cast state. (c) The 
corresponding 1D GIXRD profiles of 
three P3HT-stat-P3BS thin films. (d) 
Schematic of chain packing mode in 
P3BT-stat-P3HS crystals. The a-axis, b- 
axis, and c-axis represent the alkyl 
stacking direction, the π-π stacking di
rection, and the backbone direction, 
respectively.   

Table 3 
Summary of crystallographic parameters of P3BT-stat-P3HS statistical copolymers, P3BT and P3HS Homopolymers, and P3BT/P3HS blend.  

polymers as-cast 150 ◦C △N100
e 

d100 (nm) a L100 (nm) b N100
c d010 (nm) d d100 (nm) a L100 (nm) b N100

c d010 (nm) d 

P3BT 1.23 9.48 7.71 0.375 1.27 12.99 10.23 0.375 2.52 
P3HS 1.57 12.87 8.20 0.389 1.58 21.29 13.48 0.388 5.28 
P3BT/P3HS 1.25/1.57 – – 0.376/0.388 1.30/1.58 – – 0.375/0.388 - 
stat-BT70HS30 1.39 10.09 7.26 0.380 1.41 13.46 9.55 0.378 2.29 
stat-BT56HS44 1.44 11.09 7.70 0.381 1.46 15.09 10.34 0.380 2.64 
stat-BT37HS63 1.53 12.93 8.45 0.387 1.52 17.83 11.73 0.387 3.28  

a Lamellar distance. 
b Coherence length through the lamellar direction. 
c The number of lamellar packing layers, i.e., N100 = L100/d100. 
d π-π stacking distance. 
e The increment of lamellar packing layers, i.e., △N100 = N100,150 ◦C–N100,as-cast. 

Fig. 5. The histograms summarizing the full width at half maximum (FWHM) 
of (100) diffraction peaks of P3BT-stat-P3HS thin films with various molar ra
tios of thiophene to selenophene and P3BT and P3HS at as-cast and 150◦- 
annealed states. 
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different crystallization kinetics, they crystallized separately to form 
respective crystalline domains in the blend during the solvent evapo
ration process. While the covalent bond between thiophene and sele
nophene units in the statistical copolymers help them to crystallize 
together. The schematic of the possible chain arrangement of P3BT-stat- 
P3HS crystals in an edge-on orientation is depicted in Fig. 4d. The 
randomly distributed butyl and hexyl side chains connected to the main 
backbone yield a uniform d100-spacing in each statistical copolymer. 

Thermal annealing has been widely utilized as an effective strategy 
to improve the degree of order of polymer chain stacking. In this study, 
three P3BT-stat-P3HS samples were undergone thermal treatment at 
150 ◦C for 30 min and subsequently scrutinized by 2D-GIXRD (Fig. 6). 
Compared to as-cast samples, all three P3BT-stat-P3HS copolymers dis
played one more intense and sharper (100) diffraction peaks, an indic
ative of the maintenance of their crystallization structures with 
increased crystallinity. Their crystallographic parameters including d100 
and d010 remained or slightly changed after thermal annealing (Table 3). 
The corresponding FWHM of their (100) diffraction peaks is narrower 
after 150 ◦C thermal annealing, which is 0.416, 0.371, and 0.314 nm− 1 

for stat-BT70HS30, stat-BT56HS44, and stat-BT37HS63, respectively, 
indicative of a more ordered crystalline structure (Fig. 5). The reference 
samples of P3BT, P3HS and P3BT/P3HS blend showed increased crys
tallinity deduced from 2D-GIXRD Results (Figure S7). The FWHM of 
P3BT and P3HS (100) diffraction peaks become narrower after thermal 
annealing as well, which is 0.431 and 0.263 nm− 1, respectively (Fig. 5). 
It implies an improved ordering and the growth of crystallite size of the 
statistical copolymers and homopolymers after thermal annealing. 

In order to further probe the crystallization behavior of the statistical 
copolymers, TGA and DSC measurements were carried out. The thermal 
properties of the statistical copolymers were first investigated to deter
mine a proper upper limit temperature to avoid the thermal decompo
sition of the copolymers during the DSC tests. It shows all statistical 
copolymers exhibited excellent thermal stability and the 5% weight loss 
occurs at the temperature above 390 ◦C (i.e., 395 ◦C for stat-BT37HS63, 
421 ◦C for stat-BT56HS44, and 436 ◦C for stat-BT70HS30, respectively) 
(Figure S8). The thermal decomposition temperature of these statistical 

copolymers decreased with the increased content of selenophene com
ponents, due to the higher thermal decomposition temperature of P3BT 
(486 ◦C) than that of P3HS (382 ◦C). As a result, the upper limit tem
perature for DSC is chosen to be 300 ◦C, below which all statistical co
polymers and homopolymers are thermally stable. As shown in Fig. 7, 
for reference samples, the melting temperature (Tm) of P3BT and P3HS 
homopolymers was 286 and 214 ◦C, respectively. All three P3BT-stat- 
P3HS copolymers exhibited one evident endothermic peak, with their 
Tm at 203, 212 and 234 ◦C for stat-BT37HS63, stat-BT56HS44, and stat- 
BT70HS30, respectively. It further confirms their semicrystalline and 
crystalline nature. Their Tms were closer to the Tm of P3HS homopoly
mer and were found to decrease with the increased content of seleno
phene component. Notably, the Tm of stat-BT37HS63 was even lower 
than that of P3HS homopolymer. The reduced regularity of the copol
ymer chains owing to the random distribution of the two monomer units 
along the backbone may account for it. Unlike statistical copolymers, 

Figure 6. (a) 2D-GIXRD profiles and the resulting (b) 1D GIXRD images of three P3BT-stat-P3HS thin films after 150 ◦C-annealing.  

Fig. 7. DSC endotherms of three P3BT-stat-P3HS statistical copolymers, P3BT, 
P3HS, and the P3BT/P3HS blend. 
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however, there are two separated endothermic peaks in the P3BT/P3HS 
blend, with 214 and 284 ◦C corresponding to P3HS and P3BT, respec
tively. It further proved respective crystal domains in the blend. 

To evaluate the charge transport properties of P3BT-stat-P3HS sta
tistical copolymers, bottom-gate top-contact OFET devices were crafted. 
Devices with P3BT, P3HS and P3BT/P3HS blend as active layers were 
fabricated under the same condition for comparison. The transfer and 
output curves of stat-BT56HS44 are shown in Fig. 8 as an example. These 
curves of other samples including stat-BT70HS30, stat-BT37HS63 as well 
as control samples including P3BT, P3HS, and P3BT/P3HS blend are 
given in Figures S9-S13. The OFET performances of three P3BT-stat- 
P3HS along with control samples are summarized in Table 4, with their 
charge mobilities comparable to the reported polythiophenes and pol
yselenophenes [39,40]. The as-cast statistical copolymers exhibited 
excellent device performance as to field-effect mobilities (5.9 × 10− 2 

cm2 V− 1 s− 1 for stat-BT70HS30, 5.5 × 10− 2 cm2 V− 1 s− 1 for 
stat-BT56HS44, and 3.0 × 10− 2 cm2 V− 1 s− 1 for stat-BT37HS63) without 
any further thermal or solvent treatments (Fig. 8a-b, Figure S9-S10, and 

Table 4), higher than those of parent homopolymers as well as the 
corresponding blend (2.0 × 10− 2 cm2 V− 1 s− 1 for P3BT, 2.3 × 10− 2 cm2 

V− 1 s− 1 for P3HS, and 1.0 × 10− 2 cm2 V− 1 s− 1 for P3BT/P3HS blend) 
(Figure S11-S13 and Table 4). It indicates excellent compatibility and 
synergy of thiophene and selenophene components connected through 
covalent bond within the mainchains. Since the thiophene units packed 
more closely, which favors interchain charge transport, and the sele
nophene units of higher planarity facilitates intrachain charge transport, 
the crystals formed in P3BT-stat-P3HS copolymers possess the synergy of 
two conjuaged units which facilitates the charge transport. On the 
contrary, the P3BT/P3HS blend showed lower charge mobility than 
P3BT-stat-P3HS crystals and its parent homopolymers. As mentioned 
before, the P3BT and P3HS tended to crystalize individually in the 
blend, leading to a great number of grain boundaries as well as shortage 
of bridging chains between crystalline domains. Hence, it is not sur
prising that the performance of the P3BT/P3HS-based OFET is inferior 
to both statistical copolymers and P3BT and P3HS homopolymers. 

A further in-depth analysis indicates aside from P3BT, the mobility of 

Fig. 8. (a, c) Transfer and (b, d) output curves of OFETs based on stat-BT56HS44 thin films in (a, b) as-cast and (c, d) 150 ◦C-annealed states. VDS = − 60 V. Inset in 
(b) is the schematic of OFET structure. 

Table 4 
Summary of OFET performances of P3BT-stat-P3HS statistical copolymers, P3BT and P3HS homopolymers, and P3BT/P3HS blend.  

Polymers Conditions μmax
a (cm2 V− 1 s− 1) μavg

b (cm2 V− 1 s− 1) Ion/Ioff 
c Vth 

d (V) 

P3BT as-cast 2.1 × 10− 2 2.0 × 10− 2 103–106 7–17 
150 ◦C 2.4 × 10− 2 2.2 × 10− 2 103–105 5–13 

P3HS as-cast 2.5 × 10− 2 2.3 × 10− 2 103–106 − 3–2 
150 ◦C 3.1 × 10− 2 2.8 × 10− 2 103–107 − 2–4 

P3BT/P3HS as-cast 1.2 × 10− 2 1.0 × 10− 2 102–105 13–24 
150 ◦C 1.9 × 10− 2 1.5 × 10− 2 102–105 6–23 

stat-BT70HS30 as-cast 6.7 × 10− 2 5.9 × 10− 2 102–104 6–12 
150 ◦C 7.2 × 10− 2 6.8 × 10− 2 103–105 7–15 

stat-BT56HS44 as-cast 6.0 × 10− 2 5.5 × 10− 2 103–104 8–13 
150 ◦C 6.7 × 10− 2 6.1 × 10− 2 103–105 8–18 

stat-BT37HS63 as-cast 3.5 × 10− 2 3.0 × 10− 2 102–104 − 1–8 
150 ◦C 4.9 × 10− 2 4.3 × 10− 2 103–105 6–10  

a Maximum charge carrier mobility. 
b Average charge carrier by measuring at least 12 OFET devices. 
c Current on/off ratio. 
d Threshold voltage. 
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three P3BT-stat-P3HS statistical copolymers and P3HS homopolymer 
with different selenophene content were in reverse proportion to their 
π-π stacking distance d010 (Fig. 9). With the increased selenophene 
content, the d010 of stat-BT70HS30, stat-BT56HS44, stat-BT37HS63, and 
P3HS gradually increased from 3.80, 3.81, 3.87, to 3.89 Å, respectively. 
Instead, their mobility decreased from 5.9 × 10− 2, 5.5 × 10− 2, 3.0 ×
10− 2, to 2.3 × 10− 2 cm2 V− 1 s− 1. A plausible explanation on the reverse 
variation trend in mobility of samples with the increasing selenophene 
content as well as the increasing d010 may be as follows. The mobility of 
P3BT is relatively low due to its poor solubility resulted from high 
molecular weight as well as short alkyl side chains. When statistically 
introducing selenophene units into the backbone of P3BT, on one hand, 
it endows P3BT with good solubility and improves the coplanarity of the 
heterocycles within the backbone, which are beneficial to charge travel. 
On the other hand, it inevitably increases the π-π stacking distance. Since 
the direction of π− π stacking is one of the efficient directions for charge 
carriers to travel, the increased d010 is unfavorable for the charge 
transport. Accordingly, the actual charge mobility depends on which 
effect dominates. When incorporating a small amount of selenophene 
constituents, the stat-BT70HS30 has enhanced solubility, more planar 
backbone, along with moderate d010. All these factors made it has the 
highest mobility among all investigated systems. Continuously 
increasing the selenophene content led to the d010-factor dominated, 
resulting in the decreased charge mobilities in stat-BT56HS44, stat- 
BT37HS63, and P3HS. 

After 150 ◦C thermal annealing, all statistical copolymers demon
strated slightly higher charge mobilities, i.e., 6.8 × 10− 2, 6.1 × 10− 2, 
and 4.3 × 10− 2 cm2 V− 1 s− 1 for stat-BT70HS30, stat-BT56HS44, and stat- 
BT37HS63, respectively, than those in as-cast state (Fig. 8c-d, Figure S9- 
S10, and Table 4). Similarly, the reference samples displayed increased 
charge mobilities as well, which are 2.2 × 10− 2 cm2 V− 1 s− 1 for P3BT, 
2.8 × 10− 2 cm2 V− 1 s− 1 for P3HS, and 1.5 × 10− 2 cm2 V− 1 s− 1 for P3BT/ 
P3HS blend, respectively (Figure S11-S13 and Table 4). The slightly 
increased charge mobilities for all samples is not surprising as these 
samples showed higher crystallinities as well as more ordered crystalline 
structures after being thermally treated, reflected by GIXRD Results. A 
further detailed investigation into their crystalline structure was carried 
out by calculating the structural coherence length through the (100) 
direction (L100) before and after thermal annealing. The coherence 
length can be quantified via the Scherrer equation L = Kλ/Bcosθ, where 
L is the crystallite size, K is a dimensionless crystallite-shape factor, λ is 
the X-ray wavelength, θ is the Bragg angle, and B is the FWHM of the X- 
ray diffraction peak [41,42]. The Scherrer equation is commonly used to 
estimate the crystallite size which is based on the assumptions that its 
size is the main factor to broad the diffraction peaks and the disorder of 
lattice can be ignored [37]. As shown in Table 3, stat-BT70HS30, 
stat-BT56HS44, and stat-BT37HS63 show the L100 of 10.09, 11.09, and 

12.93 nm, and they all increased to 13.46, 15.09, and 17.83 nm, 
respectively, after thermal annealing. By calculating the number of alkyl 
stacking layers (N100) from the ratio of L100/d100 (N100 = L100/d100), 
stat-BT70HS30, stat-BT56HS44, and stat-BT37HS63 display the N100 of 
7.26, 7.70, and 8.45, respectively, at as-cast state. After 
150 ◦C-annealing, they all increased to 9.55, 10.34, and 11.73, with the 
increment (△N100) of 2.29, 2.64, and 3.28, respectively. The increased 
L100 and N100 of three P3BT-stat-P3HS statistical copolymers indicate 
their increased crystalline size and improved ordering along the (100) 
direction. Similar trend of increased L100 and N100 after 
150 ◦C-annealing was observed in P3BT and P3HS homopolmers 
(Table 3). In light of the increased order and crystallite size through the 
(100) direction, it is reasonable that these P3BT-stat-P3HS and the cor
responding homopolymers display enhanced charge mobilities after 
thermal annealing. 

To further elucidate the film microstructure and quality, all P3BT- 
stat-P3HT thin films in as-cast state and after 150 ◦C thermal annealing 
were probed by AFM (Figure S14). It shows that the morphology of all 
P3BT-stat-P3HS thin films were featureless and their film surfaces were 
relatively smooth with the root-mean-square roughness of 4.37 nm, 
2.18 nm, and 1.35 nm in stat-BT70HS30, stat-BT56HS44 and stat- 
BT37HS63, respectively. The statistical copolymer with a higher content 
of selenophene unit has a smaller root-mean-square roughness. After 
150 ◦C thermal annealing, their root-mean-square roughness decreased 
slightly (i.e., 4.19 nm, 1.91 nm, and 1.05 nm for stat-BT70HS30, stat- 
BT56HS44 and stat-BT37HS63, respectively), indicating that thermal 
annealing yielded a smoother surface for more efficient charge transport 
in each P3BT-stat-P3HS thin film. 

4. Conclusions 

In summary, we have judiciously designed and synthesized a set of 
P3BT-stat-P3HS statistical copolymers with tunable molar ratios of 
thiophene to selenophene via GRIM polymerization. The bandgap of the 
materials could be finely tuned by simply varying the ratio of thiophene 
to selenophene. By means of 2D-GIXRD together with DSC, the crys
talline nature and the edge-on orientation of the statistical copolymers 
were confirmed regardless of the random sequence architectures, which 
were favourable and crucial to high charge mobilities. Intriguingly, the 
three P3BT-stat-P3HS statistical copolymers exhibited excellent field- 
effect mobilities without any further thermal or solvent treatments, 
exceeding P3BT and P3HS homopolymers and P3BT/P3HS blend, with 
the average charge mobility of stat-BT70HS30 reaching as high as 0.059 
cm2V− 1s− 1. Since the thiophene and selenophene units were covalently 
connected in P3BT-stat-P3HS copolymers, their crystals possess the 
synergy of two conjuaged components since the P3BT chains packed 
more closely which favored the interchain charge transport and the 
P3HS chains of higher planarity facilitated intrachain charge transport. 
Further enhancement of charge mobility can be expected by subtly 
tuning the selenophene content in P3BT-stat-P3HS statistical co
polymers. On the contrary, the P3BT/P3HS blend displayed lower 
charge mobility than P3BT-stat-P3HS crystals and its parent homopol
ymers. Due to the difference in crystallization kinetics, P3BT and P3HS 
in the blend crystallized individually which led to separated domains 
and numerous grain boundaries without sufficient bridging chains, 
contributing to the relatively low mobility eventually. It highlights the 
advantages of statistical copolymers over conventional blends in this 
system. After 150 ◦C thermal annealing, all P3BT-stat-P3HS statistical 
copolymers exhibited slightly higher charge mobilities in comparison 
with those in as-cast state, due to the improvement in crystallinities. 
Overall, such advantages as tunable bandgap, crystalline nature and 
relatively high mobilities in P3BT-stat-P3HS statistical copolymers make 
them become promising candidates for applications in a wide range of 
optoelectronic devices. 

Fig. 9. Plot of field-effect mobility and d010 as a function of seleno
phene content. 
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