
Tailoring Phase Transition in Poly(3-hexylselenophene) Thin Films
and Correlating Their Crystalline Polymorphs with Charge Transport
Properties for Organic Field-Effect Transistors
Yue Wang,† Huina Cui,† Mingjing Zhu,† Feng Qiu,† Juan Peng,*,† and Zhiqun Lin*,‡

†State Key Laboratory of Molecular Engineering of Polymers, Department of Macromolecular Science, Fudan University, Shanghai
200433, China
‡School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332, United States

*S Supporting Information

ABSTRACT: Poly(3-hexylselenophene) (P3HS) carries at-
tractive advantages over their close analogue poly(3-hexylth-
iophene) (P3HT), including a stronger intermolecular
interaction, a better interchain charge hopping, and a narrower
bandgap. However, P3HS is much less studied compared to
P3HT. Herein, we report on intriguing reversible phase
transition between two different crystalline polymorphs (i.e.,
form I and II) in P3HS thin films with different molecular
weights enabled by alternating thermal and solvent vapor
annealing. More importantly, the phase transition kinetics and
mechanism as well as the associated changes on molecular
packing structures were also scrutinized. The correlation
between different P3HS crystalline polymorphs and the
resulting field-effect mobilities was explored for the f irst time. Our study provides an insight into P3HS crystallization and
phase transition, thus entailing the use of polyselenophene-based materials for a wide range of optoelectronic applications.

■ INTRODUCTION

Conjugated polymer-based organic field-effect transistors
(OFETs) have garnered much interest due to their low cost,
lightweight, flexibility, and solution processability.1,2 Among
various conjugated polymers, regioregular poly(3-
alkylthiophene)s (P3ATs), particularly poly(3-hexylthiophene
(P3HT), has been studied extensively.3−7 Owing to a rigid
conjugated backbone and the flexible alkyl side chains, P3ATs
preferentially crystallize and self-assemble in an edge-on
orientation manner with the alkyl side chains (a-axis)
perpendicular to the substrate while for both the π−π stacking
(b-axis) of adjacent chain backbones and the backbone of a
chain (c-axis) parallel to the substrate. Clearly, from the OFET
device standpoint, such an edge-on orientation facilitates holes
of P3ATs to hop from the source to the drain, thereby
achieving high charge carrier mobility.
It is widely recognized that controlling the crystalline

structure of conjugated polymers via tuning their molecular
packing is the key to high performance optoelectronic devices.
To date, the tuning of a set of intrinsic and extrinsic parameters
such as regioregularity,8,9 molecular weight,10,11 solvent,12,13

aging,14 application of electric field,15,16 thermal or solvent
annealing,17,18 etc., has been proven to be effective in
controlling the crystalline structures of polythiophenes. These
strategies may also be extended to polyselenophenes. It is
important to note that compared to the heavily studied

polythiophenes, their close analogues polyselenophenes are far
less investigated due primarily to their high synthesis difficulty
and relatively poor solubility.19−24 By replacing sulfur atoms in
the thiophene rings with the lower electronegative and more
polarizable selenium atoms, the resulting polyselenophenes
possess some advantageous attributes over polythiophenes,
such as stronger intermolecular interaction, lower oxidation and
reduction potential, better interchain charge transport, lower
bandgap, etc.24 A recent pioneering study on crystallization of
poly(3-hexylselenophene) (P3HS) has demonstrated that there
are different crystalline polymorphs, that is, form I and II with
the interlayer spacings of 15.5 and 12.1 Å, respectively.25

Because of the interdigitation of hexyl side chains, form II has a
shorter interlayer spacing between the conjugated backbones
than form I. Notably, there are comparatively few works on
P3HS and its optical and electrical properties,25−27 and the
crystallization behavior remains largely less understood. More
importantly, the relationship between different crystalline
structures and charge transport properties in P3HS-based
OFET has yet to be explored.
Herein, we report on reversible phase transition kinetics

between two crystalline polymorphs (i.e., forms I and II) in
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P3HS thin films of different molecular weights imparted by
alternating the thermal and solvent vapor annealing processes
and scrutinize the strong correlation between the crystalline
polymorphs with the field-effect mobilities of P3HS. The
emergence of form I and II of P3HS crystals was found to
depend heavily on the molecular weights of P3HS and the
modes of annealing (thermal vs solvent vapor). Pure form II
existed in P3HS film at low molecular weight, while form I
gradually dominated as the molecular weight increased. Quite
interestingly, a reversible phase transition between form I and
form II was observed in all the P3HS films, namely, form I to II
upon solvent vapor annealing and form II to I via subsequent
thermal annealing. It is noteworthy that such a phase transition
is highly reversible and has not been previously investigated.
The phase transition kinetics and mechanism as well as the
associated changes on molecular packing structures were
elaborated. Finally, the correlation between two different
crystal forms of P3HS and the resulting field-effect mobilities
was for the f irst time explored.

■ EXPERIMENTAL SECTION
Materials. The monomer 2,5-dibromo-3-hexylselenophene was

synthesized according to the literature.28 Isopropylmagnesium chloride
(i-PrMgCl, 2.0 M in tetrahydrofuran), (1,3-bis(diphenylphosphino)-
propane)dichloronickel(II) (Ni(dppp)Cl2), and octadecyltrichlorosi-
lane (ODTS) were purchased from Aldrich and used as received.
Tetrahydrofuran (THF) was dried over sodium/benzophenone under
an inert atmosphere and freshly distilled prior to use. The other
reagents and solvents were purchased from Sinopharm Chemical
Reagent Co., Ltd. (SRC). P3HS with different molecular weights was
synthesized by a modified Grignard metathesis procedure.29 Detailed

synthetic procedures, further purification steps, polymer character-
izations (GPC and 1H NMR), and a summary of P3HS molecular
weights, polydispersity index (PDI), and regioregularity (RR) are
presented in the Supporting Information (Figures S1 and S2, Table
S1).

Sample Preparation. Thin films for GIXRD, XRD, FTIR, and
FESEM studies were prepared by solution-casting 5 mg/mL P3HS
toluene solution onto precleaned silicon wafers or KBr substrates
followed by solvent evaporation at ambient conditions. The as-cast
films were thermally annealed on a hot plate placed in a glovebox filled
with argon. For solvent vapor annealing, the samples were exposed to
the saturated THF vapor in a closed vessel kept at room temperature
for various amounts of time.

OFET Device Fabrication. In order to characterize the charge
transport properties of P3HS films, OFET devices with bottom-gate
top-contact geometry were fabricated. Highly n-doped silicon wafers
with 200 nm SiO2 layer were used as gate and insulator, respectively.
Prior to spin-coating the P3HS 10 mg/mL toluene solution, the Si/
SiO2 substrates were rinsed with acetone, methanol, and isopropanol,
followed by plasma treatment for 10 min, and then modified with
ODTS. After thermal or solvent annealing of P3HS films, the source/
drain electrodes were fabricated by evaporating a 30 nm gold onto the
P3HS films through a shadow mask with a channel length and width of
30 and 300 μm, respectively.

Characterization. Grazing-incidence X-ray diffraction (GIXRD)
experiments were carried out at the BL14B1 beamline of Shanghai
Synchrotron Radiation Facility (SSRF), with a fixed wavelength of 1.24
Å. X-ray diffraction (XRD) was performed on a PANalytical X′Pert
PRO X-ray diffractometer using Cu Kα radiation (λ = 1.541 Å)
operating at 40 kV and 40 mA. Fourier transform infrared (FTIR)
spectra were collected using a Nicolet 6700 spectrometer equipped
with a hot stage. The sample was heated at a 2 °C/min from room
temperature to 260 °C in a nitrogen atmosphere. During the heating
process, FTIR spectra of the sample were recorded at a 10 °C interval

Figure 1. (a) Schematic illustration of the synchrotron GIXRD measurement for the P3HS film on a Si/SiO2 substrate where the incidence angle of
the synchrotron X-ray beam is 0.15°. (b) 1D GIXRD profiles reduced along the out-of-plane and in-plane directions from the corresponding 2D
GIXRD images. (c−f) 2D GIXRD images of as-cast P3HS films with different molecular weights (6K, 9K, 11K, and 16K for panels c, d, e, and f,
respectively). (g) Schematic representation of P3HS form I (left) and form II (right) polymorphs.
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from 30 to 100 °C and from 180 to 260 °C and 5 °C interval from 100
to 180 °C. The spectra were obtained by coadding 64 scans at a 2
cm−1 resolution. Atomic force microscopy (AFM) was carried out on
Multimode 8 AFM Nanoscope IV in the tapping mode. The electrical
properties of the P3HS OFETs were measured using a Keithley 4200-
SCS in an argon-filled glovebox.

■ RESULTS AND DISCUSSION
The molecular packing and crystal orientation of as-cast P3HS
films with different molecular weights were thoroughly
investigated by 2D synchrotron grazing-incidence X-ray
diffraction (2D-GIXRD) (Figure 1). A schematic illustration
of the synchrotron GIXRD measurement for P3HS films is
depicted in Figure 1a. The 1D GIXRD profiles reduced along
the out-of-plane (qz) and in-plane (qx,y) directions are
presented in Figure 1b. Figures 1c−1f compare a family of
(h00) diffraction planes along the out-of-plane direction (left
panel in Figure 1b) in all samples with different molecular
weights of P3HS (from 6K to 24K), suggesting that the chains
in P3HS films were packed in an edge-on orientation manner.
The P3HS-6K sample exhibited an intense (100) diffraction at
qz = 4.9 nm−1, corresponding to an interlayer spacing between

conjugated backbones (d100, a-axis) of 12.8 Å (Figure 1c). As
the molecular weight increases to 9K, another relatively weak
diffraction at qz = 3.8 nm−1 (d100 = 16.5 Å) also appeared
(Figure 1d). The 12.8 and 16.5 Å diffraction peaks can be
assigned to P3HS crystal form II and I, respectively.25 These
observations suggested that pure form II existed in P3HS-6K
while form II and I coexisted in P3HS-9K. With the further
increase in molecular weight, form I dominated in P3HS-11K
(Figure 1e) while pure form I was obtained in P3HS-16K
(Figure 1f) and P3HS-24K (Figure S3). Clearly, the results
noted above demonstrated that lower molecular weight P3HS
favored the formation of form II over form I crystalline
structures, which is consistent with the previous reports on
P3HS25 and P3ATs.30 This may be due largely to stronger
interaction between side chains of adjacent P3HS that causes
the side-chain interdigitation in the low molecular weight
samples. Compared with the (010) diffraction along the in-
plane direction (right panel in Figure 1b), the stacking period
of P3HS backbones (d010, b-axis) were 3.9 and 4.4 Å in form I
and II, respectively, calculated from the scattering vectors qx,y of
16.0 and 14.3 nm−1. This indicates that the lamellar stacking

Figure 2. (a) 2D GIXRD image of the P3HS-6K film upon thermal annealing at 150 °C for 10 min, showing the (h00) diffraction planes of form I
crystals. (b) Subsequent swelling of the P3HS film in (a) with THF vapor recovers the form II crystals. (c) 1D GIXRD profiles reduced along the
out-of-plane and in-plane (inset) directions from (a) (form I) and (b) (form II). (d) Reversible d100 spacing changes of the P3HS-6K form I and
form II films by repeated thermal annealing and THF vapor annealing, respectively. (e) XRD spectra showing the kinetic transformation process of
P3HS-6K from form I to II crystals upon THF vapor annealing. The peak intensity in each curve of (e) was normalized. The (100) and (200)
diffractions of form I and II crystals of P3HS are denoted (100)I, (200)I, (100)II, and (200)II. (f) The (100)II/(100)I intensity ratio of P3HS films
with different molecular weights as a function of THF vapor annealing time. The inset compares the slope k of different curves, showing that the
P3HS-11K sample had the lowest form I to form II transition rate.
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along the b-axis is more closely packed in form I. On the basis
of the above analysis, the structural models of P3HS with form
I and II crystals can be depicted in Figure 1g.
Subsequently, P3HS-6K was chosen as a representative

sample to investigate the phase transition between different
crystalline polymorphs upon alternating thermal and solvent
vapor annealing. Both thermal and solvent annealing have been
widely used to influence the crystalline polymorphs of P3ATs
and improve the ordering of their molecular packing.31

Nonetheless, after thermal annealing of as-cast P3HS-6K film
at 150 °C for 10 min, the initial pure form II crystals changed to
form I completely (Figure 2a). Interestingly, the form I crystals
reversed back to form II upon THF vapor annealing; however,
such a transition occurred much slower (Figure 2b;
approximately 9 days). This is not surprising as the polymer
chains cannot move and reconstruct themselves until sufficient
THF vapor penetrates into the P3HS-6K film and swells the
polymer chains adequately. In addition to THF, chloroform
and carbon disulfide were also tried as solvent for the vapor
annealing. They also resulted in phase transition from form I to
II. As the diffraction peak intensity is approximately propor-
tional to the materials crystallinity, the 1D GIXRD profiles
reduced along the out-of-plane direction indicated a much
higher crystallinity in form I (thermally annealed) than form II
(solvent vapor annealed) (Figure 2c). Notably, the phase
transition from form I to II is highly reversible and can be
repeated for several cycles prior to the occurrence of dewetting
of the P3HS-6K film on the Si/SiO2 substrate due partially to
its low molecular weight. The driving force for such a phase
transition between form I and II is the stability difference
between these two crystalline polymorphs upon thermal or
solvent vapor annealing. The transition from form I to II upon
solvent vapor annealing and form II to I upon thermal
annealing suggested that P3HS form I is thermodynamically

stable form at the elevated temperature, while P3HS form II is a
kinetically controlled form. Figure 2d depicts the reversible
change in d100 spacing between 12.3 and 15.2 Å during a three-
cycle phase transition where the d values were extracted from
the X-ray diffraction (XRD) profiles using an as-cast P3HS-6K
film (Figure S4). In addition to the reversible phase transition
between two crystalline polymorphs (forms I and II) (Figure
2d), the P3HS-6K thin film also experienced a reversible
morphological change from a more flat and less featured
topology upon thermal annealing to a fibrillar network-like
morphology upon solvent vapor annealing (Figure S5).
Since the phase transition from form I to II accomplished by

THF vapor annealing was slow, the phase transition kinetics
can be assessed by XRD (Figure 2e). To demonstrate the phase
transition process more clearly, the peak intensity in each curve
of Figure 2e was normalized. The thermally annealed P3HS-6K
film showed the diffraction peaks at 2θ of 6.09°, 11.86°, and
17.64°, corresponding to the (100), (200), and (300)
diffractions, respectively, of form I crystals. After exposure to
THF vapor for 1 day, the (100) and (200) diffractions of form
II crystals at 2θ of 7.53° and 14.79° emerged. With the
prolonged THF vapor treatment, the diffraction intensity of
form II crystals gradually exceeded that of form I. Finally, only
the diffractions from form II crystals were observed after THF
treatment for 9 days. The form I to II transition kinetics for
P3HS films of different molecular weights were also compared
by capitalizing on the (100)II/(100)I intensity ratio (I(100)II/
I(100)I) extracted from the respective XRD studies (Figure S6)
to examine the phase transition rate (Figure 2f). Clearly, the
I(100)II/I(100)I increased with the extended solvent treatment in
all P3HS films. The comparison of the slope k of different
curves shows that the lowest molecular weight sample (i.e.,
P3HS-6K) displayed the fastest transition rate, and the rate
decreased with the increased molecular weight up to 11K (inset

Figure 3. Temperature-dependent FTIR spectra of as-cast P3HS-6K film (with pure form II state to start with) in the (a) C−H stretching vibration
region (3000−2800 cm−1) and (b) Cβ−H out-of-plane deformation band region (850−800 cm−1) during the heating process from 30 to 260 °C,
experiencing a form II to form I transition. The spectra were recorded at a 10 °C interval from 30 to 100 °C and from 180 to 260 °C and 5 °C
interval from 100 to 180 °C. The dashed rectangle in (a) indicates the location of vs(CH3). The inset in (b) illustrates the location of selenophene
Cβ. (c, d) FTIR spectral changes of the thermally annealed P3HS-6K film in (a) and (b) upon the subsequent THF vapor annealing treatment,
undergoing a form I to form II transition.
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in Figure 2f). The P3HS-11K had the lowest transition rate,
after which the rate increased with a further increase of
molecular weight to 24 K.
There are three factors (i.e., chain length, chain packing

mode, and film crystallinity) that greatly influenced the chain
mobility and transition rate. After correction of the influence of
the film thickness, the initial crystallinity of form I increased
from P3HS-6K to P3HS-11K and then decreased from P3HS-
11K to P3HS-24K (Figure S7). Such a trend is consistent with
the previous report that the crystallinity of poly(3-butylth-
iophene) increased with molecular weight and then decreased
with a further increase of molecular weight.32 We note that it
was reported that P3HT with the molecular weight below 10
kDa crystallized with the fully extended chains, while
crystallized with the folded chains at the higher molecular
weights.33,34 P3HS is expected to exhibit a similar trend during
crystallization with a higher turning point of molecular weight
due to their similar molecular structure and more rigid
polyselenophene backbone. At the lower molecular weights,
P3HS-6K, -9K, and -11K crystallized in the extended chains.
P3HS-11K has a higher molecular weight with a longer
conjugation length and stronger intermolecular π−π inter-
actions than P3HS-6K and -9K, thereby resulting in a more
ordered packing of crystals. In addition, when the molecular
weight is low, the end groups of P3HS chains can be regarded
as the impurity and P3HS-6K with the lowest molecular weight
has the highest content of impurity, which decreased the
crystallinity. At the higher molecular weights, P3HS-16K and
-24K crystallized in the folded chains which involved a periodic
alternation of crystalline lamellae separated by amorphous
interlamellar zones,34 thus decreasing their crystallinity. More-
over, the chain entanglement and decreased solubility of P3HS
at the higher molecular weights may also hinder the formation
of more ordered regions. It is known that the RR affects the
crystallization of conjugated polymers. Since the RR of all the
P3HS samples used is high (95%−96%) and very close (Table
S1), such small variation in RR would not cause the difference
in the crystallinity of each sample. Overall, P3HS with shorter
and extended chains have higher chain mobility upon THF
vapor annealing compared to the longer and folded chains. In
addition, the P3HS samples with lower crystallinity can be
readily destroyed by the THF vapor and transformed into form
II. Thus, the synergy of high chain mobility and low crystallinity
resulted in the fastest transition rate in P3HS-6K. P3HS-11K
form I crystals with the highest crystallinity showed the slowest
transition rate from form I to II (i.e., smallest k in the inset of
Figure 2f). We note that after the transformation into form II,
the prolonged THF treatment led to the reduced I(100)II owing
to the dewetting and fractures of polymer films (Figure S8).
Consequently, the I(100)II/I(100)I dropped considerably (data not
shown here).
In order to elucidate the molecular structure changes during

the phase transition process, infrared spectroscopy (FTIR)
measurements, which are sensitive to chain conformation of
semicrystalline polymers, were performed. Figure 3 shows the
FTIR spectral changes of as-cast P3HS-6K film upon heating
from 30 to 260 °C (i.e., experiencing a form II to form I
transition) (Figure 3a,b), followed by subsequent THF vapor
treatment (i.e., undergoing a transition recovery from form I to
form II) (Figure 3c,d). Most of the FTIR characteristic bands
of P3HT have been well established, including the C−H
stretching vibration bands in the 3000−2800 cm−1 region
associated with the alkyl side chain,and the out-of-plane

deformation modes of thiophene Cβ−H in the 850−800
cm−1 region attributed to the π−π stacking of the planar
backbones.35,36 The classification of these regions should also
be applicable to P3HS due to their similar molecular structure.
In our study, the assignments of the characteristic bands for
P3HS are summarized in Table S2. As evidenced in Figure 3a,
for the bands in the 3000−2800 cm−1 region, the vs(CH3)
located around 2873 cm−1 started to appear at 120−135 °C,
and the vas(CH3) at 2952 cm−1 shifted to a higher frequency
(2959 cm−1) in this temperature range, implying the disorder-
ing of the end CH3 packing of the hexyl side chain.36 This is
because at the initial stage of form II the vs(CH3) was
undetectable due to the interdigitation of hexyl side chains
(right panel in Figure 1g). After thermal annealing at 120−135
°C, the form II crystals began to transform to form I, and the
overlapping of hexyl side chains became minimal, leading to the
appearance of vs(CH3). Figure 3b shows temperature-depend-
ent FTIR spectral changes of selenophene Cβ−H out-of-plane
deformation modes in the 850−800 cm−1 region. As noted
above, the selenophene Cβ−H is attached directly to the
conjugated ring, and its vibration is along the π−π stacking
direction (inset in Figure 3b). Notably, three bands located at
821, 816, and 830 cm−1 sequentially dominated as the
temperature increased. The intensity of 821 cm−1 band
decreased and red-shifted to 816 cm−1 at 120−135 °C. In
conjunction with the GIXRD and XRD results (Figures 1 and
2), the bands at 821 and 816 cm−1 can be assigned to the form
II and I crystals of P3HS, respectively. In the melting
temperature range (the melting temperature of P3HS-6K is
∼180 °C), an amorphous halo with a peak centered at 830
cm−1 was observed. The band shift from 821 to 816 cm−1 of the
δ(Cβ−H) suggests the decreased interchain π−π interaction
strength during the form II to I transition,36 which appears to
be inconsistent with the decreased d010 from form II (d010 = 4.4
Å) to form I (d010 = 3.9 Å) extracted from the 1D in-plane
direction in GIXRD measurements (Figure 1b,g). According to
the tilted stacking model of P3HT, the interplanar π−π
stacking distance (dπ−π) is shorter than the stacking period of
backbones along the b-axis (d010). Their relationship can be
expressed as dπ−π = d010 cos θ, where θ is the angle between the
π−π stacking direction and the b-axis.36−38 Figure 1g illustrates
the tilted stacking model of form II crystals of P3HS in our
work, which explains the seeming discrepancy between FTIR
and GIXRD results. The decreased π−π interaction strength
from form II to I revealed by FTIR, that is, the increased dπ−π
spacing, may come from the decreased tilting angle θ during the
form II to I transition.
For the reversed transition from form I obtained after

thermal annealing to form II upon the subsequent solvent
treatment, both the disappearance of vs(CH3) band around
2873 cm−1 (Figure 3c) and blue-shift of Cβ−H out-of-plane
deformation mode from 816 to 821 cm−1 (Figure 3d) occurred
only after 1 day and remained unchanged during the following
12 days. Thus, it is plausible that the phase transition from form
I to II may complete after 1 day, which was not consistent with
the XRD results where it took 9 days to achieve the phase
transition (Figure 2e). This inconsistence may be rationalized
as follows. The utility of FTIR stems from its specificity to
different molecular groups35 and the two bands at 2873 and
816 cm−1 are conformation-sensitive. In contrast, XRD
characterizes the crystalline structures in a much larger scale.
Therefore, less time is taken to change the P3HS chain
conformation (FTIR), and however longer time is needed to
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accomplish the chain packing (XRD) during the form I to II
transition.
The ability to understand the correlation between the

crystalline polymorphs (i.e., forms I and II) of P3HS and charge
transport properties will facilitate the development of P3HS-
based thin-film transistors. To this end, bottom-gate top-
contact OFET devices based on P3HS were fabricated (Figure
4a). As a representative example, the output and transfer curves

of P3HS-11K film with form I and II crystals are shown in
Figure 4b−e. We note that the output and transfer profiles of
OFETs prepared from all the P3HS samples suggested typical
p-type semiconductor characteristics with well-resolved linear
current regimes (Ohmic region) at low drain voltages, signfying
that hole carrier injection from the Au source to the P3HS film
was efficient.39 The field-effect mobility (μFET) was calculated

Figure 4. (a) Schematic illustration of OFET device structure with a top-contact bottom-gate configuration used in the measurement. The arrows
indicate the (100) directions of P3HS crystals. (b, d) Output and (c, e) transfer curves of OFETs fabricated with (b, c) P3HS-11K form I film and
(d, e) P3HS-11K form II film. VDS = −40 V. From the intercept with x-axis (i.e., VG axis), the threshold voltage VT can be obtained as marked in (c)
and (e). The insets in (c) and (e) are the corresponding AFM images.

Table 1. Summary of Hole Transport Properties of P3HS Films with Varied Molecular Weights and Different Crystalline
Polymorphs

samples polymorphs μmax
a (cm2 V−1 s−1) μavg

b (cm2 V−1 s−1) Ion/Ioff
c Vth

d (V)

P3HS-6K form I 8.067 × 10−4 4.942 × 10−4 >103 −10.0
form II 1.598 × 10−4 1.266 × 10−4 >103 −2.0

P3HS-9K form I 3.792 × 10−3 3.375 × 10−3 >104 −12.0
form II 3.909 × 10−4 3.605 × 10−4 >103 −5.0

P3HS-11K form I 1.743 × 10−2 1.567 × 10−2 >105 −9.0
form II 2.011 × 10−3 1.846 × 10−3 >104 −5.0

P3HS-16K form I 4.081 × 10−3 2.976 × 10−3 >104 −15.0
form II 5.912 × 10−4 4.986 × 10−4 >104 −10.0

P3HS-24K form I 4.099 × 10−4 2.563 × 10−4 >104 −10.0
form II 9.299 × 10−5 7.905 × 10−5 >103 −6.0

aMaximum charge carrier mobility. bAverage charge carrier mobility obtained from at least six OFET devices. cCurrent on/off ratio. dThreshold
voltage.
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from the transfer curves in the saturation regime (VDS = −40
V) according to the following equation:40

μ= −I
W

L
C V V

2
( )DS FET g G T

2

where IDS is the drain current, Cg is the capacitance of the gate
dielectric, VG is the gate-source voltage, VT is the threshold
voltage, and W (300 μm) and L (30 μm) are the width and
length of the transistor channel, respectively. The resulting
mobilities of P3HS films with different molecular weights and
crystalline polymorphs are summarized in Table 1. In all cases,
the highest mobility as well as the average mobility was
obtained by measuring at least six transistors. As noted above,
P3HS films with form I and II crystals adopt the edge-on
orientation, which is favorable for achieving high carrier
mobility as the direction of π−π stacking is in the plane of
the current-flow direction (close-up in Figure 4a). The
differences between form I and II of P3HS are the interlayer
spacing between conjugated backbones, π−π stacking distance,
crystallinity, thin film microstructure, etc. Compared to the
charge carrier mobilities of different P3HS samples (Table 1),
the crystallinity was found to play a primary role in the charge
transport performance of thin film. The mobility of form I with
higher crystallinity was approximately 1 order of magnitude
higher than that of form II in P3HS films of different molecular
weights. This is not surprising as the charge carriers typically
move faster in crystalline region than in amorphous region. The
highest carrier mobility of 1.74 × 10−2 cm2 V−1 s−1 was seen in
the P3HS-11K film with form I crystals as it possessed the
highest crystallinity and the lowest PDI (Figure S7 and Table
S1). This value was comparable to the charge mobilities (0.02−
0.04 cm2 V−1 s−1) of P3HS with the molecular weights in the
range of 70−200 kDa and a PDI of 2.27 The AFM images in the
inset of Figure 4c,e show that the form I of P3HS-11K had
smoother and smaller domain size than form II (the root-mean-
square roughness in form I and II is 1.30 and 5.36 nm,
respectively). We hypothesize that the smoother morphology
(form I) is likely to promote the connectivity between the
ordered crystalline regions for effective charge transport, while
the presence of more grain boundaries in form II negatively
impacted the charge carrier mobility. It is notable that large
single crystals of P3HT form II were prepared via a self-seeding
approach, which are good model systems to be used to explore
the charge transport as a function of molecular orientation
within the crystals.41 It is expected that if single crystals of
P3HS form II are prepared by this approach, they likely have
higher charge mobilities than polycrystalline form II. When
comparing the film morphology of P3HS with different
molecular weights, it is clear that the rod-like crystals of
P3HS film with lower molecular weights (6K and 9K) had
more grain boundaries than that of isotropic nodules of the
high molecular weight films (11K, 16K, and 24K) (Figure S9).
Taken together, the highest crystallinity, the lowest PDI,
optimal chain length, and good film morphology are supportive
of the highest charge mobility of P3HS-11K over other P3HS
films in our study. For P3HS-16K and P3HS-24K, in spite of
longer chain length and smooth morphology, their crystal-
linities were much lower than P3HS-11K, thus leading to lower
charge mobilities.

■ CONCLUSION
In summary, we studied the crystallization and phase transition
between form I and II of P3HS films with different molecular

weights. Interestingly, the phase transition is highly reversible
and can be readily enabled by alternating thermal and solvent
vapor annealing treatments. Among all P3HS studied, pure
form II crystals existed in as-cast P3HS-6K film, while pure
form I crystals produced in as-cast P3HS-16K and P3HS-24K
films. Thermal annealing transformed as-cast P3HS-6K film
with pure form II crystals into form I. The transition kinetics
(from as-cast form II to thermally annealed form I) was found
to be much faster than the reverse transition (from thermally
annealed form I to form II rendered by subsequent solvent
annealing). The phase transition and its kinetics were
thoroughly investigated by a suite of techniques (GIXRD,
XRD, FTIR, and AFM). In particular, the molecular structure
changes during the phase transition was revealed by the
detailed temperature-dependent FTIR studies. More impor-
tantly, the correlation between crystalline structures (form I
and II) with field-effect mobility was explored for the first time.
The P3HS-11K film with form I crystals demonstrated the best
OFET performance with a charge mobility of 1.74 × 10−2 cm2

V−1 s−1. Further improvement of charge mobility is expected, as
many device parameters have not yet been optimized.
Nonetheless, the fundamental understanding on crystallization
and phase transition of P3HS films gained from this work may
enable the development of polyselenophene-based materials
and devices for use in OFETs, LEDs, solar cells, optical
imaging, and sensors.
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