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Abstract  In this study, we demonstrate a novel method for fabricating polythiophene patterns, i.e., cylindrical holes and 
cylinders, through blending of a thermally curable polythiophene carrying with tertiary ester groups (PT-tert-ESTER) and 
poly(methyl methacrylate) (PMMA), followed by thermal conversion of the PT-tert-ESTER to an insoluble polythiophene 
via low-temperature cleavage of the tertiary ester groups and removal of the PMMA component via ultraviolet degradation. 
We show that the surface polarity of substrates, the mass ratio of PT-tert-ESTER to PMMA in the blend solutions as well as 
the concentration of the blend solutions strongly influence the formation of the polythiophene patterns. Cylindrical holes are 
more readily formed on less polar substrates when a PT-tert-ESTER dominated blend solution is used, while cylinders are 
more readily formed on more polar substrates when a PMMA dominated blend solution is used. Moreover, the diameters of 
both the cylindrical holes and the cylinders decrease as the PT-tert-ESTER concentration is increased in the respective ranges 
of the PT-tert-ESTER/PMMA ratios where the patterns are formed. Grazing incident X-ray diffraction data have indicated 
that the patterning of the PT-tert-ESTER component in the blend films improves the crystallinity of PT-tert-ESTER as well 
as the molecular packing of the insoluble polythiophene in the resultant patterned polythiophene films. 
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INTRODUCTION 

Conjugated polymers such as polythiophene, polypyrrole, polyacetylene, and poly(para-phenylene vinylene) 
have attracted considerable attention in recent years due to their potential applications in polymer-based 
electronics and optoelectronics such as light-emitting diodes[1−6], field-effect transistors[7−10], photovoltaic 
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devices[11−16], sensors[17−24], and energy storage[25, 26]. In the aforementioned applications, control of the 
morphology and structure of conjugated polymer films is prerequisite for enhancing their optoelectronic 
properties[14, 27, 28]. In particular, patterned conjugated polymers films have been intensively investigated for the 
application in polymer-based electronic and optoelectronic devices because the composite films with optimized 
surface morphologies produce highly ordered and well-defined donor-acceptor interfaces, in which the charge 
trapping at the bottlenecks in randomly distributed bulk heterojunction films is avoided, as a result, leading to 
enhanced device performance[29−31]. 

To date, patterned conjugated polymer films have been primarily obtained by several approaches: (1) 
micro-phase separation in diblock copolymer films, followed by selective removal of one component in the 
films[32, 33], (2) micro-phase separation in polymer blend films coated on patterned substrates, in which the 
patterned underlying surfaces are designed to preferentially interact with one component in the blends[34−36], (3) 
surface-initiated polymerization on patterned substrates[37, 38], and (4) soft lithography technique[39, 40]. However, 
each of the aforementioned approaches suffers different disadvantages to a certain extent. For example, the 
micro-phase separation in diblock copolymer films suffers poor reproducibility and tedious thermal annealing 
during preparation; the substrate pattern induced micro-phase separation in polymer blend films requires a 
complicated fabrication of substrate patterns.  

Herein, we propose a simple and reproducible method, which utilized the micro-phase separation between a 
soluble polythiophene carrying with tertiary ester (PT-tert-ESTER) and poly(methyl methacrylate) (PMMA), 
thermal curation of the PT-tert-ESTER fraction, and degradation and removal of the PMMA fraction by 
ultraviolet (UV) irradiation, for preparing polythiophene films with cylindrical holes or cylinders. PT-tert-
ESTER was used in this study because it is soluble in common solvents and capable of conversion into its 
polythiophene counterpart via thermal cleavage of the tertiary ester groups. We show that the patterns of the 
polythiophene films were strongly affected by the surface polarity of the substrates, the concentration of the 
blend solutions, and the mass ratio between PT-tert-ESTER to PMMA. The polythiophene patterns, i.e., 
cylindrical holes and cylinders, prepared in this study show advantages in high reproducibility and large-area 
preparation. The impact of the patterning of PT-tert-ESTER in the blend films on its crystalline structures and on 
the molecular packing of the resultant insoluble polythiophene was investigated using grazing incidence X-ray 
diffraction (GIXRD). The methodology developed may provide a new approach for controlling the morphologies 
of conjugated polymer films for the applications in electronics and optoelectronics. 

EXPERIMENTAL  

Materials  
Scheme 1 illustrates the synthetic route of poly(3-(2-methyl-2-hexylcarboxylate)thiophene-co-thiophene) (PT-
tert-ESTER) through a Stille coupling reaction from 2-methyl-2-hexyl-2,5-dibromothiophene-3-carboxylate (2) 
and 2,5-bis-trimethylstannanylthiophene (3) according to previous reports[41, 42]. The PT-tert-ESTER can be 
converted to an insoluble polythiophene by thermal annealing at ca. 200 °C via cleavage of the tertiary ester 
groups. PMMA (Mw = 15000 by GPC) used in this study was purchased from Aldrich. 

Preparation of Polythiophene Patterns  
Indium tin oxide (ITO) coated glass slides were cleaned by sequential sonication in each of the following 
solvents (i.e., chloroform, acetone, deionized water, and isopropyl alcohol) for 15 min, followed by oxygen 
plasma treatment. In this study, three types of surfaces, i.e., oxygen plasma-treated ITO surfaces, poly(3,4-
ethylenedioxythiophene)-poly(styrenesulphonate) (PEDOT:PSS) surfaces, and the insoluble polythiophene 
surfaces, were used. PEDOT:PSS surfaces were obtained by spin-coating a layer of PEDOT:PSS on the oxygen 
plasma-treated ITO substrates. Insoluble polythiophene surfaces were obtained by thermal annealing of the PT-
tert-ESTER layers spin-coated on PEDOT:PSS surfaces. 

In Scheme 2 the overall procedure for preparing polythiophene hole structures on the PEDOT:PSS surface 
is illustrated. In detail, a PEDOT:PSS layer with approximately 30 nm was first spin-coated on an oxygen 
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plasma-cleaned ITO substrate, and thermally annealed at 200 °C for 5 min (Scheme 2a). Then, a PT-tert-
ESTER/PMMA layer was spin-coated using a PT-tert-ESTER/PMMA blend solution in chlorobenzene. Phase 
separation between PT-tert-ESTER and PMMA took place during solvent evaporation (Scheme 2b). After fully 
dried, the PT-tert-ESTER/PMMA film was subjected to thermal annealing at 200 °C for 20 min to convert PT-
tert-ESTER to the insoluble polythiophene (Scheme 2c). Polythiophene hole structures were finally obtained by 
UV irradiation (40 min) to selectively degrade the PMMA component and removal of degraded products through 
sonication (5 min) in acetic acid (Scheme 2d).  

 

 
Scheme 1  Synthesis of PT-tert-ESTER and conversion of PT-tert-ESTER to an insoluble polythiophene 

 
Polythiophene cylinder structures were prepared by following a similar procedure, in which more polar 

surfaces (i.e., oxygen plasma-treated ITO surfaces and insoluble polythiophene surfaces) as well as PMMA 
component dominated PT-tert-ESTER/PMMA blend solutions were used. 

Characterization  
The molecular weight and polydispersity index of PT-tert-ESTER were determined using gel permeation 
chromatography (GPC, a GPC 515-2410 system) using polystyrene standard in THF. Thermal stability of the 
PT-tert-ESTER was investigated using a differential scanning calorimeter (DSC 204 F1 Phoenix) and 
thermogravimetric analyzer (TG 209 F3) under an atmosphere of N2 at a scanning rate of 5 K·min−1. FTIR 
spectra were recorded on a JASCO FT/IR-470 Plus spectrometer using polymer films coated on silicon wafers. 
A Bruker AMX500 NMR (500 MHz), using TMS (δ = 0) or the residual proton resonance of deuterated CDCl3 
(δ = 7.26) as the internal standard, was used to characterize the molecular structures during synthesis of PT-tert-
ESTER. Atomic force microscopy (AFM) images were obtained on an SPA 3800N microscope with a SPA-400 
scanner. Two-dimensional GIXRD images were obtained using a high-power X-ray beam from a synchrotron 
radiation source (4C2 beamline, Pohang Accelerator Laboratory, South Korea) and a detection system equipped 
with a two-dimensional X-ray detector (PI-SCX4300-165/2, Princeton Instrument). The wavelength of the X-ray 
was 0.13807 nm and the incident angle was fixed at 0.2°. 
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Scheme 2  A scheme for preparation of cylindrical holes in polythiophene films 

RESULTS AND DISCUSSION 

PT-tert-ESTER was polymerized through a Stille coupling reaction (Scheme 1). The weight-averaged molecular 
weight of PT-tert-ESTER was measured to be 4.76 × 104 with a polydispersity index of 2.28 using GPC with 
polystyrene standard in THF. Thermal analysis showed that the PT-tert-ESTER underwent an endothermal 
reaction at ca. 200 °C, accompanied with ca. 21% mass loss (Fig. S1 in supporting information, SI). This 
reaction corresponded to the conversion of PT-tert-ESTER to the insoluble polythiophene due to thermal 
cleavage of the tert-ester groups (Scheme 1). The thermal conversion of PT-tert-ESTER to the insoluble 
polythiophene was also confirmed using FTIR spectroscopy (Fig. S2 in SI).  

Figure 1(a) shows an AFM image of a PT-tert-ESTER/PMMA blend film coated on the PEDOT:PSS 
surface using a blend solution in chlorobenzene with a PT-tert-ESTER concentration of 15 mg·mL−1 and a PT-
tert-ESTER/PMMA mass ratio of 8:2. The film exhibited a morphology containing phase-separated domains 
with lateral dimensions of ca. 2 μm and ca. 150 nm. In thin films composed of two polymers, the film 
morphologies formed during spin-coating are necessarily influenced by both the miscibility between the two 
polymers as well as the surface energy of the substrate. A basic condition for two polymers to mix is that the 
Gibbs free energy of the mixture must be less than the sum of the Gibbs free energies of the individual 
components, i.e., ΔGmix = ΔHmix − T·ΔSmix < 0, where the ΔGmix stands for the increase in free energy on mixing, 
ΔHmix is the enthalpy of mixing, and ΔSmix is the entropy of mixing[43]. The phase separation for immiscible 
polymers is a thermodynamic process; namely, given enough time to separate, the immiscible polymer blend will 
demix and form separate phases with minimal area of interfaces. However, the thermodynamic equilibrium is 
hard to obtain because spin-coating method turns out to be a solvent quenching process: the solvent evaporates 
quickly during the spin-coating of a homogeneous solution. In this process, the preferential interaction of the 
underlying substrate with one of the two polymers induces the phase separation to take place in a specific way. It 
was already reported that a normal or lateral organization of the phase-separated domains is governed by a 
complex interplay between the preferential aggregation of one phase on the substrate and the phase separation in 
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the film[44−46]. Therefore, the phase-separated domains in the AFM image of the PT-tert-ESTER/PMMA blend 
film (Fig. 1a) were attributed to the compromise between the thermodynamic driving force for phase separation 
and the kinetic process of polymer aggregation, which was slow due to the rapid increase of solution’s viscosity 
during quick solvent evaporation. 

Figure 1(b) shows that the ca. 2 μm domains protruded and the ca. 150 nm domains became unnoticeable 
after the PT-tert-ESTER/PMMA film was thermally annealed at 200 °C for 20 min, because of the shrinkage of 
the PT-tert-ESTER component upon its conversion to the insoluble polythiophene. Thickness measurement 
indicated that the PT-tert-ESTER films decreased by 52% in thickness due to the cleavage of the tert-ester 
groups. The polythiophene hole structures were finally obtained after the PMMA component was degraded by 
irradiation of UV light and was removed by washing with acetic acid (Fig. 1c). Thus, it was clearly verified that 
the separated domains with sizes of both ca. 2 μm and ca. 150 nm corresponded to PMMA phase (Fig. 1a). The 
protruding feature of the PT-tert-ESTER phase (Fig. 1a), confirmed by its brighter contrast than that of the 
PMMA phase, was likely due to the different solubilities of the two polymers in the common solvent[46], 
chlorobenzene in this study. In the process of spin-coating, PT-tert-ESTER, which has lower solubility, 
solidified first and formed edges at the interfaces between the PT-tert-ESTER and the PMMA domains, whereas 
the PMMA, which has higher solubility, resided between the edges. With evaporating solvent, PMMA finally 
solidified with more shrinkage because it was more swollen with the solvent than PT-tert-ESTER. Therefore, the 
PMMA phase was found to be sunken in the PT-tert-ESTER/PMMA blend film (Fig. 1a). The smaller holes 
could be attributed to the smaller domains of PMMA that were formed by deep quenching during rapid solvent 
evaporation[46]. 
 

 
Fig. 1  AFM images of (a) a PT-tert-ESTER/PMMA blend film spin-coated on the PEDOT:PSS surface, (b) the 
polythiophene/PMMA film obtained after the film shown in panel (a) was thermally annealed at 200 °C for 20 min, (c) the 
hole-patterned polythiophene film obtained after the film shown in panel (b) was irradiated with UV light and washed with 
acetic acid 
 

We found that the morphologies of the PT-tert-ESTER/PMMA films coated on the PEDOT:PSS surfaces 
were strongly influenced by the mass ratio of the two components in the blend solutions (Fig. 2). AFM 
observation indicates that the influence of PT-tert-ESTER/PMMA ratio on polythiophene morphology can be 
divided into three regions: the ratio is smaller than 1:8, between 2:8 and 8:8, and greater than 8:4. When the PT-
tert-ESTER/PMMA ratio was smaller than 1:8, polythiophene cylinder structures were obtained (Fig. 2a), 
indicating that the PT-tert-ESTER phase existed in a form of cylinders in the blend film. Careful observation 
revealed that the edges of the cylinders’ top were sharp (Fig. 2a), because of the first solidification of the PT-
tert-ESTER phase to form edges upon solvent evaporation in the process of film formation[46]. When the PT-tert-
ESTER/PMMA ratio fell between 2:8 and 8:8 (Figs. 2b−2d), the morphology of the polythiophene films became 
featureless except for loop-shaped edges protruding out of the films, which was also attributed to the first 
solidification of the PT-tert-ESTER phase during the early stage of solvent evaporation. Finally, when the PT-
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tert-ESTER/PMMA ratio was greater than 8:4 (Figs. 2e−2h), hole structures vertical to the substrates were found 
in the polythiophene films. And the diameter of the cylindrical holes decreased with increasing the concentration 
of the PT-tert-ESTER component in the blend solutions. Cross section analysis of the AFM images indicated 
that the cylindrical holes in the polythiophene films obtained from a PT-tert-ESTER/PMMA blend solution with 
the component ratio of 8:2 had a depth that was equal to the thickness of the polythiophene films. This finding 
indicated that the cylindrical holes in the polythiophene films were penetrated to the substrate surface. 

 

 
Fig. 2  AFM images of the polythiophene structutres formed on the PEDOT:PSS surfaces as the function of PT-tert-
ESTER/PMMA ratio: (a) 1:8, (b) 2:8, (c) 4:8, (d) 8:8, (e) 8:4, (f) 8:3, (g) 8:2, and (h) 8:1 (The blend solutions had a constant 
PT-tert-ESTER concentration of 11 mg·mL−1.) 

 
Additionally, we found that the diameter of cylindrical holes could also be adjusted by varying the 

concentration of the PT-tert-ESTER/PMMA blend solution. It was found that the diameter of the polythiophene 
holes prepared on the PEDOT:PSS surfaces increased as the concentration of the PT-tert-ESTER/PMMA blend 
solution increased (Fig. 3). The measurement based on approximately 100 holes revealed that a PT-tert- 
ESTER/PMMA blend solution with PT-tert-ESTER concentration of 10 mg·mL−1 produced cylindrical holes 
with diameters of ca. 442 and 82 nm, while ca. 770 and 110 nm cylindrical holes were obtained for a blend 
solution with the PT-tert-ESTER concentration of 15 mg·mL−1 as well as ca. 1480 and 150 nm cylindrical holes 
obtained for a blend solution with the PT-tert-ESTER concentration of 20 mg·mL−1. As we discussed above, the 
formation of the PMMA micro-domains in the PT-tert-ESTER/PMMA blend films, which finally resulted in 
cylindrical holes after the PMMA fraction was removed, was basically a phase separation process during solvent 
evaporation. Therefore, the rapid solvent evaporation was likely to “freeze” the highly dispersed state of the 
PMMA micro-domains in the PT-tert-ESTER matrix to obtain small holes. Obviously, at the initial stage of the 
spin-coating, a higher concentration solution produced a thicker wet film that contained a larger quantity of 
solvent, resulting in a longer time for the solvent to evaporate; therefore, during the elongated period of solvent 
evaporation for the higher concentration solution, smaller PMMA domains in the wet film were likely to 
coalesce. As a result, the PT-tert-ESTER/PMMA blend solution with the higher concentration produced larger 
cylindrical holes (Fig. 3c). Moreover, the depth of the cylindrical holes was also found to increase as the 
concentration of the PT-tert-ESTER/PMMA blend solution increased: i.e., ca. 22 nm depth for a blend solution 
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with the PT-tert-ESTER concentration of 10 mg·mL−1, ca. 33 nm depth for a blend solution with the PT-tert-
ESTER concentration of 15 mg·mL−1, and ca. 53 nm depth for a blend solution with PT-tert-ESTER 
concentration of 20 mg·mL−1. 

 

 
Fig. 3  The polythiophene cylindrical holes prepared from PT-tert-ESTER/PMMA solutions with various PT-tert-ESTER 
concentrations: (a) 10 mg·mL−1, (b) 15 mg·mL−1, and (c) 20 mg·mL−1  
The blend solutions had a constant PT-tert-ESTER/PMMA ratio of 8:2. In the cross section analysis, Z1 and Z2 represent the 
relative heights of the indicated points on the cross-section lines and ΔZ represents the depths of the correspondding holes. 
 

Moreover, the polythiophene patterns were also strongly influenced by the surface properties of the 
substrates. In Fig. 4(a) the diagrams of the polythiophene patterns formed on three different surfaces are 
summarized, i.e., the PEDOT:PSS surfaces (Fig. 4a1), the oxygen plasma-treated ITO surfaces (Fig. 4a2), and 
the insoluble polythiophene surfaces (Fig. 4a3), as function of the PT-tert-ESTER/PMMA ratio. Clearly, the 
oxygen plasma-treated ITO surfaces had higher surface polarity than the PEDOT:PSS surfaces due to the 
introduction of polar groups on ITO surfaces during oxygen plasma treatment, so did the insoluble 
polythiophene surfaces due to the presence of the carboxylic acid groups attached to polythiophene backbones. 
The cylindrical hole structures were more readily formed on less polar surfaces, i.e., the PEDOT:PSS surfaces. 
By contrast, the cylinder structures were more readily formed on more polar surfaces, i.e., the oxygen plasma-
treated ITO surfaces and the insoluble polythiophene surfaces. Figures 4(b) and 4(c) show the AFM images of 
typical polythiophene cylinders prepared on the insoluble polythiophene surfaces using a blend solution with the 
PT-tert-ESTER/PMMA ratio of 3:8. Carrying with the ester groups, the PT-tert-ESTER has lower polarity than 
the insoluble polythiophene; and therefore, it must show less compatibility with the more polar surfaces, i.e., the 
oxygen plasma-treated ITO surfaces and the insoluble polythiophene surfaces, than with the less polar surface, 
i.e., the PEDOT:PSS surfaces. As a result, the PT-tert-ESTER component was likely to form a minimum 
interface area with the insoluble polythiophene substrates, resulting in the formation of cylinders vertical to the 
substrates. In addition, the polythiophene cylinders formed on the oxygen plasma-treated ITO surfaces and the 
insoluble polythiophene surfaces had cleaner background, with no featureless polythiophene domains remained. 
By contrast, featureless polythiophene domains, coexisting with polythiophene cylinders, were readily found on 
the PEDOT:PSS surface, indicating better compatibility of PT-tert-ESTER with the PEDOT:PSS surface. These 
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findings further confirmed that the more polar surfaces with less compatibility with the PT-tert-ESTER phase 
facilitated the formation of cylindrical structures; meanwhile, the less polar surfaces that show more 
compatibility with the PT-tert-ESTER phase facilitated the formation of hole structures. 
 

 
Fig. 4  (a) The diagrams of the polythiophene patterns formed on the surfaces of the PEDOT:PSS, the surfaces of the oxygen 
plasma-cleaned ITO, and the surfaces of the insoluble polythiophene (All the bars on the concentration axes represent the 
mass ratios tested; the long bold bars represent the mass ratios from which the films start to exhibit the designated patterns; 
the short bold bars represent the mass ratios at which the films exhibit the designated structures.); (b) Typical cylinders 
formed on the surface of the insoluble polythiophene using a blend solution with the PT-tert-ESTER/PMMA ratio of 3:8 and 
PT-tert-ESTER concentration of 11 mg·mL−1; (c) The magnified three dimensional image of the cylinders 
 

Similar to the influence of the PT-tert-ESTER/PMMA ratio on the diameter of the cylindrical holes       
(Figs. 2f−2h), the cylinders were also impacted by the component ratio of the blend solutions. Figure 5 shows the 
AFM images of the polythiophene cylinders formed on the insoluble polythiophene surfaces: the diameter of the 
cylinders decreased with increasing PT-tert-ESTER/PMMA ratio in the blend solutions. Additionally, the 
cylinders formed with a PT-tert-ESTER/PMMA ratio of 3:8 exhibited more uniform diameter than those formed 
with component ratios of 2:8 and 1:8. Although the cylinders provided limited spaces for the crystallization of 
PT-tert-ESTER, the dimensions of the cylinders are larger than the size of the polythiophene crystal whiskers 
reported[47]. Therefore, the PT-tert-ESTER may crystallize in the same way in the cylinder domains as it does in 
thin films. 

In order to investigate the evolution of the crystalline structures during the conversion of the PT-tert-
ESTER to the insoluble polythiophene and the impact of the patterns on molecular orientation in the films, 
GIXRD characterization was performed using the pristine PT-tert-ESTER films and the PT-tert-ESTER/PMMA  
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Fig. 5  AFM images of the polythiophene cylinders prepared on the surfaces of the insoluble polythiophene using PT-tert-
ESTER/PMMA blend solutions with various component ratios: (a) 1:8, (b) 2:8 and (c) 3:8 (The blend solutions had a 
constant PT-tert-ESTER concentration of 11 mg·mL−1.) 

 
blend films. Figure 6(a) illustrates the setup for GIXRD measurements of thin film samples to obtain crystalline 
information in the out-of-plane direction, in which GIXRD patterns were recorded by a two-dimensional 
detector. Incidence of X-ray with a grazing angle ensures a maximum pathway for the X-ray passing through 
thin film samples, providing stronger diffraction patterns[48]. Figures 6(d)−6(f) display the GIXRD patterns of a 
pristine PT-tert-ESTER film, the PT-tert-ESTER film thermally annealed at 150 °C, and the insoluble 
polythiophene film that was obtained by thermally annealing a PT-tert-ESTER film at 200 °C. The PT-tert-
ESTER film exhibited a two-dimensional pattern containing (100) and (020) arcs (Fig. 6d), with these two 
diffractions deriving from different crystalline domains. The indexing of the PT-tert-ESTER GIXRD pattern was 
done by referring the well-studied poly(3-alkylthiophene)[49]. Upon annealing at 150 °C, the (100) and (200) 
diffraction arcs became more intense (Fig. 6e), with disappearance of the (020) arcs, indicating that molecular 
rearrangement had taken place during thermal annealing, leading to improved molecular orientation of the PT-
tert-ESTER with the side-chain groups vertical to the substrate (Fig. 6b). However, with entire disappearance of 
the (100) and (200) diffraction arcs, the GIXRD pattern recorded for the insoluble polythiophene film contained 
a relatively stronger (020) diffraction arc compared to the patterns recorded for the PT-tert-ESTER film (Fig. 6f 
versus 6e and 6d). This finding indicated that molecular rearrangement had occurred in the films during the 
thermal conversion of PT-tert-ESTER to the insoluble polythiophene, leading to dominated orientation of the 
main-chains of the insoluble polythiophene parallel to the substrate (Fig. 6c). Figures 6(g)−6(i) display the 
GIXRD patterns of the PT-tert-ESTER/PMMA blend film (8:2 in mass ratio), the PT-tert-ESTER/PMMA blend 
film thermally annealed at 150 °C, and the resultant insoluble polythiophene film with hole structures. The PT-
tert-ESTER in the as-prepared PT-tert-ESTER/PMMA blend film as well as the insoluble polythiophene in the 
hole-patterned polythiophene film respectively provided more intense diffraction arcs than they did in the 
corresponding pristine films (Fig. 6g versus 6d, Fig. 6i versus 6f and Fig. S3 in SI). Thermal annealing led to 
similarly intensified (100) and (200) diffractions in the PT-tert-ESTER film and the PT-tert-ESTER/PMMA 
blend film (Fig. 6e versus 6h and Fig. S3 in SI). These findings implied that the PT-tert-ESTER had higher 
crystallinity in the as-prepared PT-tert-ESTER/PMMA blend films than in its pristine films, and that the 
insoluble polythiophene had higher crystallinity in the hole-patterned film than in the continuous film. Such 
results should be related to the formation of the hole structures. As we discussed above, the hole structures were 
formed by first solidification of the PT-tert-ESTER at the interfaces between PT-tert-ESTER and PMMA. 
Therefore, the vertical interfaces between PT-tert-ESTER and PMMA were likely responsible for the higher 
crystallinity and enhanced molecular orientation for the PT-tert-ESTER in the PT-tert-ESTER/PMMA blend 
film and, thereafter, the insoluble polythiophene in the hole-patterned polythiophene film. The electronic 
properties of conjugated polymers are basically related to their crystalline structures[14, 50, 51]. Therefore, the 
patterning of polythiophene films may provide a potential approach for improving their electronic properties. 
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Fig. 6  (a) The experimental setup for GIXRD characterization of thin films; (b) An illustration showing that the side-chain 
groups of the PT-tert-ESTER are vertical to the substrate; (c) An illustration showing that the main-chains of the insoluble 
polythiophene are parallel to the substrate; (d−i) Two-dimensional GIXRD patterns of (d) the as-prepared PT-tert-ESTER 
film coated on the PEDOT:PSS surface, (e) the PT-tert-ESTER film annealed at 150 °C for 15 min, (f) the insoluble 
polythiophene film obtained by annealing the PT-tert-ESTER film at 200 °C for 20 min, (g) the as-prepared PT-tert-
ESTER/PMMA film coated on the PEDOT:PSS surface, (h) the PT-tert-ESTER/PMMA film annealed at 150 °C for 15 min 
and (i) the hole patterned polythiophene film obtained by annealing the PT-tert-ESTER/PMMA film at 200 °C for 15 min 
and removal of the PMMA component 

CONCLUSIONS 

Polythiophene films with patterns of vertical cylindrical holes or cylinders have been prepared by a successive 
procedure consisting of blending of the PT-tert-ESTER and PMMA, thermal curation of the PT-tert-ESTER, and 
removal of the PMMA component via UV degradation. The morphologies of the blend films are strongly 
influenced by the concentration of the PT-tert-ESTER/PMMA blend solution, the component ratio, and the 
substrate properties. Vertical cylindrical hole structures are more readily formed on a less polar substrate such as 
the PEDOT:PSS surfaces using the PT-tert-ESTER component dominated blend solutions. On the other hand, 
vertical cylinder structures are more readily formed on more polar substrates such as the oxygen plasma-treated 
ITO surfaces and the insoluble polythiophene film surfaces using the PMMA component dominated blend 
solutions. GIXRD data have indicated that the patterning of the PT-tert-ESTER component in the blend films 
improves the crystallinity of PT-tert-ESTER as well as the molecular packing of the insoluble polythiophene in 
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the resultant patterned polythiophene films. We expect that these patterns will open up new applications for 
conjugated polymers in techniques such as light-emitting diodes, photovoltaic devices, and sensors. 
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