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Abstract: Poly(3-hexylthiophene)-block-polystyrene (P3HT-b-PS) was synthesized by 

Suzuki coupling reaction between P3HT and PS, prepared by Grignard metathesis 

polymerization and atom transfer radical polymerization (ATRP), respectively. The 

formation of block copolymer was confirmed by gel permeation chromatography (GPC) 

and NMR. Differential scanning calorimetry (DSC) thermogram of block copolymers 

showed glass transition of PS block and melting/crystallization of P3HT block, suggesting 

a microphase separated structure, which was also confirmed by atomic force microscopy 

(AFM) images and UV-vis absorption spectra. The annealing effect on the morphology of 

the composite films consisting of P3HT-b-PS and [6,6]-phenyl-C61-butyric acid methyl 

ester (PCBM) was investigated. Photovoltaic cells fabricated using P3HT-b-PS and PCBM 

were evaluated. 

Keywords: poly(3-hexylthiophene); polystyrene; block copolymer; morphology; 

photovoltaic cell 
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1. Introduction 

Organic solar cells, based on poly(3-hexylthiophene) (P3HT) in combination with a fullerene 

derivative, [6,6]-phenyl-C61-butyric acid methyl ester (PCBM), have been intensively investigated to 

show high conversion efficiency of around 5% [1-5]. High device performance in such a blend system 

is considered to be achieved by suitable phase-separated morphology, known as bulk heterojunction. 

The scale of these structures lies in the order of tens of nanometer, which allows photo-generated 

excitons to reach the interface between p- and n-type semiconductors effectively [6]. Therefore precise 

control in morphology of the active layer is a key to improve the conversion efficiency of polymer 

solar cells, and it is reported that thermal [7-10] and/or solvent vapor [11] annealing treatments afford 

the phase-separated morphology resulting in significant improvement of device performance. However 

the phase-separated structure observed in the composite films is assumed to be thermodynamically 

unstable due to the nature of polymer/small molecule blend, and it is difficult to control the size and 

orientation of each domain.  

Utilization of block copolymers where one block contains p-type electron donor and the other block 

contains n-type electron acceptor as active materials, seems promising since such block copolymers 

afforded thermodynamically stable microphase-separated structure, which is regularly sized and 

oriented. Several attempts have been carried out in order to obtain ideal morphology and high device 

performance. For example, poly(3-alkylthiophene) based block copolymers containing a polyacrylate 

block with perylene bisimide pendant groups were investigated [12,13]. However conversion 

efficiencies were still lower than that of the conventional P3HT/PCBM composite indicating that 

further investigations, including molecular design and process for film fabrication, are required for 

improving performance. Synthesis of P3HT based block copolymers with fullerene containing blocks 

and morphological studies were also reported [14-16]. 

An alternative approach to control the phase-separated morphology in the active layer is to use 

block copolymers consisting of p-type block (e.g., P3HT) and electrically inert block. We anticipate 

that it is possible to control the domain size in the composite film consisting of block copolymer and 

n-type small molecule (PCMB), via self-assembly of the block copolymer, and it also assists the 

regular alignment of each domain. Previously we reported that the p-type diblock copolymer,  

Poly(3-hexylthiophene)-b-poly(ethylene oxide) (P3HT-b-PEO) was synthesized by coupling between 

regioregular P3HT and PEO homopolymers, and that the regular morphology with small size can be 

obtained in the thin films of P3HT-b-PEO blended with PCBM [17]. A similar strategy using  

P3HT-b-poly(4-vinylpyridine) was reported independently [18]. 

In this paper, we synthesized a block copolymer, poly(3-hexylthiophene)-block-polystyrene  

(P3HT-b-PS). Since PS is hydrophobic and shows high miscibility to PCBM compared with PEO, 

different morphologies are expected. Several studies have been carried out for the preparation of 

similar block copolymers. The synthetic routes are mainly categorized into two types. One is a 

macroinitiator method where one or both terminal(s) of P3HT were modified to initiating end groups 

followed by living polymerizations such as atom transfer radical polymerization (ATRP) [19], 

nitroxide-mediated polymerization (NMP) [20,21], and reversible addition fragmentation chain 

transfer polymerization (RAFT) [21]. The other is a coupling method which is based on the coupling 

reaction between living polystyryl anion and end-functionalized P3HT [22,23]. Herein we present the 
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new synthetic route based on Suzuki coupling reaction between bromo-terminated P3HT and PS with 

boronic acid ester moiety as an end group. Both homopolymers, P3HT and PS were separately 

prepared by Grignard metathesis and atom transfer radical polymerizations, respectively. In this 

method, each homopolymer can be well characterized before coupling reaction making a thorough 

molecular characterization of resulting block copolymer. Since the coupling reactions do not require 

severe conditions, it is possible to introduce a variety of non-P3HT building blocks [23]. Since 

Grignard metathesis polymerization of 2-bromo-3-hexylthiophene exclusively affords polymer chains 

terminated with a proton at one end and a bromine at the other end [24], no further chemical 

modification is necessary for P3HT to obtain diblock copolymers.  

The microphase-separated structure in these thin films was investigated by differential scanning 

calorimetry (DSC), UV, and atomic force microscopy (AFM) analyses. Annealing by heating or 

immersing in solvent vapor atmosphere was carried out on the active layer of photovoltaic devices 

fabricated with P3HT or P3HT-b-PS blended with PCBM. The I-V characteristics were evaluated for 

the devices, and the correlation between the morphology and the device performance was discussed. 

2. Results and Discussion 

2.1. Synthesis of Diblock Copolymer P3HT-b-PS 

Block copolymer consisting of P3HT and PS segments were prepared by coupling between each 

homopolymer as shown in Scheme 1. 

Scheme 1. Synthesis of P3HT-b-PS. (a); CuBr, CuBr2, N,N,N',N'',N''-

pentamethyldiethylenetriamine (PMDETA), (b); p-toluene sulfonic acid, 1,4-dioxane, 

reflux, (c); N,N'-dicyclohexylcarbodiimide (DCC), 4-dimenylaminopyridine (DMAP), 

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenol, (d); N-bromosuccinimide (NBS), 

tetrahydrofuran (THF), (e); isopropylamine, n-butyllithium, ZnCl2, Ni(dppp)Cl2, THF (f); 

Pd(PPh3)4, 3 M K2CO3, toluene. 
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Polystyrene with tert-butyl ester as an end functional group (1) was synthesized by ATRP using 

CuBr/CuBr2/PMDETA system as reported elsewhere [25]. 
1
H NMR signals for the initiating end 

group (CH3CH–, and –C(CH3)3) for PS resonated at 0.9 and 1.35 ppm in CDCl3, respectively, and the 
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degree of polymerization (DP) was determined to be 25 based on the relative intensity of the former 

signal to aromatic protons. The number average molecular weight (Mn) and the polydispersity (PDI) 

were determined as 2,300 and 1.23 by gel permeation chromatography (GPC), respectively. The glass 

transition temperature (Tg) determined from a differential scanning calorimetry (DSC) thermogram 

was approximately 65 °C. 

Elimination of tert-butyl group was confirmed by the disappearance of tert-butyl resonance at 1.35 

ppm in 
1
H NMR spectrum, and by the decrease of the doublet absorption observed in 1,350–1,400 cm

−1
 

(CH3 deformation) in IR spectrum for 2. After the esterification reaction with phenol containing 

boronic ester group, the absorption at 1,350–1,400 cm
−1

 for branched alkyl groups increased again.  

2-Bromo-3-hexylthiophene (4) was synthesized by the bromination of 3-hexylthiophene and the 

product was consistently a mixture of raw 3-hexylthiophene, 2-bromo-3-hexylthiophene, and  

2,5-dibromo-3-hexylthiophene (purity: 89.8% checked by HPLC). In order to obtain P3HT with a well 

defined structure including both end groups, it is necessary to use highly pure monomer. After the column 

chromatography, purity of monobromo thiophene increased to 99.3%. P3HT with a bromo terminal 

(P3HT-Br; 5) was synthesized by Grignard metathesis polymerization according to reference [24]. The Mn 

and PDI were determined by GPC as 8,100 and 1.49, respectively. End group analysis by 
1
H NMR as 

reported by Iovu et al. [26] revealed that the degree of polymerization was circa. 50. Melting and 

crystallization were observed at 220 and 204 °C in heating and cooling scan, respectively. 

Finally, 5 was coupled with 3 via Suzuki coupling reaction to obtain diblock copolymer (6).  

Figure 1 shows GPC profile for 6 accompanied with those of homopolymer 3 and 5. The increase in 

Mn of 6 with a unimodal profile in the GPC chromatogram (Mn: 10,000, PDI: 1.99) also indicated the 

formation of block copolymer without any trace of polystyrene homopolymer. 

Figure 1. Gel permeation chromatography (GPC) chromatograms of PS (3), P3HT-Br (5) 

and P3HT-b-PS (6). 
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 In 
1
H NMR spectrum of 6, the signals in aromatic region assignable to the protons on the phenyl 

ring of PS can be observed at 7.0 and 6.7 ppm as shown in Figure 2. In addition, the disappearance of 

the small triplet signal at 2.56 ppm was observed as shown in Figure 3, which is assigned as the signal 

of methylene proton on the first carbon of hexyl group substituted on the bromo-terminal unit [26]. 

These results indicate that PS block was successfully introduced at the end of 5. By comparing the 

integrations for alkyl protons of P3HT and aromatic protons of PS, the molar ratio of PS to P3HT 

segments was found to be 25:50, in almost the same as the theoretical chemical composition. 
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Figure 2. 
1
H NMR spectra of (a) P3HT-Br(5), (b) PS(3), and (c) P3HT-b-PS (6) in CDCl3. 
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Figure 3. Expanded 
1
H NMR spectra of (a) P3HT-Br (5), and (b) P3HT-b-PS (6) in CDCl3. 
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2.2. Characterization of P3HT-b-PS in Solid State 

Figure 4 shows DSC thermogram for 6. The glass transition of PS block and melting of P3HT block 

were observed, and those transitions occurred at almost the same temperatures as those of both 

homopolymers, indicating the microphase separation. 

Figure 4. Differential scanning calorimetry (DSC) thermograms for P3HT-b-PS (6) 

obtained by heating and cooling rate of 5 °C/min. 
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Aggregation state of P3HT chains can be evaluated by UV-vis spectroscopy (Figure 5). Thin films 

of 5 and 6 were prepared by spin coating from chloroform solution on glass substrates at room 

temperature. One set of films were thermally annealed at 150 °C for 20 min (thermal annealing), and 

the others were transferred into a jar filled with acetone vapor, exposed for 5 h (solvent annealing). All 

the spectra exhibit similar profile with maximum absorption wavelength at 560 nm. Both thermal and 

solvent annealing treatments provide a slight increase in absorbance at 607 nm, derived from the 

strong intermolecular interaction indicating the high crystallizability of the P3HT chains [27]. 

Therefore, the author can conclude that the the presence of PS block does not interfere with the 

stacking of the P3HT block . Furthermore, it is considered that microphase separation makes the P3HT 

block form a more densely stacked structure. 

Morphology of film surface was observed by AFM. The phase images of the thin films of 6 were 

shown in Figure 6. The thin films were also subjected to thermal annealing at 150 °C for 20 min or 

solvent annealing by acetone for 5 h. Before annealing, a flat surface without any distinctive structure 

was observed in the AFM image (Figure 5(a)). After thermal annealing, a phase-separated structure 

appeared with a domain size of about 150 nm in 6. Furthermore, the block polymer showed a clearer 

phase separated structure after solvent annealing. Since acetone is partially a good solvent for PS, the 

PS chains can change the conformation by swelling with acetone. Therefore, the PS segment 

reconstructed a thermodynamically stable structure in the thin film under acetone vapor, which 

induced a more densely stacked structure of P3HT. Other common solvents such as chloroform and 

toluene were also used for solvent annealing. However, no clear phase-separated morphology was 
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observed for these thin films because the dewetting of the films probably occurred by use of the better 

solvents for both P3HT and PS segments. 

Figure 5. UV-vis spectra of (a) P3HT (5) and (b) P3HT-b-PS (6) in film, before and after 

thermal or solvent annealing. 

 

Figure 6. Atomic force microscopy (AFM) phase image (1 μm × 1 μm) of the thin films 6, 

before and after thermal annealing at 150 °C for 20 min, or solvent annealing under 

acetone vapor for 5 h. (a) as-made; (b) thermal annealed; (c) solvent annealed. 

 

2.3. Characterization of Composite Consisting of P3HT-b-PS and PCBM 

Morphology of film surface was observed by atomic force microscopy (AFM). The phase images of 

the thin films of 5/PCBM and 6/PCBM (1:1 weight ratio) are shown in Figure 7. The composite films 

were subjected to thermal annealing at 150 °C for 20 min or solvent annealing by acetone for 5 h. 

Before annealing, a flat surface without any distinct structure was observed in the AFM images  

for 6/PCBM (Figure 7(d)). Phase-separated structure appeared with domain size of about 30–40 nm in 

film of 6/PCBM after thermal annealing (Figure 7(e)), whereas the domain size observed in the film  

of 5/PCBM was less than 10 nm (Figure 7(b)). It is considered that the self-assembly of 6 promoted 

the phase separation and aggregation of PCBM. The phase separation in the film of 6/PCBM after the 

solvent annealing became more distinct compared with the thermal annealing (Figure 7(f)). Since 
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acetone is a good solvent for PCBM, it accelerated the aggregation of PCBM. From UV-vis spectrum, 

both annealing processes induced a more densely stacked structure of P3HT chain.  

Figure 7. Atomic force microscopy (AFM) phase image (1 μm × 1 μm) of the thin films of 

5/PCBM and 6/PCBM before and after thermal annealing at 150 °C for 20 min or solvent 

annealing under acetone vapor for 5 h. (a) 5/PCBM, as-made; (b) 5/PCBM, thermal 

annealed; (c) 5/PCBM, solvent annealed; (d) 6/PCBM, as-made; (e) 6/PCBM, thermal 

annealed; (f) 6/PCBM, solvent annealed. 

 

 

Performance of photovoltaic cells based on 5 or 6/PCBM in 1:1 weight ratio was evaluated. The 

device structure is described as Al/LiF/composite/PEDOT: PSS/ITO. The I-V curves before and after 

annealing are shown in Figure 8. Table 1 lists the device performance. For the as-made film, the 

conversion efficiency of devices using 6 was 0.42%. After thermal annealing process, the efficiency 

increased up to 1.93%, which is slightly higher than that observed in homopolymer-based device. This 

is probably due to the highly segregated structure of 6/PCBM as shown in Figure 7. High open-circuit 

voltage and fill factor were also observed in this device. The solvent annealing with acetone provided 

an efficiency of 0.84% for 6/PCBM device. It is considered that the domain size is too large for  

photo-generated excitons to reach the interface between p- and n-type phases in the solvent-annealed 

device.  
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Figure 8. I-V characteristics on the devices based 5 or 6/PCBM before and after thermal 

annealing at 150 °C for 20 min or solvent annealing under the vapor of acetone for 5 h. 

 

Table 1. Performance of photovoltaic devices based on P3HT polymers. 

Polymer Anneal Voc 

(V) 

Jsc 

(mA/cm
2
) 

Efficiency 

(%) 

Fill Factor 

(%) 

5 none 0.40 3.00 0.38 0.31 

 thermal 0.60 7.04 1.38 0.33 

 solvent 0.48 4.47 0.89 0.42 

6 none 0.44 2.68 0.42 0.35 

 thermal 0.58 7.90 1.93 0.42 

 solvent 0.58 3.61 0.86 0.40 

Thermal: 150 °C for 20 min; solvent: under acetone vapor at room temperature for 5 h. 

3. Experimental Section 

3.1. Materials 

Tetrahydrofunan (THF) was dried by distilling over calcium hydride, and stored under nitrogen 

atmosphere. Styrene was distilled under vacuum. The other reagents and solvents were obtained 

commercially and were used as received. 

3.2. Preparation of Homopolymer of PS (1) with End Group of t-Bu Ester 

2-Bromopropionic acid tert-butyl ester (0.146 mL, 0.875 mmol), styrene (20 mL, 0.175 mmol), 

anisole (4.7 mL, 0.0438 mol), CuBr (0.125 g, 0.875 mmol), CuBr2 (0.01 g, 0.0438 mmol), and 

N,N’,N’,N’’,N’’-pentamethyldiethylenetriamine (0.185 mL, 0.875 mmol) were added into a flask 

equipped with a stopcock. The mixture was subjected to freeze-and-thaw cycles to eliminate air, then 

heated for 24 h at 90 °C under nitrogen. The reaction mixture was poured into methanol to precipitate 

the product. Mn: 2,300 (GPC); Yield: 4.06 g (20%). 

3.3. Preparation of PS with End Group of Carboxylic Acid (2) 

Polystyrene 1 (3.6 g, 2.0 mmol), p-toluenesulfonic acid (3.44 g, 20 mmol), dioxane (anhydrous, 9 mL, 

10 mmol) were placed into a flask equipped with a condenser, and the mixture was stirred for 24 h  
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at 95 °C under nitrogen. The product was precipitated in methanol. Yield: 2.1 g (61.2%). Mn: 2,300 

(GPC), PDI: 1.23. 

3.4. Preparation of PS with End Group of Boronic Acid Ester (3) 

Homopolymer 2 (0.36 g, 0.2 mmol), CH2Cl2 (5 mL), 4-(4,4,5,5-tetramethyl-1,3,2- 

dioxaborolan-2-yl)phenol (0.155 g, 0.7 mmol), dicyclohexylcarbodiimide (0.076 g, 0.6 mmol),  

N,N-dimethylaminopyridine (0.123 g, 0.6 mmol) were placed into a flask, then the mixture was stirred 

for 24 h at room temperature under nitrogen. After reaction a few drops of water was added. 

Precipitate was removed by filtration and the product was precipitated in methanol. Yield: 0.287 g 

(71.8%). 

3.5. Preparation of 2-Bromo-3-Hexylthiophene (4) 

3-Hexylthiophene (5.00 g, 29.7 mmol) and THF (50 mL) were placed to a flask under nitrogen.  

N-bromosuccinimide (5.43 g, 30.5 mmol) was separated into 5 parts, and each part was added  

every 3 min at 0
 
°C. After two hours reaction at room temperature, the product was extracted with 

chloroform, purified into 99% by the column chromatography (silica/hexane). Yield: 6.76g (92%). 

3.6. Preparation of Poly(3-hexylthiophene) (5) 

Regioregular poly(3-hexylthiophene) with bromo group at a terminal (P3HT-Br, 5) were prepared 

by the modified method previously reported [24]. A flask equipped with a stopcock was charged with 

130 mL of distilled THF and cooled down to −78
 
°C. Diisopropylamine (3.72 mL, 26.3 mmol),  

n-butyllithium (2.6 mol/L solution, 9.61 mL, 25.0 mmol) were successively added, and then the 

temperature was increased up to room temperature. After stirring for 5 min. the temperature was 

returned to −78
 
°C, and then 2-bromo-3-hexylthiophene (4) (6.50 g, 26.3 mmol) was added. After 

stirring for 5 min, anhydrous ZnCl2 (3.76 g, 27.6 mmol) was added. The reaction mixture was stirred 

for 2 h, and then was warmed up to 0 °C. After adding 91 mg (0.169 mmol) of bis(diphenylphosphino) 

propanedichloronickel(II) (Ni(dppp)Cl2) and warming to room temperature, the stirring was continued 

for 30 min. The mixture was poured into methanol to precipitate the product which was extracted by 

Soxhlet with hexane, dichloromethane, and THF in turn. THF fraction was characterized and used in 

the remaining experiments. Yield: 0.734 g (17%), Mn (GPC): 8,100, PDI: 1.49. 

3.7. Preparation of Block Copolymer P3HT-b-PS (6) 

Pd(PPh3)4 (0.023 g, 0.02 mmol), 3 M K2CO3 (aqueous solution, 0.35 ml), PS 3 (0.108 g,  

0.0415 mmol) and P3HT-Br 5 (0.104 g, 0.0125 mmol), toluene (6.7 mL) were placed into a flask 

equipped with a condenser, followed by freeze-and-thaw cycles to eliminate air in the mixture. Then 

the mixture was stirred for 24 h at 100 °C. The product was reprecipitated in methanol twice and in 

acetone twice. Yield: 0.084 g (61.5%). 



Polymers 2011, 3                            

 

 

568 

3.7. Measurements 

1
H and 

13
C NMR spectra were obtained on a JEOL AL300 instrument at 300 and 75 MHz, 

respectively. Deutrated chloroform was used as a solvent with tetramethylsilane as an internal standard. 

Number- and weight-average molecular weights (Mn and Mw) were determined by gel permeation 

chromatography (GPC) analysis with a JASCO RI-2031 detector eluted with chloroform at a flow rate 

of 1.0 mL min
−1

 and calibrated by standard polystyrene samples. Differential scanning calorimetry 

(DSC) analyses were performed on a Rigaku DSC-8230 under a nitrogen atmosphere at heating and 

cooling rates of 10 °C/min. Atomic force microscopy (AFM) measurements were performed on a 

JEOL JSPM-4200 system in tapping mode (phase and topographic modes) with an MPP-11100-10 

silicon probe (resonant frequency: 300 kHz, force constant: 40 N/m). All thin films of polymers were 

spin-cast onto glass slide by a MIKASA 1H-D7 spin coater from chlorobenzene solutions at 1,500 rpm 

for 30 s.  

3.6. Photovoltaic Device Evaluation 

All the devices were manufactured with a structure of ITO/PEDOT: PSS(30 nm)/active 

layer/LiF(0.5 nm)/Al(100 nm). Prior to preparation of devices, a glass slide with indium tin oxide 

(ITO) patterns was washed by an alkaline cleaner under sonication and rinsed with deionized water. 

The substrate was subsequently washed by 2-propanol under sonication, rinsed with clean 2-propanol, 

and dried with nitrogen. PEDOT: PSS with 30 nm of thickness was spin-coated on the substrate  

at 2,500 rpm for 30 sec from the dispersion in water filtered by 0.2 m of membrane filter, followed by 

annealing at 200 °C for 1 h. Polymer blend layer was laminated on PEDOT:PSS by spin-coating  

at 1,000 rpm for 30 sec from chlorobenzene solution (10 mg/mL) filtered by 0.2 m of membrane 

filter. After annealing process, lithium fluoride with 0.5 nm of thickness followed by aluminum  

with 100 nm of thickness was vacuum-deposited on the polymer layer at a rate of 0.1 Å/sec and a rate 

of 4.5 Å/sec using tantalum and tungsten boats, respectively. A typical size of the photo-active area 

was 4 mm
2
. The photocurrent-voltage characteristic was measured upon the exposure of the light by a 

xenon lump with 100 mW/cm
2
. Annealing was carried out as follows. The substrates were transferred 

inside a nitrogen-filled glove box under atmospheric pressure, annealed at 150 °C for 20 min, or under 

solvent vapor (acetone) at room temperature for 5 h. 

4. Conclusions 

In conclusion, the p-type conducting block copolymer poly(3-hexylthiophene)-block-polystyrene 

(P3HT-b-PS) was synthesized by Suzuki coupling between P3HT and PS homopolymers. During 

thermal and solvent annealing processes, block copolymer assisted the segregation of PCBM through 

microphase separation. Photovoltaic cell was fabricated using P3HT-b-PS and PCBM, and the device 

provided conversion efficiency of 1.93% after thermal annealing and 0.84% after solvent annealing. It 

is possible to control morphologies in the composite films by the utilization of the block copolymer. 

Further investigation on the optimization of block copolymer (PS content, molecular weight, and so 

on) and on the relationship between photovoltaic performance and morphologies of the active layer 

is ongoing. 
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