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A structurally-novel pyrrole-based imide-functionalized electron accepting monomer unit, 4,6-dibromo2,5-dioctylpyrrolo[3,4-c]pyrrole-1,3(2H,5H)-dione (DPPD), was prepared. The new DPPD unit was copolymerized with pyrrole-based electron rich monomers, such as thiophene-(N-alkyl)pyrrole-thiophene (TPT) and fused thiophene-(N-alkyl)pyrrole-thiophene (DTP) derivatives, to afford two new polymers, namely P(TPT-DPPD) and P(DTP-DPPD), respectively. The two polymers showed a strong absorption band at 300e600 nm and 300e650 nm, respectively, and their calculated optical band gaps were 2.09 eV and 1.89 eV, respectively. The electrochemical analysis reveals that the highest occupied molecular orbital (HOMO) energy levels of P(TPT-DPPD) and P(DTP-DPPD) were positioned at 5.55 eV and 5.24 eV, respectively, whereas their lowest unoccupied molecular orbital (LUMO) energy levels were positioned at 3.46 eV and 3.35 eV, respectively. The preliminary photovoltaic properties of the polymers, P(TPT-DPPD) and P(DTP-DPPD), were examined by fabricating polymer solar cells (PSCs) with each polymer as an electron donor and PC71BM as an electron acceptor. The PSCs fabricated with the conﬁguration of ITO/PEDOT:PSS/P(TPT-DPPD) or P(DTP-DPPD):PC71BM/LiF/Al showed maximum power conversion efﬁciency (PCE) of 0.73% and 1.64%, respectively. Ó 2013 Elsevier Ltd. All rights reserved.
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1. Introduction Solar cells are one of the most important renewable energy production techniques for solving the world’s energy needs. Polymer solar cells (PSCs) based on a bulk heterojunction (BHJ) model are considered as an ideal structure for solar cells because of their beneﬁcial advantages over inorganic based solar cells, such as solution processability, very fast modes of production to a large area at low cost using standard roll-to-roll (R2R) printing techniques, light weight and ﬂexibility [1,2]. In PSCs, the phaseseparated blends of an electron donating p-conjugated polymer and electron-accepting [6]-phenyl-C61-butyric acid methyl ester (PCBM) were used for light harvesting and charge separation. The * Corresponding author. Department of Chemistry, Pusan National University, Busan 609-735, Republic of Korea. Tel.: þ82 51 510 2245; fax: þ82 51 516 7421. E-mail address: [email protected] (M.H. Hyun). 1 V. Tamilavan and M. Song made equal contribution to this work. 0032-3861/$ e see front matter Ó 2013 Elsevier Ltd. All rights reserved. http://dx.doi.org/10.1016/j.polymer.2013.09.012



photoactive layer of the PSCs is critical in converting sunlight to electrical energy efﬁciently. In particular, the electron donating polymer plays an important role in determining the device performances of PSCs. Simply, the overall power conversion efﬁciency (PCE) of the PSCs was improved from 4 to 5% [3e5] to 7e 10% [6e30] by replacing the most successful electron donating poly(3-hexylthiophene) (P3HT) (Eg ¼ w2.0 eV) with relatively low band gap polymers (Eg ¼ w1.6e1.7 eV). In this instance, developing structurally-novel electron donating low band gap polymers are important for enhancing the PSC device performance. Usually, low band gap polymers were prepared by copolymerizing the electron rich and electron deﬁcient units in an alternate manner [6e30]. The previously reported polymers incorporating electron accepting unit, such as 2,1,3-benzothiadiazole (BT) [6e 10], ester-functionalized thieno[3,4-b]thiophene (TT) [11e13], thieno[3,4-c]pyrrole-4,6-dione (TPD) [14e17], bithiopheneimide (BTI) [18,19], isoindego (ID) [20,21] or pyrrolo[3,4-c]pyrrole-1,4dione (DKPP) [22e30] unit (Fig. 1), showed promising
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2. Experimental section 2.1. Materials and instruments



Fig. 1. Structure of the most successful electron deﬁcient units and DPPD unit.



performances in converting solar energy to electrical energy. Among them, the electron accepting thiophene-based imidefunctionalized TPD unit is a promising electron deﬁcient monomer for the development of highly efﬁcient low band gap polymers for PSCs owing to their strong electron attracting ability, effective intermolecular interaction between the donor and acceptor unit, high solubility and crystallinity via imide N-alkylation, and enhanced planarity through conformational locking due to interactions between the thienyl sulfur and carbonyl oxygen atom [18]. In our laboratory, we have prepared a range of pyrrole-based pconjugated polymers for PSC applications [31e38]. Photovoltaic studies of those pyrrole-based p-conjugated polymers revealed high current densities and reasonable energy conversion efﬁciencies [31e38]. As an effort to extend our previous work, in this study, we wish to prepare a structurally-novel pyrrole-based and imide-functionalized electron accepting monomer unit to develop low band gap donor-acceptor polymers for PSCs. Previously reported polymers incorporating lactam-functionalized pyrrolebased electron accepting units, such as isoindego (ID) and pyrrolo [3,4-c]pyrrole-1,4-dione (DKPP), have showed good performances [20e30], but the overall PCE was reported to be lower than TPDbased polymers in single layer solar cells [14e17]. Several research groups have been interested in tuning the opto-electrical properties of TPD- or DKPP-based polymers by changing the substituents on their back bone or in main chain because of their high energy conversion ability. As described above, the imidefunctionalized TPD unit has many advantages over lactamfunctionalized DKPP and ID units [18]. Consequently, we expect that changing the lactam-functionalized DKPP unit to a pyrrolebased imide-functionalized electron accepting monomer unit, such as pyrrolo[3,4-c]pyrrole-1,3-dione (DPPD, Fig. 1) unit, might offer a good chance for preparing polymers showing better photovoltaic performance than DKPP-based polymers. In this instance, in the present study, a structurally-novel pyrrole-based imide-functionalized monomer unit (DPPD) was prepared and copolymerized with either an electron rich thiophene-(N-alkyl) pyrrole-thiophene (TPT) or fused thiophene-(N-alkyl)pyrrolethiophene (DTP) monomer unit to afford two new polymers, P(TPTDPPD) and P(DTP-DPPD), respectively. Here, we report the detailed procedures for preparing polymers, P(TPT-DPPD) and P(DTP-DPPD), along with their optical, electrochemical and preliminary photovoltaic properties.



The commercially available reagents were received from Aldrich or TCI chemicals and used as received. The common organic solvents, such as dichloromethane, tetrahydrofuran (THF) and diethyl ether were distilled and handled in a moisture-free atmosphere. The compounds were puriﬁed by column chromatography on silica gel (Merck Kieselgel 60, 70e230 mesh ASTM). The nuclear magnetic resonance (NMR) spectra of the compounds were recorded using a Varian Mercury Plus spectrometer (300 MHz and 75 MHz, respectively for 1H and 13C). Gel permeation chromatography (GPC) was conducted on an Agilent 1200 Inﬁnity Series separation module using polystyrene as a standard and chloroform as an eluent to determine the molecular weight and polydispersity (PDI) of the polymers. Thermogravimetric analysis (TGA) was conducted with a TA instrument Q500 at a heating rate of 10  C/min under nitrogen. The absorption studies of the polymers were performed on a JASCO V-570 spectrophotometer at 25  C in chloroform or as thin ﬁlms on glass. Cyclic voltammetry (CV) was performed using a CH Instruments Electrochemical Analyzer with a standard three-electrode electrochemical cell (Ag/AgCl: reference electrode, platinum: working electrode, platinum wire: counter electrode) with 0.1 M tetrabutylammonium tetraﬂuoroborate (Bu4NBF4) as the supporting electrolyte in chloroform at room temperature. During the CV measurements, the solutions were purged with nitrogen for 2 min, and the redox couple, ferrocene/ferrocenium ion (Fc/Fcþ), was used as the external standard.



2.2. Device fabrication and characterization of BHJ solar cells The polymer solar cells were prepared and characterized as described below. Indium tin oxide (ITO)-coated glass substrates were cleaned sequentially with acetone, deionized water and isopropyl alcohol in an ultrasonic bath. Subsequently, a 50 nm poly(ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT: PSS) (Clevious P) buffer layer was spin-coated on top of ITO substrate at 5000 rpm for 30 s and dried at 150  C for 10 min under vacuum to remove the residual water. The active layer of the polymer and PC71BM blend (1:1 wt% and 1:2 wt% with and without 1% 1,8-diiodooctane (DIO)) was spin-coated on the top of ITO/ PEDOT:PSS substrate from a dichlorobenzene (DCB) solution at 1000 rpm. The active layers were heated at 80  C for 20 min to evaporate any residual solvent in a glove box. The corresponding active layer thickness was approximately 80e90 nm. The ITO/ PEDOT:PSS/polymer:PC71BM substrate was transferred to the vacuum chamber and an approximately 0.7 nm thick LiF layer was deposited on the substrate. Subsequently, a 100 nm thick Al layer was deposited through a shadow mask on top of the ITO/ PEDOT:PSS/polymer:PC71BM/LiF substrate under a high vacuum (3.0  106 torr). The top metal electrode area, comprising the active area of the solar cell, was found to be 0.36 cm2. The J-V characteristics of the devices were measured using a Keithley 2400 source measure unit under a calibrated AM 1.5G solar simulator (Pecell Technologies Inc., PEC-L11) at 100 mW/cm2. The intensity of sunlight illumination was calibrated using a standard Si photodiode detector with a KG-5 ﬁlter. The IPCE measurement system (Oriel IQE-200) was composed of a 250 W quartz-tungsten-halogen (QTH) lamp as the light source, as well as a monochromator, optical chopper, lock-in ampliﬁer, and calibrated silicon photodetector. All fabrication steps and characterization measurements were performed in an ambient environment without a protective
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atmosphere. The ﬁlm thickness was measured using a KLA Tencor Alpha-step IQ surface proﬁlometer with an accuracy of 1 nm.



114.8, 51.2, 31.9, 30.9, 29.2, 26.6, 22.8, 14.2. HRMS (EIþ, m/z) [Mþ] Calcd for C14H19NO3 249.1365, found 249.1372.



2.3. Synthesis of polymers



2.3.4. Synthesis of 2,5-dioctylpyrrolo[3,4-c]pyrrole-1,3(2H,5H)dione (4) A stirred solution of compound 3 (3.40 g, 13.65 mmol) in anhydrous toluene (50 mL) was cooled to 0  C in an argon atmosphere. Subsequently, 1-aminooctane (2.50 mL, 15.00 mmol) was added dropwise and the mixture was heated slowly to reﬂux. After 14 h, the solvent was removed by rotary evaporation and the solid material was washed with hexane and dried under vacuum to afford the intermediate compound. 1H NMR (300 MHz, CDCl3): d (ppm) 7.48 (d, 1 H), 7.30 (d, 1 H), 3.92 (t, 2 H), 3.42 (q, 2 H), 1.70e 1.84 (m, 2 H), 1.50e1.68 (m, 2 H), 1.10e1.40 (m, 20 H), 0.87 (t, 6 H). Without further puriﬁcation, the solid material was transferred to a one neck round bottom ﬂask and 50 mL of thionyl chloride was added slowly. The solution was stirred and heated to 70  C. After 6 h, the solution was allowed to cool to RT. Then, the solution was poured into chloroform (100 mL) and the resulting solution was subjected to rotary evaporation. After the complete removal of solvent, the pasty mass was subjected directly to column chromatography (silica gel, hexane) to afford pure product 4 as a white solid. Yield: 2.10 g (43%). mp 94e95  C; 1H NMR (300 MHz, CDCl3): d (ppm) 6.91 (s, 2 H), 3.92 (t, 2 H), 3.51 (t, 2 H), 1.70e1.84 (m, 2 H), 1.52e1.66 (m, 2 H), 1.16e1.36 (m, 20 H), 0.80e0.92 (m, 6 H); 13C NMR (75 MHz, CDCl3): d (ppm) 165.0, 121.6, 118.4, 51.0, 38.1, 32.0, 31.9, 31.4, 29.47, 29.42, 29.28, 29.21, 29.0, 27.1, 29.7, 22.9, 22.8, 14.30, 14.27; HRMS (EIþ, m/z) [Mþ] Calcd for C22H36N2O2 360.2777, found 360.2779.



2.3.1. Synthesis of diethyl 1-octyl-1H-pyrrole-3,4-dicarboxylate (1) A solution of diethyl 1H-pyrrole-3,4-dicarboxylate (5.00 g, 23.70 mmol) in 40 mL of DMF was added dropwise to a stirred mixture of sodium hydride (NaH) in 60% dispersed oil (1.20 g, 30 mmol) in dimethylformamide (DMF, 10 mL) at room temperature (RT) under an argon atmosphere. The mixture was then stirred for 10 min followed by the dropwise addition of 1-bromooctane (5.20 mL, 30 mmol). The entire mixture was stirred overnight and then cooled to 0  C in an ice bath. Water (10 mL) was then added to the cooled mixture. The entire mixture was stirred for an additional 30 min. The solvent was removed by rotary evaporation and the residue was poured into cold water (100 mL) and stirred for 1 h. The aqueous layer was extracted three times (30 mL) with ethyl acetate and the combined organic layer was washed once with brine (10% NaCl solution in water) and dried over anhydrous Na2SO4. The solvent was removed by rotary evaporation and the crude product was puriﬁed by column chromatography (silica gel, hexane:ethyl acetate, 80/20, v/v) to afford pure product 1 as a colorless liquid. Yield: 7.30 g (95%). 1H NMR (300 MHz, CDCl3): d (ppm) 7.19 (s, 2 H), 4.28 (q, 4 H), 3.83 (t, 2 H), 1.68e1.82 (m, 2 H), 1.22e1.40 (m, 16 H), 0.87 (t, 3 H); 13C NMR (75 MHz, CDCl3): d (ppm) 163.9, 127.8, 116.2, 60.4, 50.6, 31.9, 31.1, 29.2, 26.7, 22.8, 14.6, 14.3; HRMS (EIþ, m/z) [Mþ] Calcd for C18H29NO4 323.2097, found 323.2094. 2.3.2. Synthesis of 1-octyl-1H-pyrrole-3,4-dicarboxylic acid (2) Lithium hydroxide (0.82 g, 34.10 mmol) was added to the stirred solution of compound 1 (5.00 g, 15.50 mmol) in mixed solvent of THF and water (80 mL, 3:1 v/v). The solution was heated to 60  C and stirred for 10 h. The solution was cooled to RT and the THF was removed by rotary evaporation. The remaining solution was then poured into water (100 mL). The aqueous layer was extracted once with ethyl acetate (50 mL) and the organic layer was separated. The aqueous layer containing the sodium salt of compound 2 was acidiﬁed with 2 N HCl. After acidiﬁcation, the aqueous layer was extracted three times (50 mL) with ethyl acetate and the combined organic layer was washed once with brine and dried over anhydrous Na2SO4. The solvent was removed by rotary evaporation and the solid material was washed with hexane to afford pure product 2 as a white solid. Yield: 3.80 g (92%). mp 110e111  C; 1H NMR (300 MHz, (CD3)2CO): d (ppm) 7.66 (s, 2 H), 4.12 (t, 2 H), 1.80e1.94 (m, 2 H), 1.20e1.40 (m, 10 H), 0.86 (t, 3 H); 13C NMR (75 MHz, (CD3)2CO): d (ppm) 166.3, 131.2, 114.6, 50.4, 31.8, 30.9, 26.4, 22.6, 13.7 (some peaks of the aliphatic carbons merged with the solvent carbon peaks); HRMS (EIþ, m/z) [Mþ] Calcd for C14H21NO4 267.1471, found 267.1476. 2.3.3. Synthesis of 5-octyl-5H-furo[3,4-c]pyrrole-1,3-dione (3) Compound 2 (3.70 g, 13.85 mmol) was dissolved in acetic anhydride (70 mL) and heated to 70  C. The reaction mixture was stirred for 6 h at 70  C and cooled to room temperature. Then, the reaction mixture was poured into ethyl acetate (100 mL) and the resulting solution was subjected to rotary evaporation. After the complete removal of solvent, the residue was dissolved again in ethyl acetate (100 mL). The organic solution was washed once with a 1 M sodium bicarbonate solution and dried over anhydrous Na2SO4. The solvent was removed by rotary evaporation and the solid material was washed with hexane to afford pure product 3 as an off-white solid. Yield: 3.40 g (99%). 1H NMR (300 MHz, CDCl3): d (ppm) 7.40 (s, 2 H), 3.90 (t, 2 H), 1.72e1.86 (m, 2 H), 1.18e1.34 (m, 10 H), 0.87 (t, 3 H); 13C NMR (75 MHz, CDCl3): d (ppm) 158.0, 131.9,



2.3.5. Synthesis of 4,6-dibromo-2,5-dioctylpyrrolo[3,4-c]pyrrole1,3(2H,5H)-dione (5) Compound 4 (1.19 g, 3.30 mmol) was dissolved in 30 mL of DMF. The solution was cooled in an ice bath followed by the addition of N-bromosuccinimide (NBS) (1.29 g, 7.26 mmol) as a single portion. The solution was allowed to reach RT slowly with constant stirring overnight. The solvent was concentrated in vacuo and the solid was dissolved in 50 mL of dichloromethane. The organic solution was washed with brine and dried over anhydrous Na2SO4. The solvent was removed and the residue was puriﬁed by column chromatography (silica gel, hexane) to afford pure product 5 as a white solid. Yield: 1.59 g (93%). mp 131e132  C; 1H NMR (300 MHz, CDCl3): d (ppm) 4.03 (t, 2 H), 3.54 (t, 2 H), 1.66e1.80 (m, 2 H), 1.50e1.64 (m, 2 H), 1.20e1.40 (m, 20 H), 0.80e0.92 (m, 6 H); 13C NMR (75 MHz, CDCl3): d (ppm) 162.6, 121.7, 100.9, 47.7, 38.3, 32.0, 31.9, 30.1, 29.42, 29.37, 29.28, 29.25, 28.8, 27.0, 26.6, 22.9, 22.8, 14.3; HRMS (EIþ, m/z) [Mþ] Calcd for C22H34Br2N2O2 516.0987, found 516.0969. 2.3.6. General procedure for polymer synthesis Monomer TPT (0.29 g, 0.40 mmol) and compound 5 (0.21 g, 0.40 mmol) for polymer P(TPT-DPPD) or monomer DTP (0.25 g, 0.40 mmol) and compound 5 (0.21 g, 0.40 mmol) for polymer P(DTP-DPPD) were dissolved in 30 mL of anhydrous toluene and 2 mL of anhydrous DMF. The stirred solution was purged well with argon for 45 min followed by the addition of Pd(PPh3)4 (0.02 g, 4 mol %) to the solution. The resulting mixture was heated slowly under reﬂux in an argon atmosphere for 48 h. Subsequently, the reaction mixture was cooled to RT and poured into a mixed solvent of methanol and water (100 mL:50 mL) containing 2 N HCl (50 mL) with vigorous stirring. The precipitates were recovered by ﬁltration, and the solution was extracted with methanol and acetone for 24 h each in a Soxhlet apparatus. P(TPT-DPPD): Red color. Yield (0.22 g, 73%). 1H NMR (300 MHz, CDCl3): d 7.91 (s, 2 H), 7.16 (s, 2 H), 6.47 (s, 2 H), 4.45 (s, 2 H), 4.28 (s, 2 H), 3.60 (s, 2 H), 1.84 (s, 2 H), 1.65 (s, 4 H), 1.10e1.40 (m, 38 H), 0.78e0.92 (m, 9 H). P(DTP-DPPD):
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Dark brown color. Yield (0.17 g, 65%). 1H NMR (300 MHz, CDCl3): d 7.98 (s, 2 H), 4.45 (s, 2 H), 4.21 (s, 2 H), 3.60 (s, 2 H), 2.03 (s, 1 H), 1.87 (s, 2 H), 1.66 (s, 2 H), 1.10e1.50 (m, 28 H), 0.78e1.04 (m, 12 H). 3. Results and discussions 3.1. Synthesis and characterization of polymers Scheme 1 shows the general synthetic strategy for the monomer (DPPD) and polymers (P(TPT-DPPD) and P(DTP-DPPD)). The electron deﬁcient monomer, 4,6-dibromo-2,5-dioctylpyrrolo[3,4-c] pyrrole-1,3(2H,5H)-dione (5, DPPD), was synthesized from commercially available diethyl-1H-pyrrole-3,4-dicarboxylate. The N-alkylation of diethyl-1H-pyrrole-3,4-dicarboxylate with 1bromooctane in the presence of sodium hydride afforded compound 1. The ester groups of compound 1 were hydrolyzed to diacid 2 with the treatment of aqueous lithium hydroxide (Li(OH)2) solution. Diacid 2 was treated with acetic anhydride to afford anhydride derivative 3. The treatment of compound 3 with 1aminooctane followed by thionyl chloride afforded compound 4. Finally, compound 4 was dibrominated using NBS to afford monomer 5 (DPPD monomer unit). Monomer 5 was copolymerized with two different types of thiopheneepyrroleethiophene units, such as TPT and DTP, using a Stille coupling reaction to afford the DPPDbased polymers, P(TPT-DPPD) and P(DTP-DPPD). The comonomers, TPT and DTP, were synthesized using procedures reported elsewhere [39,40]. The chemical structures of the polymers were conﬁrmed by NMR and GPC. According to GPC, the weight average molecular weight (Mw) and polydispersity (PDI) of the polymers, P(TPT-DPPD) and P(DTP-DPPD), were 1.54  104 g/mol and 1.76, and 1.13  104 g/mol and 1.64, respectively. Polymers P(TPT-DPPD) and P(DTP-DPPD) exhibited excellent solubility in all common organic solvents, such as chloroform, THF, chlorobenzene and dichlorobenzene. The thermal stability of polymers P(TPTDPPD) and P(DTP-DPPD) was determined from TGA. From the TGA curves in Fig. 2, the 5% weight loss temperature of polymers P(TPT-



Fig. 2. TGA curve for polymers P(TPT-DPPD) and P(DTP-DPPD).



DPPD) and P(DTP-DPPD) was estimated to be 330  C and 315  C, respectively. Polymers P(TPT-DPPD) and P(DTP-DPPD) showed sufﬁcient thermal stability for solar cell applications. Table 1 summarizes the molecular weights and thermal properties of P(TPT-DPPD) and P(DTP-DPPD). 3.2. Optical properties The normalized absorption spectra of polymers P(TPT-DPPD) and P(DTP-DPPD) in dichlorobenzene and thin ﬁlm forms on glass are shown in Fig. 3. The polymer ﬁlms on the glass was prepared by spin coating each of polymers P(TPT-DPPD) and P(DTP-DPPD) in dichlorobenzene and then dried on hot plate at 80  C for 10 min in



Scheme 1. Synthetic route to polymers P(TPT-DPPD) and P(DTP-DPPD).
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Table 1 Polymerization results, thermal, optical and electrochemical properties of polymers P(TPT-DPPD) and P(DTP-DPPD). Polymer



Mwa (g/mol)



PDIa



TGAb ( C)



lmax in solution (nm)c



lmax as ﬁlm (nm)d



Eg (eV)e



HOMO (eV)f



LUMO (eV)g



P(TPT-DPPD) P(DTP-DPPD)



1.54  104 1.13  104



1.76 1.64



330 315



418 474



477 534



2.09 1.89



5.55 5.24



3.46 3.35



a b c d e f g



Weight average molecular weight (Mw) and polydispersity (PDI) of the polymers were determined by GPC using polystyrene standards. 5% weight loss temperature measured by TGA under N2. Measurements in chloroform solution. Measurements in thin ﬁlm were performed on the glass substrate. Band gap estimated from the onset wavelength of the optical absorption in thin ﬁlm. The HOMO level was estimated from cyclic voltammetry analysis. The LUMO level was estimated by using the following equation: LUMO ¼ HOMO þ Eg.



air. The absorption band of P(TPT-DPPD) covered the range, 300e 500 nm and 300e600 nm, respectively, with the maximum absorption peaks at 418 nm and 477 nm, respectively, in solution and ﬁlm form. On the other hand, the absorption band of P(DTP-DPPD) was relatively broad and red shifted compared to that of P(TPTDPPD), and the absorption band covered the region, 300e600 nm and 300e650 nm, respectively, with maximum absorption peaks at 474 nm and 534 nm, respectively, in solution and ﬁlm form. The absorption maximum of each of polymers P(TPT-DPPD) and P(DTP-DPPD) was red-shifted by around 60 nm in ﬁlm form compared to that in solution state, and interestingly, the maximum absorption of P(DTP-DPPD) was found to be 57 nm red shifted compared to that of P(TPT-DPPD) in ﬁlm state. Better pep conjugation and planarity of the DTP units compared to those of the TPT units might explain the red shift in the absorption of P(DTP-DPPD) compared to that of P(TPT-DPPD). It is common that the absorption bands of most of the polymers are usually broad and red shifted in ﬁlm state than in solution state due to the extended conjugation via the better pep stacking or pep interchain interaction in ﬁlm state than in the solution state. The optical band gaps of polymers P(TPTDPPD) and P(DTP-DPPD) were calculated from the onset wavelength of the optical absorption in the thin ﬁlms to be 2.09 eV and 1.89 eV, respectively. The optical properties of polymers P(TPTDPPD) and P(DTP-DPPD) are summarized in Table 1.



Determining the energy levels of the highest occupied (HOMO) and lowest unoccupied molecular orbital (LUMO) of polymers P(TPT-DPPD) and P(DTP-DPPD) is essential to evaluate their



suitability for PSC applications. For efﬁcient electron transfer at the donor (polymer)eacceptor (PC71BM) interfaces, the LUMO level of the polymer should be at least 0.2e0.3 eV above the LUMO level of the PC71BM [31]. In addition, to achieve a high open circuit voltage (Voc), it is essential to utilize the polymer having low lying HOMO energy level because the theoretical Voc of the PSCs is deﬁned as the energy difference between the HOMO level of the donor and the LUMO level of the acceptor [31]. The HOMO energy levels of the polymers were determined by cyclic voltammetry (CV). Fig. 4 shows cyclic voltammograms of polymers P(TPT-DPPD) and P(DTP-DPPD). The onset oxidation (Eox, onset) potentials of polymers P(TPT-DPPD) and P(DTP-DPPD) were determined by CV to be 1.26 V and 0.95 V, respectively. The HOMO energy levels of polymers P(TPT-DPPD) and P(DTP-DPPD) were calculated to be 5.55 eV and 5.24 eV, respectively, using the following equation [41]: EHOMO ¼ [(Eox,onset vs. Ag/AgCl  Eferrocene vs. Ag/AgCl)  4.8] eV, where 4.8 eV is the energy level of ferrocene below the vacuum level, Eferrocene vs. Ag/AgCl is 0.51 eV, and Eox,onset is the onset potential values in volts for oxidation processes against the Ag/AgCl reference electrode. The LUMO levels of polymers P(TPT-DPPD) and P(DTP-DPPD) were estimated from the HOMO levels and optical band gaps (LUMO ¼ HOMO þ Eg) to be 3.46 eV and 3.35 eV, respectively. The LUMO levels of polymers P(TPT-DPPD) and P(DTP-DPPD) were located above the LUMO level of PC71BM, ensuring the possibility of electron transfer from the polymer to PC71BM. In addition, the HOMO levels of polymers P(TPT-DPPD) and P(DTP-DPPD) were signiﬁcantly deeper, which is expected to be deep enough to achieve a high Voc in solar cell applications. The HOMO and LUMO energy levels of polymers P(TPT-DPPD) and P(DTP-DPPD) are included in Table 1.



Fig. 3. UV-visible absorption spectra of P(TPT-DPPD) and P(DTP-DPPD) in dichlorobenzene and as thin ﬁlm on glass.



Fig. 4. Cyclic voltammograms of P(TPT-DPPD) and P(DTP-DPPD) in chloroform.



3.3. Electrochemical properties
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Table 2 Photovoltaic properties of the polymer solar cells prepared by using the conﬁguration of ITO/PEDOT:PSS/P(TPT-DPPD) or P(DTP-DPPD):PC71BM(1:1 or 1:2 wt% with and without 1% DIO)/LiF/Al. Photoactive active layer



Voc (V)a



Jsc (mA/cm2)b



FF (%)c



PCE (%)d



P(TPT-DPPD):PC71BM (1:1 wt%) P(TPT-DPPD):PC71BM (1:2 wt%) P(TPT-DPPD):PC71BM (1:2 wt%)þ1% DIO P(DTP-DPPD):PC71BM (1:1 wt%) P(DTP-DPPD):PC71BM (1:2 wt%) P(DTP-DPPD):PC71BM (1:2 wt%)þ1% DIO



0.58 0.59 0.59



0.77 2.14 3.28



25 32 38



0.11 0.41 0.73



0.56 0.56 0.56



1.68 4.24 6.24



36 35 46



0.34 0.84 1.64



a b c d



Open-circuit voltage. Short-circuit current density. Fill factor. Power conversion efﬁciency.



3.4. BHJ solar cell properties To assess the utility of polymers P(TPT-DPPD) and P(DTPDPPD) as electron donors in solar cell applications, the single layer polymer solar cell devices were prepared using the conﬁguration of ITO/PEDOT:PSS/P(TPT-DPPD) or P(DTP-DPPD):PC71BM/LiF/Al. The photoactive layer of the PSCs were prepared with two different donor:acceptor (polymer:PC71BM) blend ratios (1:1 or 1:2 wt%). The imide-functionalized TPD [16,17] and lactam-functionalized DKPP [23] polymer-based PSCs have shown that the use of processing additive such as 1,8-diidooctane (DIO) in the active layer increases the photovoltaic performances of PSCs due to the improved surface morphology of the active layer. In this instance, to evaluate the DIO inﬂuence on the PCE of the DPPD-based PSCs, we also prepared the PSCs containing a blend of polymer:PC71BM (1:2 wt%) and 1% DIO as an active layer. The photovoltaic parameters, such as open circuit voltage (Voc), short-circuit current density (Jsc), ﬁll factor (FF) and power conversion efﬁciency (PCE) of the PSCs fabricated in this study are summarized in Table 2. The J-V curves of the PSCs were measured under an illumination of AM 1.5 G (100 mW/cm2) solar simulator, as shown in Fig. 5. The PSC prepared from a blend of P(TPT-DPPD):PC71BM (1:1 wt%) showed a PCE of 0.11% with a Voc of 0.58 V, Jsc of 0.77 mA/cm2, and FF of 25%, and the device prepared from P(TPT-DPPD):PC71BM (1:2 wt%) showed an improved PCE of 0.41% with a Voc of 0.59 V, Jsc of 2.14 mA/cm2, and FF of 32%. Similarly, the PSC device prepared from a blend of P(DTP-DPPD):PC71BM (1:1 wt%) exhibited a PCE of 0.34% with a Voc of 0.56 V, Jsc of 1.68 mA/cm2, and FF of 36%, and the device made from P(DTP-DPPD):PC71BM (1:2 wt%) showed a more improved PCE of 0.84% with a Voc of 0.56 V, Jsc of 4.24 mA/cm2, and FF of 35%. The higher PC71BM content in the photoactive layer was reported to be generally favorable for efﬁcient light harvesting and electronehole separation [32,33]. Consequently, the PSCs prepared from the 1:2 wt% (polymer:PC71BM) blend solutions showed higher Jsc and FF values than those of the devices prepared from the 1:1 wt % (polymer:PC71BM) blend solutions. The PSC containing a blend of P(TPT-DPPD):PC71BM (1:2 wt%) with 1% DIO as an active layer offered a maximum PCE of 0.73% with a Voc of 0.59 V, Jsc of 3.28 mA/ cm2 and FF of 38% and the PSC containing a blend of P(DTPDPPD):PC71BM (1:2 wt%) with 1% DIO as an active layer showed a PCE of 1.64% with a Voc of 0.56 V, Jsc of 6.24 mA/cm2 and FF of 46%. The DIO addition in the active layer was found to improve the Jsc and FF values of the DPPD-based PSCs quite much and the PCEs almost twice. All of these preliminary photovoltaic studies suggest that polymers P(TPT-DPPD) and P(DTP-DPPD) can be used to produce reasonable PCEs in the future study. The comparison of the photovoltaic parameters of the PSCs prepared from polymers P(TPT-DPPD) and P(DTP-DPPD) clearly



Fig. 5. J-V characteristics of PSCs under the illumination of AM 1.5G (100 mW/cm2) for polymer P(TPT-DPPD) (a) and polymer P(DTP-DPPD) (b).



indicates that the Voc values of the PSCs made form P(TPT-DPPD) are slightly higher than those of PSCs made form P(DTP-DPPD) while the Jsc and FF values are higher for P(DTP-DPPD) based PSCs. Usually, the Voc of the PSCs is mainly correlated with the HOMO energy level of the polymer while the Jsc and FF of the PSCs are correlated with the absorption and carrier mobility of the polymer. The HOMO energy level of polymer P(TPT-DPPD) found to be deeper than that of polymer P(DTP-DPPD). Consequently P(TPTDPPD) based PSCs offered slightly higher Voc than P(DTP-DPPD) based PSCs. On the other hand, the light harvesting ability of polymer P(DTP-DPPD) is expected to be greater than that of polymer P(TPT-DPPD) because the absorption band of polymer P(DTP-DPPD) is red shifted and more closely located at the maximum solar ﬂux region of the solar spectra compared to that of polymer P(TPT-DPPD). In this instance, P(DTP-DPPD) based PSCs offer higher Jsc than P(TPT-DPPD) based PSCs. Interestingly, the higher FF values for P(DTP-DPPD) based PSCs suggest that the carrier mobility of polymer P(DTP-DPPD) is higher than that of polymer P(TPT-DPPD). The high carrier mobility of polymer P(DTP-DPPD) is expected to originate from the fused DTP unit. It is well known that the carrier mobility of the polymers containing the
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extended EQE response of the PSCs is expected to be originated from the absorption ability of polymer:PC71BM blends. The relatively higher EQE maximum value and broader EQE response of the P(DTP-DPPD) based PSC support its higher PCE compared to that of the P(TPT-DPPD) based PSC. 4. Conclusions



Fig. 6. EQE spectra of PSC devices (Insert: The absorption spectra of the thin ﬁlms of P(TPT-DPPD) or P(DTP-DPPD):PC71BM (1:2 wt%) blend prepared by spin coating the blend solution in DCB and then heating at 80  C for 20 min in glove box).



fused electron rich units is higher than that of polymers incorporating un-fused electron rich units. The comparison of the photovoltaic properties of polymer P(DTP-DPPD) with the structurally quite similar reported polymers incorporating electron rich DTP and electron accepting TPD (polymer PDTP-TPD) or DKPP (polymer PDTP-DTDPP) units clearly indicates that the overall conversion efﬁciency of P(DTP-DPPD) based PSC is similar or slightly higher to that of PDTP-TPD (PCE ¼ 1.63%) or PDTP-DTDPP (PCE ¼ 1.12%) based PSC [29,42]. Interestingly, the photovoltaic performances of TPD and DKPP based polymers were greatly improved (PCE w 6e7.5%), when the electron accepting TPD or DKPP units were copolymerized with successful electron donating benzodithiophene (BDT), dithienosilole (DTSi) or dithienogermole (DTGe) derivatives. In this instance, the copolymerization of DPPD unit with the electron rich units such as BDT, DTSi or DTGe might offer highly efﬁcient polymers for PSCs. All of these preliminary results of the opto-electrical and photovoltaic properties of DPPD based polymers suggest that the DPPD unit is a promising building block to develop highly efﬁcient polymers for opto-electronic applications. Fig. 6 represents the EQE (external quantum efﬁciency) spectra of the PSCs fabricated with the conﬁguration of ITO/PEDOT:PSS/ P(TPT-DPPD) or P(DTP-DPPD):PC71BM (1:2 wt%, with and without 1% DIO)/LiF/Al. The EQE curves exhibited a response covering the region of 300e700 nm with an EQE maximum of 18.4% at 480 nm and 31.2% at 500 nm, respectively, for the PSCs prepared without DIO. On the other hand, the EQE maximum values of PSCs prepared with DIO were 27.7% at 400 nm and 41.2% at 500 nm, respectively. The EQE response was found to cover the region from 300 nm to 700 nm for the PSCs prepared from polymers P(TPT-DPPD) and P(DTP-DPPD) while the strong absorption band of the polymers are appeared in the range of 300e600 nm and 300e680 nm, respectively, in thin ﬁlm state. To investigate the extended EQE response of the PSCs, we measured the absorption spectra of the thin ﬁlms of polymer:PC71BM (1:2 wt%) blends obtained by spin coating the blend solution in DCB and then heating at 80  C for 20 min in glove box. The absorption spectra of the polymer:PC71BM (1:2 wt%) blends are presented in the Insert of Fig. 6 and the absorption of the ﬁlms are found to be extended up to 700 nm for each polymer:PC71BM (1:2 wt%) blend. In this instance, the
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