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Functional π-conjugated polymers based on
maleimide for photovoltaic applications
Abstract
A series of new bis-(2-thienyl) maleimide monomers
have been synthesized and characterized. The bis-(2-
thienyl)maleimide unit has been copolymerized with different
aromatic comonomers. Stille coupling polymerizations under
various conditions have been utilized. The copolymers were
then characterized by size-exclusion chromatography and
their optical and electronic properties were investigated by
UV-Vis absorption spectroscopy and cyclic voltammetry. All
maleimide based copolymers shared similar LUMO energy
levels, which are largely determined by the acceptor moiety,
and are close to that of PC61BM to be effective for charge
dissociation. These low band gap polymers have been tested
for photovoltaic applications and have shown moderate
photovoltaic performance. Interesting results were obtained
by adding the polymer to the P3HT:PC61BM mixture, as a
third component. The ternary blend BHJ solar cells showed
power conversion efficiencies of 35% exceeding those of the
corresponding binary blends.
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1. Introduction

Bulk heterojunction (BHJ) solar cells based on blend ofconjugated polymer/fullerene systems offer promise for therealization of low-cost, printable, portable and flexible re-newable energy sources. BHJ solar cell performance hasprogressively improved since their introduction [1] withpower conversion efficiencies (PCE) now close to 10% [2].Further enhancements of PCE and durability, togetherwith the low-cost fabrication, are still required for com-mercial applications. Over the past decade, research hasfocused on regioregular poly(3-hexylthiophene) (P3HT)as the standard electron-donating material in polymerBHJ solar cells, with important progress having been madein understanding the device science and the associatedimprovements in device efficiency. However, P3HT is notthe ideal polymer as it has a relatively large band gap(1.85 eV) and its high-lying highest occupied molecular
∗E-mail: abderrahim.yassar@polytechnique.edu

orbital (HOMO) (−5.1 eV) limits the open circuit voltage(Voc) of P3HT/(6,6)-phenyl-C61-butyric acid methyl ester(PC61BM) devices to 0.6 V, consequently limiting the ef-ficiency to about 5%. To overcome these limitations, lowband gap materials with broad absorption spectra to en-hance sunlight harvest for higher short circuit current (Jsc),an appropriately lower HOMO energy level to maximizethe Voc , a higher hole mobility for higher Jsc and higher fillfactor (FF), have been proven to be an efficient strategyto improve device performance. Typically, a low band gappolymer is designed via donor-acceptor (D-A) approachby incorporating both electron-rich and electron-deficientmoieties in the same conjugated backbone [3–5]. Among awide variety of acceptor units, aromatic diimide units havebeen shown to be an excellent building block for the syn-thesis of low-bandgap conjugated polymers because theycombine a deep lying HOMO, a rigid planar core and highelectron mobility [6–9].Using diimide derivatives, several research groups havesynthesized D–A low-bandgap copolymers and reportedthe photovoltaic properties of those copolymers.
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Functional π-conjugated polymers

For instance, thieno[3,4-c]pyrrole-4,6-dione (TPD) hasbeen reported to be one of the most efficient buildingblock thanks to some property, such as rigidity, goodsolubility and favorable 3D arrangement in the solidstate. TPD-based polymers demonstrated PCEs as highas 8.5% [10]. Dithieno[3,2-f :2′,3′-h]phthalimide, a fused-ring compound, was also investigated as viable buildingblocks for low band gap materials for photovoltaic applica-tions. The copolymers exhibited a broad absorption bandwith an absorption edge close to 700 nm and a PCE of 2 %when blended with PC61BM [11]. Jeneke et al. demon-strated BHJ cells based on blends of the new low band gapdonor–acceptor copolymer, poly(N-(dodecyl)-3,6-bis(4-dodecyloxythiophen-2-yl)phthalimide) (PhBT12), andfullerene derivative (PC61BM or PC71BM) [12]. ThePhBT12/fullerene blend films were found to exhibit crys-talline nanoscale morphology, with space-charge-limitedmobility of holes as high as 4.0 10−4 cm2/Vs without ther-mal annealing, leading to moderately efficient devices.The performance of the solar cells varied significantly withPhBT12/fullerene composition, reaching a PCE of 2.0%with a current density of 6.43 mA/cm2 and a fill factor of0.55 for the 1:1 PhBT12/PC71BM blend devices.
The common structural features of the aromatic diimidesare (a) extended aromatic ring flanked in both sidesby carboxylic diimides and (b) their powerful electronaccepting ability. Maleimide has the simplest struc-ture within unsaturated imide family and can be re-garded as a cis olefin bisubstituted with an electron-withdrawing group, carboxylic imide. In spite of its sim-ple structure, it is quite surprising that only a few at-tempts have been made to explore the possibility of usingmaleimide as building block of functional materials for or-ganic electronics. In these regards, two different groupof researcher reported the synthesis and characteriza-tion of a series of diphenylmaleimide-based π-conjugatedcopolymers with high red fluorescence both in solutionand thin films [13, 14]. Chen et al. [13] synthetizedand characterized homopolymer containing electrontrans-porting 1,2-diphenylmaleimide chromophores and copoly-mers consisting of 1,2-diphenylmaleimide and hole-transporting 2,5-thiophene moieties. In the secondcase, Chen et al. [14] designed 3,4-diphenylmaleimide-based π-conjugated copolymers obtaining different prop-erties by varying the structural combination of thio-phene and/or fluorene with 3,4-diphenylmaleimide fluo-rophore. Polymer light-emitting diodes fabricated from3,4-diphenylmaleimide copolymer exhibited long wave-length electroluminescence from orange to the saturatedred region, with satisfactory brightness and efficiency. Re-cently, and during the preparation process of the cur-rent work, Lee et al. reported the photovoltaic properties

of cross-linkable maleimide/thiophene copolymers [15].More recently, a series of D-A copolymers based on 3,4-diphenyl-maleimide has been presented for applicationsin polymer solar cells [16]. The HOMO level of thesepolymers were in the range of 5.63 – 5.73 eV, indicating thepossibility to achieve a high Voc . BHJSCs were preparedby blending them with PC61BM and PC71BM. The bestresults were obtained with the device containing PC71BM,with a Voc of 0.74 V, Jsc of 7.4 mA cm−2, a FF of 0.22 and aPCE of 1.20% under AM 1.5 G simulated solar light. Thebest device obtained with PC61BM gave a Voc of 0.80 V, Jscof 4.9 mA cm−2, a FF of 0.21 and a PCE of 0.82%. In gen-eral, device performances based on these copolymers werelimited by poor charge transport and light induced chargeseparation, but also confirm the interest in maleimide asaccepting unit.Herein, we present the synthesis of new D-A moleculesand polymers containing bithienyl-maleimide units aselectron acceptors and electron-rich thiophene units withthe results of their optical, electrochemical, morphologi-cal and photovoltaic properties. Soluble oligomeric com-pounds were also synthesized via analogous organometal-lic coupling reaction. The compounds display well-definedconjugation length and provide simple model system forelucidating pertinent structure-property correlations, es-pecially with respect to its photovoltaic behaviour.
2. Results and discussion

2.1. Materials Synthesis

Various synthetic procedures for preparing symmetricalor unsymmetrical 3,4-substituted maleimides are known.Previously, diaryl-maleimides were commonly synthesizedfrom acetonitrile derivatives, however the yields were notsatisfactory with thiophene [17, 18]. Alternative meth-ods to prepare diaryl-maleimides or the correspondingdiaryl-maleic anydrides or their precursors were basedon a modified Perkin condensation involving sodium saltsof arylglyoxylic acid and arylacetic acid with acetic anhy-dride [19], by oxidation of 2,5-dibromopyrrole in presenceon HNO3 [20] or variations of these methods [21–23]. Themost direct way to access to bis(thien-2-yl) maleimidesis based on the direct bromination of maleic anhydridewith Br2, catalyzed by AlCl3 [24]. Dibromo-maleic anhy-dride is easily converted into the imide and the result-ing compounds can be used in cross-coupling reactionsto get access to bisaryl-maleimide [25–30]. To improvethe yield of the reaction, we chose to apply an alterna-tive method based on Stille coupling reaction [31]. 2,3-oligothiophene-N-substitued maleimide compounds (3, 5,and 6) were prepared by Stille coupling reaction start-
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ing from 2,3-dibromo-N-octylmaleimide, using Pd0 (gen-erated from Pd(PPh3)2Cl2) as catalyst (Scheme 1).

Sch. 1. Synthesis of 2,3-oligothiophene-N-substitued maleimide
compounds.

The first step involves the bromination of neat maleic an-hydride with Br2 in the presence of catalytic amount ofaluminum trichloride to provide 1 in good yield. The re-action of dibromo maleic anhydride with octyl amine, inacetic acid afforded to 3,4-dibromo-1-octyl-1H-pyrrole-2,5-dione (2) [24]. Coupling reaction of 2 with 2-(tributylstannyl)thiophene, using PdCl2(PPh3)2 as a cat-alyst, lead to 2,3-dithiophene-N-octylmaleimide (3) ina good yield. The dibromination of compound 3 withan excess of NBS, in chloroform at r.t., provided the2,3-bis(2-bromothiophene)-N-octylmaleimide (4) in 90%yield. To further extend oligothiophene chain we car-ried out the coupling reaction of compound 4 with 2-tributylstannylthiophene and 2-tributylstannyl-3-hexyl-thiophene, affording compounds 5 and 6, respectively.All thienyl-maleimide derivatives were obtained in highpurity after chromatography on silica gel. They were fullycharacterized by 1H NMR and high-resolution mass spec-troscopy confirmed the molecular weight for the compound5. (See Exp. Section and Supplementary contents).

Sch. 2. Synthesis of copolymers based on maleimide.

In order to study the transformation of the maleimidederivatives into the new polymers P1 and P2, two couplingreactions were performed using bis-stannylthiophene andbis-stannyl-bis-thiophene. Scheme 2 shows the synthetic

pathway to obtain polymers P1 and P2 by Stille reac-tion. The monomers 4 and 2 were reacted with bis(stannyl)derivatives using DMF and PdII as solvent and catalyst,respectively. The reaction mixture was heated overnightat 90°C in DMF.The products were purified by re-precipitation fromtoluene into methanol and purified by Soxhlet extractionwith MeOH and diethyl ether to remove residual cata-lyst and low molecular weight materials, respectively. Allpolymers show good solubility in halogenated solvents,such as chloroform and DCB. GPC in THF at RT was usedto determine the molecular weights: the number-averagemolecular weights (Mn) and the polydispersity index (PI)of the P1 are 14,4 Kg/mol and 1,26, respectively while forthe P2 are 11,6 Kg/mol and 1.45.The GPC data confirm that the molecular weights of thepolymers are very close to maleimide-based polymers al-ready presented in literature prepared by Stille cross cou-pling [15].
2.2. Optical and Electrochemical Properties

The optical properties of P1, P2 and model compoundswere investigated in solutions and thin films. The λmaxvalues for model compounds 3, 422 nm, is very close tothose reported for (E)-1,2-bis(2-thienyl)vinylene and (E)-1,2-bis-[2,2’-bithienyl] vinylene, 422 and 435 nm respec-tively. This similarity suggests that introduction of thecarboxylic imide onto the vinylene bridge has little in-fluence on the electronic structure of the π-conjugatedsystem [32]. Figure 1 shows the UV-visible absorptionspectra of P2 in chloroform and thin film. In chloroformsolution, it can be seen that P2 shows broad absorptionbetween 300 and 700 nm with a maximum of 560 nm, whichis the characteristic of the polythiophene derivatives. Theabsorption spectrum of the P2 film displays an absorp-tion peak at 650 nm, which is red shifted by 90 nm incomparison with the absorption of polymer solution, indi-cating a strong intermolecular interaction in the polymerfilm. The optical bandgap of P2, calculated from the ab-sorption edge in the UV–VIS spectrum of the thin film, is1.55 eV.The incorporation of maleimide electron deficient blockin the polymers results in intra molecular charge trans-fer (ICT) between donor (thiophene) and acceptor, caus-ing electronic delocalization along the polymer backbones.P2 shows a 180 nm bathochromic shift with respect to thepreviously reported conjugated copolymer based on 3,4-diphenyl-maleimide (λmax = 450 nm) [13, 16]. The largerpeak shift and the broadened absorption of P2 are as-cribed to the much stronger ICT between the thiopheneelectron-donating unit and maleimide dicarboxylic imide
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acceptor unit in P2 than that between phenyl donor andmaleimide acceptor, previously reported.

Fig. 1. UV-visible absorption spectrum of P2 (dotted line: thin film;
solid line: chloroform solution).

The electrochemical properties of the model compound 5were examined by cyclic voltammetry (CV) to estimate theHOMO and LUMO energy levels. The corresponding po-tential profiles are reported in Figure 2a (4 cycles). Whenthe potential is scanned firstly just in the cathodic region,a reversible and stable redox process is present at poten-tial (E1/2) of −1.25 V vs. Fc. This process is attributed tothe compound reduction in solution with the formation ofthe corresponding radical anion. On the contrary, whenhigher potential are explored in the anodic scan, an irre-versible current peak is detected at 0.70 V vs. Fc, which isdue to the oxidation of the neutral compound to the radicalcation. After the first cycle, the peak current grows cycleby cycle and a new redox process is observed at lower po-tential (between 0.40 and 0.65 V) which can be attributedto the p-doping/de-doping of a semiconducting polymergrowing at the electrode surface. So it is evident that thefresh formed radical cations react chemically to give poly-mer chains attached to the electrode. To further confirmthis hypothesis, we have also characterized the obtainedfilm by cyclic voltammetry in monomer free solution. Theresults are shown in Figure 2b where the characteristicp- and n-doping behaviors of a conducting polymer canbe observed. As expected, the p-doping/dedoping processlies at potential lower than the corresponding monomeroxidation, while the polymer n-doping takes place at al-most the same potential of the monomer reduction. In anycase, both the polymer redox processes are reversible andno changes in the current profiles were observed after thefirst cycle.The HOMO and LUMO energy levels of the compound 5can be estimated from the current onset of the irreversibleoxidation process at the first cycle and the E1/2 value ofthe reversible reduction process, respectively. Potential

(a)

(b)
Fig. 2. a) Top: cyclic voltammetry curves of model compound 5 in

solution. b) Bottom: cyclic voltammetry curves of poly-5 in
monomer free solution.

values vs. Fc are converted to vacuum scale energiesunder the assumption that the Fc/Fc+ redox couple is5.23 eV relative to a vacuum (using a potential value of4.6 ± 0.2 eV for NHE vs. vacuum). The same procedurecan also be used to calculate the polymer energy levels.
The HOMO and LUMO levels determined for the com-pound 5 are −5.9 and −4.0 eV, respectively; therefore itsenergy levels are between those of P3HT and PC61BM,as reported in Figure 3. These values suggest the utiliza-tion of the small molecule as additive, in order to obtainan energy levels cascade and improved optical absorption.
The corresponding values for the polymer obtained elec-trochemically are −5.8 and −3.9 eV, respectively. Thereduction potentials of the model compound is quite closeto that of PC61BM, with an offset of 0.2 eV (the PC61BMLUMO level was determined as −4.2 eV in our lab. underthe same experimental conditions).
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Fig. 3. Energy level diagrams for P3HT, 5 and PC61BM.

2.3. Photovoltaic Properties and morphological
analysis

Organic solar cells based on blends of PC61BM, aselectron acceptor, and P1 and P2, as electron donors,were fabricated with the common structure of ITO / PE-DOT:PSS / polymer: PC61BM / LiF / Al. Solar cell de-vices were characterized under AM1.5G illumination at100 mW/cm2 with a solar simulator. The photovoltaic per-formances of the devices with different polymer / PC61BMweight ratio were investigated.Small molecule containing the maleimide core was em-ployed in 5:PC61BM blend system but any photovoltaicbehavior was observed, because of the lack of the offsetof the LUMO levels between 5 and PC61BM. The offsetis 0.2 eV, which is slightly lower than the minimum valuerequired for efficient charge separation at the interface ofthe donor and acceptor; while in the case of the poly-mers the value of the LUMO levels are high enough toallow the excitons dissociation. Indeed when polymerswere blended with PC61BM and used as active layer indevice, a very small photovoltaic effect is observed. Thedevice exhibited a Jsc of 0.11 mA/cm2, a Voc of 0.62 V, aFF of 0.22, and thus a PCE of 0.02%. The lower PCE andpoor photovoltaic performance are in accordance with theliterature for maleimide-based polymers.The low Jsc could be attributed to the low LUMO offsetbetween donor and acceptor, but also to the large-scalephase separation, which causes also, inefficient excitondissociation.The nanoscale morphology of the film was investigated byIC-AFM. Figure 4 shows the topography and the phaseIC-AFM images for the P2:PC61BM annealed film withblend ratios of 1:1. The IC-AFM phase contrast imageexhibits blend segregation and spherical aggregates areobserved. The bright contrast corresponding to P2 clus-ters emerge from sample surface; the aggregate dimension,as reported in Figure 4, cannot be more than 400 nm be-cause the dimension of the pores filter used blocks the

bigger clusters. The presence of these aggregates can beascribed to the limited solubility of P2.The size of these domains is larger than the exciton dif-fusion length and their presence can be the origin of thepoor results obtained with this materials. Attempts havebeen made to optimize these devices, but performanceswere still poor.

Fig. 4. IC-AFM (a) topography and (b) phase images of ITO/ PE-
DOT:PSS/P2: PC61BM.

More interesting results were obtained by sensitizing theP3HT:PC61BM bulk heterojunction with compound 5 orpolymers P1 and P2, as a third component. Several stud-ies report improvement in the PCE of BHJ device basedon P3HT:PCBM by incorporating additives via ternarymixing [33–35, 38].For example, in terms of optimizing the performance ofP3HT/PCBM in the BHJ solar cells, Chu and co-workershave applied a small molecule to form a ternary cascadestructure, [36] resulting in about a 15% increase in PCEcompared to a pristine P3HT:PCBM device. The offset ofthe energy levels of the donor and the acceptor normallygives to energy losses upon exciton dissociation and theaddition of the third component can decrease the chargetransfer barriers within the active layer and the recombi-nation of the excitons could be significantly reduced.For the third semiconductor, as the additive, three criteriamust be respected: (i) its energy levels must have theproper offset with respect to P3HT and PCBM, the blendcounterparts, (ii) it should be able to operate as either anelectron acceptor and transporter as well electron donorand transporter, (iii) it should have an high absorption inthe range complementary to the other components of theBHJ blend [36, 37].
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The ternary blend films were prepared in proportions sim-ilar to the feed ratio of the P3HT:PC61BM, binary blendsystem.Fig. 5 shows the J–V characteristics of theP3HT:P2:PC61BM ternary blend solar cells and thecorresponding P3HT:PC61BM binary blend controldevice. The ternary blend solar cells exhibited asubstantially improved performance compared to thebinary blend control device. Hence, devices fabricatedusing P3HT:P2:PC61BM (0.8:0.2:1) showed considerablyenhanced performance (Figure 5, red line) with a PCEof 3.14% compared to the P3HT:PC61BM control device.The addition of P2 increased the PCE from 1.73 to 3.14%,an 80% improvement. The performance improvement fromthe P3HT: PC61BM to the P3HT:P2: PC61BM systemsis mainly attributed to the increase in both Jsc (from7.2 to 9.9 mA cm−2) and FF (from 0.41 to 0.51). Thisimprovement, upon addition of P2, can be explained interms of increased optical absorption and improved thinfilm morphology.

Fig. 5. I-V characteristic of ITO/PEDOT:PSS/P3HT:P2: PC61BM
/LiF/Al with increasing amount of P2.

In S.I. are reported the absorbance spectra of ternaryblend P3HT:P2:PC61BM films with P2 content from 0 wt%to 17 wt%. By increasing P2 ratio, the absorbance in thewavelength range of 750-600 nm is increased, due to thecontribution of P2. The P3HT contribution decreases withthe addition of P2 but stays then constant with increas-ing P2 content. The decreasing of the P3HT absorptionis due to a lower amount of P3HT in the film. Moreover,the shoulders at 594 nm, which arises from crystalline re-gions do not change with the P2 content. Consequently,the P2 chains do not incorporate in the crystalline do-mains but in the amorphous regions of P3HT. To probethe underlying cause of the origin of the increase in Jsc

by the addition of P2, we performed the EQE spectraof P3HT:P2:PC61BM devices (See Supporting contents).In the normalized EQE spectra of the P3HT:P2:PC61BMdevices the photocurrent peak in the wavelength range ofthe P2 absorption, increases as the P2 content increased,which is clear evidence that P2 contributes to the pho-tocurrent.
In a second set of experiments, the third component inthe ternary blend was the compound 5 and the contentwas varied over range of 0 to 16 wt%. Photovoltaic per-formances of devices produced with these multicomponentblend films, are presented in Table 1. Short-circuit currentdensities, Jsc , in the devices with the ternary blend films,were found increased highly when compared with thosecomprising the corresponding binary P3HT:PC61BM.
Figure 6 displays J–V curves for devices incorporatingdifferent blend ratio of the three components comparedto P3HT:PC61BM (1:1 w/w) as a reference, under sim-ulated AM 1.5 G irradiation (100 mW/cm2). The ac-tive layers were spin-coated from o-DCB solutions ofPH3T, 5 and PC61BM and the detailed conditions of thedevice fabrication and characterization are described inthe experimental section (Device Fabrication and Char-acterization). Two blends with different composition,P3HT:5:PC61BM 23:7:30 and 20:10:30 (% weight), wereinvestigated, with a final thickness device of 120 nm. Theblend P3HT:PC61BM was used as standard reference andshows a Jsc of 8.03 mA/cm2, a Voc of 0.60 V, a FF of 0.44leading to PCE of 2.60%. The best performance is ob-served in the P3HT:5:PC61BM (23:7:30, w/w) blend, whichshows an improved Voc of 0.62 V and Jsc of 10.11 mA/cm2,whereas the FF of 0.48 is similar to those of that obtainedfor the device lacking additive. The corresponding PCE is35% higher relative to that of the pristine P3HT:PC61BM.For concentrations of 5 greater than 10 wt% the deviceexhibited relatively lower current density. The lower Jscvalues can be explained by the decreased order within theP3HT domains. The crystallinity of P3HT could be de-stroyed if the amount of additive is too much, that meansunfavourable morphology of the active layer and chargetransport lowered.
To gain more insight into the variations in the depen-dence of the photovoltaic behaviour on the blend com-positions, IC-AFM images (topography and phase) of theblends were recorded and compared. Figure 7, (a) and(c) presents topographic IC-AFM images from which arederived the domain sizes and the roughness values an-nounced. Rather than the topographic image, the phaseIC-AFM (Fig. 7 (b) and (d)) is an effective tool to investi-gate phase separation and dispersion between P3HT andPC61BM. The contrast in the IC-AFM phase images comes
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Table 1. Photovoltaic performance of P3HT: PC61BM (1:1 w/w) device doped with different concentrations of 5.

Composition Jsc (mAcm−2) Voc (V) FF PCE (%)P3HT: PC61BM 30:30 (w/w) 8.03 0.60 0.44 2.60P3HT:5: PC61BM 23:7:30 (w/w) 10.11 0.62 0.48 3.51P3HT:5: PC61BM 20:10:30 (w/w) 8.90 0.61 0.48 2.86

Fig. 6. J-V characteristic of ternary blend BHJ solar cell based on
P3HT:5: PC61BM films with different ratios of 5.

from differences in the interaction between the materialsand the tip.When the P3HT:PC61BM:5 ratios is 23:30:7, a clear phasecontrast is observed, the IC-AFM phase image of the film(Fig. 7b) shows interpenetrating polymer networks for ef-ficient charge separation and transport throughout thewhole active layer. The sizes of the domains are in thiscase quite similar to the typical exciton diffusion length ina conjugated polymer (approximately 20-30 nm in nearlyevery points of the analysed surface). Hence, the elec-tron donor and acceptor materials forms nanoscale inter-penetrating networks. As a result, the better solar cellperformances were obtained from this composition blend(23:30:7/P3HT:PC61BM:5).PC61BM molecules, at this concentration, are moreuniformly dispersed than those prepared in theP3HT:PC61BM/30:30 and P3HT:5:PC61BM/20:10:30composition.For the 20:30:10/P3HT:PC61BM:5 film, separated struc-ture appeared effectively in the Figure 7 c), with do-main size of about 100 nm to 200 nm. The spots withbright contrast in the topographic images represent theP3HT-rich phase. In contrast, flat surface without anydistinct structure was observed in the AFM images of the30:30:0/P3HT:PC61BM:5 sample. No obvious phase sep-aration exists at the surface of the blend film.

Fig. 7. (a) IC-AFM topographic image and (b) phase image of the
top surface of the P3HT:PC61BM :5/ 23:30:7 (wt 3%) film.
(c) IC-AFM topographic image of the top surface of the
P3HT:PC61BM :5/ 20:30:10 (wt 3%) film. and (d) phase im-
age of the top surface of the P3HT: PC61BM :5/ 30:30:0 film.

3. Experimental section

All chemicals were purchased from Aldrich chemical com-pany and used without further purification. Anhydroussolvents were used for Stille reactions. RegioregularP3HT (55 kDa) was purchased from Aldrich or Merck andPC61BM ( >99.5%) was obtained from Ossila. 1H NMRspectra were recorded on a Bruker 500 (500 MHz) usingTMS as an internal standard. Mass spectra were recordedon a GC-MS CLARIUS 560/600. HRMS analyses wereperformed on a JEOL GCMate II, using EI+ ionization.Absorption spectra were recorded on a JASCO V-570spectrophotometer at room temperature. Molecularweights (Mn, Mw) and polydispersity indexes (Mw/Mn)were measured by GPC on a Model Dionex UltiMate3000, equipped with a pump, an absorbance detector(UV, λ = 254 nm), pre-columns filter and polystyrene gelcolumns based on a conventional calibration curve usingpolystyrene standards. THF was used as a carrier solventat a flow rate of 1.0 mL/min at room temperature.
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3.1. Electrochemical Characterization

Compound 5 was dissolved (5 × 10−4 M) in a 0.1 Msolution of tetrabutylammonium perchlorate (TBAClO4)(Fluka, electrochemical grade, >99.0%) in anhydrous ace-tonitrile (Aldrich, 99.8%). Cyclic Voltammetries (CV) wereperformed at a scan rate of 50 mV/s with a PARSTA2273EG&G potentiostat in a three-electrode electrochemicalcell. All the measurements were carried out in a glovebox filled with argon ([O2]<1 ppm). The working, counter,and pseudoreference electrodes were a well-polished Aupin, a Pt flag and a Ag/AgCl wire, respectively. TheAg/AgCl pseudoreference electrode was externally cali-brated by adding ferrocene (1x10−3 M) to the electrolyte.In the paper, all the potentials will be reported vs. theferrocinium/ferrocene couple.
3.2. AFM Characterization

AFM measurements were performed using Nanotec Elec-tronica microscope, operating in tapping mode or contactintermittent (IC-AFM). Scans were performed on areasclose to the aluminium electrode. Both topographic andphase images are presented.
3.3. Device Fabrication and Characterization

All bulk-heterojunction photovoltaic cells were preparedusing the same preparation procedures and device fabri-cation procedure referring as follows: glass-indium tin ox-ide ITO) substrates (obtained from Xinyan Technologies, ρ<20 Ω cm−2) were first patterned by acid etching. Beforeprocessing, the patterned ITO glasses were cleaned bysonication, first in a microelectronic detergent, then in de-ionized water for 45 minutes, and finally rinsed by acetoneand isopropyl alcohol. After dried by blowing nitrogengas, substrates were irradiated in a UV-ozone chamberfor 15 minutes. Poly(3,4-ethylenedioxy-thiophene):poly-(styrene-sulfonate) (PEDOT:PSS, Baytron 4083) was fil-tered through 0.4.µm filter before being deposited on ITOwith a thickness around 40 nm by spin coating at 3500 rpmfor 30s under nitrogen atmosphere, and dried at 108°C for2 min inside a glove-box. Then, the active layer, made byP3HT: PC61BM:5 with different ratios, was spin-coatedfrom o-dichlorobenzene (DCB) solutions on the top of PE-DOT:PSS layer at a speed rate of 1000 rpm for 45 s. Thesolar cell devices were completed by thermal evaporationof LiF (1.2 nm) and Al (100 nm) under 10−6 Torr pres-sure. The deposition rates of LiF and Al were 0.1 and2.5 Å/s, respectively. The blend PEDOT:PSS was usedto facilitate hole extraction and LiF was used for elec-tron injection purposes. The active area of the device was0.28 cm2. The current-voltage (I-V) measurements of thepolymer photovoltaic cells were carried out inside a dry

box by a computer-controlled Keithley 2635 source mea-surement unit (SMU) with a solar simulator (SolarCellTest 575 from KHS) under the illumination of AM1.5G,100 mW/cm2. UV-Visible (JΛSCO V-570) spectra weremeasured for films of P3HT: PC61BM with and withoutadditive.
3.4. Material Synthesis

3.4.1. Synthesis of 2,3-dibromo-maleic anhydride (1)The reaction was carried out under solvent free conditions.In a round-bottomed flask, equipped with a magnetic stir-ring bar and a nitrogen inlet, were added maleic anhy-dride (10.0 g, 102 mmol) and aluminium trichloride (1.0 g,7.5 mmol). The mix was melted and then cooled at r.t.,then 2 eq.s of Br2 (32.55 g, 203 mmol) were added in oneportion and the reaction was stirred at 150°C overnight.After cooling to r.t., the solid was dissolved with ethylacetate and the insoluble residue was filtered off. Thesolvent was removed under vacuum affording the desiredproduct as white solid. Yield = 52%. M.p. and massspectra were identical with those reported in literature.
3.4.2. Synthesis of 2,3-dibromo-N-octylmaleimide (2)In a round-bottomed flask, equipped with a magnetic stir-ring bar and a nitrogen inlet, 1 equivalent of 2,3-dibromo-maleic anhydride (1, 5.0 g, 19.5 mmol) was dissolved in25 mL of acetic acid. 1.5 eq.s of octylamine (3.78 g,29.25 mmol) were added to the solution, which was re-fluxed for 12 hours under nitrogen atmosphere. After cool-ing at r.t., the mixture was added to saturated solution ofNaHCO3 (100 mL) and then extracted with ethyl acetate(100 mL x 3). After drying over anhydrous magnesium sul-fate, the filtrate concentrated in vacuo. The residue waspurified by rapid filtration on a silica bed, using CH2Cl2,to afford the desired product as red solid. Yield = 43%.1H NMR (500 MHz, CDCl3, 300 K): δ (ppm) = 3.58 (t,2H, N-CH2, 1J = 7.0 Hz, 2J = 14 Hz), 1.58 (m, 2H, N-CH2-CH2-), 1.30-1.24 (m, 10H, -CH2-), 0.86 (t, 3H, CH3,1J = 7.5 Hz).
3.4.3. Synthesis of 2,3-dithiophen-N-octylmaleimide
(3)To a solution of 2,3-dibromo-N-octylmaleimide (2, 2.0 g,5.4 mmol) and 2-(tributylstannyl)thiophene (4.06 g,10.8 mmol) in 40 mL of DMF, Pd(PPh3)2Cl2 (76 mg,0.108 mmol, 2%) was added. The mixture was refluxedfor 12 hours at 100°C under nitrogen atmosphere. Af-ter cooling at r.t., the mixture was added to water andextracted with toluene (50 mL x 3). After drying overanhydrous magnesium sulphate, the filtrate concentratedin vacuo. The crude product was purified by flash col-umn chromatography (SiO2, petroleum ether: ethyl ac-
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etate 9:1) to afford the desired product as red oil. Yield= 91%1H NMR (500 MHz, CDCl3, 300 K): δ (ppm) = 3.62 (t,2H, N-CH2, 1J = 7.0 Hz, 2J = 14.0 Hz), 1.65 (m, 2H, N-CH2-CH2-), 1.35 (m, 10H, -CH2-), 0.87 (t, 3H, CH3, 1J =6.5 Hz, 2J = 13.0 Hz), 7.58 (dd 2H, CH thiophene, 1J =1 Hz, 2J = 5 Hz), 7.13 (t, 2H, CH thiophene, 1J = 4.5 Hz,2J = 9 Hz), 7.82 (dd, 2H, CH thiophene, 1J = 1.5 Hz, 2J= 4 Hz).MS: m/z: 373 [M+].
3.4.4. Synthesis of 2,3-bis(2-bromothiophen)-N-
octylmaleimide (4)In a round-bottomed flask, equipped with a magneticstirring bar and a nitrogen inlet, 1 equivalent of 2,3-dithiophen-N-octylmaleimide (3, 1.5 g, 4.02 mmol) wasdissolved in 30 mL of chloroform. 2.2 eq. of NBS (1.5 g,8.84 mmol) were added portionwise to this solution, whichwas kept under stirring at r.t. overnight. The mixture wasadded to water (100 mL) and then extracted with chloro-form (50 mL x 3). After drying over anhydrous magnesiumsulphate, the filtrate concentrated in vacuo affording thedesired product as orange solid. Yield = 90%.1H NMR (500 MHz, CDCl3, 300 K): δ (ppm) = 3.59 (t,2H, N-CH2, 1J = 7 Hz, 2J = 14.0 Hz), 1.63 (m, 2H, N-CH2-CH2-), 1.30 (m, 10H, -CH2-), 0.87 (t, 3H, CH3, 1J =6.5 Hz, 2J = 13 Hz), 7.10 (d, 2H, CH thiophene, J = 4 Hz),7.62 (d, 2H, CH thiophene, J = 4 Hz).MS: m/z: 531.
3.4.5. Synthesis of 2,3-bis(5,2’-bithiophen-2-yl)-N-
octylmaleimide (5)To a solution of 2,3-bis(2-bromothiophen)-N-octylmaleimide (4) (0.5 g, 0.93 mmol) in 5 mL ofdry DMF and 2-(tributylstannyl)thiophene (0.7 g,1.9 mmol), Pd(PPh3)2Cl2 (13 mg, 0.018 mmol, 2%) wasadded. The mixture was heated for 6 hours at 100°Cunder nitrogen. The reaction was monitored by TLC.After cooling to r.t., the mixture was added to water andextracted with ethyl acetate (50 mL x 3). After dryingover anhydrous magnesium sulphate, the filtrate wasconcentrated in vacuo. The crude product was purifiedby flash column chromatography, (SiO2, hexane: ethylacetate 95 : 5) to afford the desired product as a purplesolid. Yield = 60%.1H NMR (500 MHz, CDCl3, 300 K): δ (ppm) = 3.60 (t, 2H,N-CH2, 1J = 7.5 Hz, 2J = 14.0 Hz), 1.68-1.63 (m, 2H, N-CH2-CH2-), 1.38-1.23 (m, 10H, -CH2-), 0.88 (t, 3H, CH3,1J = 7.0 Hz, 2J = 14.0 Hz), 7.86 (d, 2H, CH thiophene,1J = 4.0 Hz), 7.3 (m, 4H, CH thiophene), 7.20 (d, 2H, CHthiophene, 1J = 4.0 Hz), 7.05 (t, 2H, CH thiophene, 1J =4.5 Hz, 2J = 8.5 Hz)MS: m/z: 537.

3.4.6. Synthesis of 2,3-bis(3’-hexyl-5,2’-bithiophen-2-
yl)-N-octylmaleimide (6)To a solution of 2,3-bis(2-bromothiophen)-N-octylmaleimide (4) (1.00 g, 1.42 mmol) in 10 mL ofdry DMF and 2-(tributylstannyl)-3-hexylthiophene(1.87 g, 5.64 mmol), Pd(PPh3)2Cl2 (26 mg, 0.036 mmol,2%) was added. The mixture was heated for 6 hours at100°C under nitrogen. The reaction was monitored byTLC. After cooling to r.t., the mixture was added to waterand extracted with toluene (50 mL x 3). After drying overanhydrous sodium sulphate, the filtrate was concentratedin vacuo. The crude product was purified by flash columnchromatography, (SiO2, hexane: ethyl acetate 9:1) toafford the desired product as purple oil. Yield = 81%.1H NMR (500 MHz, CDCl3, 300 K): δ (ppm) = 3.63 (t, 2H,N-CH2, 1J = 10 Hz, 2J = 15 Hz), 2.80 (t, 4H, Thiophene-CH2, 1J = 5 Hz, 2J = 15 Hz), 1.67-1.61 (m, 6H), 1.38-1.23 (m, 22H), 0.89-0.86 (m, 9H, CH3), 6.95 (d, 2H, CHthiophene, 1J = 5 Hz), 7.14 (d, 4H, CH thiophene, 1J =5 Hz), 7.23 (d, 2H, CH thiophene, 1J = 5 Hz).MS: m/z: 705.
3.4.7. Synthesis of poly (3-(2,2’-bithien-5-yl)-4-(thien-
2-yl)-1-octyl-pyrrole-2,5-dione) (P1)To a solution of 4 (200 mg, 0.38 mmol) and 2,5-bis(tributyl)stannyl-thiophene (270 mg, 0.41 mmol) dis-solved in DMF (10 mL) Pd(PPh3)2Cl2 (5 mg, 0.07 mmol,2%) was added. The mixture was heated for 20 hoursat 90°C under nitrogen atmosphere. The polymer wasprecipitated by pouring the DMF solution into methanol(200 mL). The crude product was filtered and then Soxh-let extracted with methanol and diethyl ether to removethe oligomers and catalyst residues until the extractionsolution was colourless. 40 mg dark solid. Yield = 21%.1H NMR (500 MHz, CDCl3, 300 K): δ (ppm) = 0.88 (br,3H, CH3), 1.27 (br, 6H, CH2), 1.33 (br, 6H, CH2), 3.62 (br,2H, N-CH2), 7.20 (br, 4H, CH thiophene), 7.88 (br, 2H,CH thiophene).GPC (THF, 25 °C, RI Detector): Mn = 14397 g mol−1,Mw = 18223 g mol−1, Mp = 19432 g mol−1, PDI = 1.26
λmax (THF) = 590 nm.
3.4.8. Synthesis of poly(3,4-di(2,2’-bithien-5-yl)-1-
octyl-pyrrole-2,5-dione) (P2)To a solution of 2 (250 mg, 0,68 mmol) and 2,5-bis(trimethyl)stannyl-bithiophene (0,56 mg, 0,75 mmol)dissolved in DMF (10 mL) Pd(PPh3)2Cl2 (9,6 mg,0,14 mmol, 2%) was added. The mixture was heated for20 hours at 90°C under nitrogen atmosphere. The poly-mer was precipitated by pouring the DMF solution intomethanol (200 mL). The crude product was filtered andthen Soxhlet extracted with methanol and diethyl ether toremove the oligomers and catalyst residues until the ex-
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traction solution was colourless. 150 mg dark solid. Yield= 60%.1H NMR (500 MHz, CDCl3, 300 K): δ (ppm) = 0.87 (br,3H, CH3), 1.25 (br, 6H, CH2), 1.43 (br, 4H, CH2), 1.57(br, 4H, CH2), 3.67 (br, 2H, N-CH2), 6.98 (br, 2H, CHthiophene), 7.28 (br, 2H, CH thiophene).GPC (THF, 25 °C, RI Detector): Mn = 11650 g mol−1,Mw = 16940 g mol−1, Mp = 19621 g mol−1, PDI = 1.45
λmax (CHCl3) = 561 nm
4. Conclusions

A series of polymers and model compounds based onmaleimide, as electron poor moiety into the donor-acceptor structure, has been synthesized by simple andefficient route. The optical properties of the polymershow a stronger internal charge transfer between the thio-phene (donor) and the (maleimide) acceptor blocks, whichleads larger and broadened absorptions than previouslyreported for maleimide based polymers. Initial BHJ solarcell devices in combination with PC61BM give poor pho-tovoltaic performance, which is mostly attributed to thelimited solubility of the polymer, which produces in theactive layer domains larger than the typical exciton diffu-sion length, as confirmed by AFM investigation.However interesting results were obtained by sensitiz-ing the P3HT:PC61BM bulk heterojunction with modelcompound 5 or polymer P2, as a third component. Theaddition of P2, as third component improved the PCEfrom 1.73 to 3.14%, an 80% increase. The same improve-ment has been obtained if a small molecule containingthe maleimide core was added to the standard blend. Thegood match of the electronic levels between the three com-ponents together the suitable morphology of the film pro-duce a PCE of 35% greater than the reference cell withoutadditive.
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