
Thieno[3,4-c]Pyrrole-4,6-Dione-Based Polymer Acceptors
for High Open-Circuit Voltage All-Polymer Solar Cells

Item Type Article

Authors Liu, Shengjian; Song, Xin; Thomas, Simil; Kan, Zhipeng; Cruciani,
Federico; Laquai, Frédéric; Bredas, Jean-Luc; Beaujuge, Pierre

Citation Liu S, Song X, Thomas S, Kan Z, Cruciani F, et al. (2017)
Thieno[3,4-c ]Pyrrole-4,6-Dione-Based Polymer Acceptors for
High Open-Circuit Voltage All-Polymer Solar Cells. Advanced
Energy Materials 7: 1602574. Available: http://dx.doi.org/10.1002/
aenm.201602574.

Eprint version Post-print

DOI 10.1002/aenm.201602574

Publisher Wiley

Journal Advanced Energy Materials

Rights This is the peer reviewed version of the following article:
Thieno[3,4-c ]Pyrrole-4,6-Dione-Based Polymer Acceptors
for High Open-Circuit Voltage All-Polymer Solar Cells, which
has been published in final form at http://doi.org/10.1002/
aenm.201602574. This article may be used for non-commercial
purposes in accordance With Wiley Terms and Conditions for self-
archiving.

Download date 18/05/2023 07:37:52

Link to Item http://hdl.handle.net/10754/623444

http://dx.doi.org/10.1002/aenm.201602574
http://hdl.handle.net/10754/623444


  
 

1 
 

 

DOI: 10.1002/ ((please add manuscript number)) 
Article type: Full Paper 
 

Thieno[3,4-c]pyrrole-4,6-dione–based Polymer Acceptors for 

High Open-Circuit Voltage All-Polymer Solar Cells 

 
Shengjian Liu,†,& Xin Song,†,& Simil Thomas,† Zhipeng Kan,† Federico Cruciani,† Frédéric 
Laquai,† Jean-Luc Bredas,† and Pierre M. Beaujuge*,† 

 
Dr. S. Liu, X. Song, Dr. S. Thomas, Dr. Z. Kan, F. Cruciani, Prof. F. Laquai, 
Prof. J.-L. Bredas, and Prof. P. M. Beaujuge 
Physical Sciences and Engineering Division 
KAUST Solar Center (KSC) 
King Abdullah University of Science and Technology (KAUST) 
Thuwal 23955-6900, Saudi Arabia 
E-mail: pierre.beaujuge@kaust.edu.sa 
 
Keywords: all-polymer solar cells, polymer acceptors, thieno[3,4-c]pyrrole-4,6-dione, 3,4-
difluorothiophene, organic photovoltaics 
 
 
Abstract 
 

While polymer acceptors are promising fullerene alternatives in the fabrication of efficient 

bulk heterojunction (BHJ) solar cells, the range of efficient material systems relevant to the “all-

polymer” BHJ concept remains narrow, and currently limits the perspectives to meet the 10% 

efficiency threshold in all-polymer solar cells. This report examines two polymer acceptor 

analogues composed of thieno[3,4-c]pyrrole-4,6-dione (TPD) and 3,4-difluorothiophene ([2F]T) 

motifs, and their BHJ solar cell performance pattern with a low-bandgap polymer donor 

commonly used with fullerenes (PBDT-TS1; taken as a model system). In this material set, the 
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introduction of a third electron-deficient motif – namely 2,1,3-benzothiadiazole (BT) – is shown 

to (i) significantly narrow the optical gap (Eopt) of the corresponding polymer (by ca. 0.2 eV) and 

(ii) improve the electron mobility of the polymer by over two orders of magnitude in BHJ solar 

cells. In turn, the narrow-gap P2TPDBT[2F]T analogue (Eopt= 1.7 eV) used as fullerene 

alternative yields high open-circuit voltages (VOC) of ca. 1.0 V, notable short-circuit current 

values (JSC) of ca. 11.0 mA cm-2, and power conversion efficiencies (PCEs) nearing 5% in all-

polymer BHJ solar cells. P2TPDBT[2F]T paves the way to a new, promising class of polymer 

acceptor candidates. 

1. Introduction 

Bulk heterojunction (BHJ) solar cells consisting of a -conjugated polymer donor blended 

with a polymer acceptor used as fullerene alternative (e.g. phenyl-C61-butyric acid methyl ester, 

PC61BM; or its C71 analogue, PC71BM) have met with limited efficiencies in the early years of 

developments.[1-2] In BHJs composed of two -conjugated polymers, concurrently achieving (i) 

adequate energy band alignements and charge transfer between donor and acceptor components, 

(ii) balanced carrier mobilities, and (iii) the appropriate donor/acceptor interpenetrating network 

morphology, requires sequential and systematic material and device optimizations. In turn, while 

BHJ solar cells composed of polymer donors and fullerene acceptors can achieve power 

conversion efficiencies (PCEs) >11%,[3-4] only a few polymer acceptors have been shown to 

yield BHJ device PCEs >5% thus far.[5-10] 
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The lack of morphological stability and mechanical conformability of fullerene-based BHJ 

solar cells justifies the development of nonfullerene replacements, including polymer 

acceptors.[9-10] Nonfullerene acceptors are commonly expected to be more synthetically 

accessible and cost-competitive than their PCBM counterparts that are known to involve tedious 

syntheses and extensive purifications.[5-11] The perspective of leveraging specific optical and 

electronic properties (i.e. electron affinities (EAs), ionization potentials (IPs), spectral 

absorption, etc.) by design is another key advantage when considering polymer acceptors as 

alternatives to PCBM; noting that fullerene derivatizations have either modest effects on their 

electronics and spectral absorption,[12-14] or commonly yield reduced material efficiencies in BHJ 

devices with polymer donors.[15-17] In principle, polymer acceptors should have an absorption 

spectrum complementary to that of the donor counterpart, and the appropriate electron transport 

pattern to avoid space-charge build-ups induced in BHJ active layers with a significant carrier 

mobility imbalance.[5-10] 

At present, most efficient polymer acceptors involve perylenediimide (PDI)[18-22] or 

naphthalenediimide (NDI) electron-deficient motifs,[9, 23-29] and several studies have shown that 

analogues designed with PDI/NDI motifs can achieve PCEs of 5-8% in BHJ solar cells with 

selected polymer donors.[9-10, 18-29] B←N bridged bipyridine (BNBP)-based polymer acceptors 

represent another emerging class of promising fullerene alternatives that has recently been shown 

to reach PCEs of ca. 6%.[30] Several other acceptor motifs are being examined, such as 
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diketopyrrolopyrrole,[31] benzothiadiazole,[32-33] isoindigo,[34] and various nitrile(CN)-derived 

motifs;[1, 35] with reported PCEs in range of 1-4%. However, to date, polymer acceptor 

developments remain synthetically challenging, and the manifold of electron-deficient motifs 

and polymer acceptor candidates that can rival fullerenes for efficient BHJ solar cells with 

polymer donors remains modest.[18-35] Further examinations of the “all-polymer” BHJ concept 

require that the class of polymer acceptors that can potentially outperform fullerenes be widened 

and, at this stage, forging a better understanding of the design parameters that directly impact 

polymer acceptor performance in BHJ solar cells is a key step towards high-performing material 

systems and BHJ devices. 

Thieno[3.4-c]pyrrole-4,6-dione (TPD) motifs have proven particularly useful in the design of 

polymer donors with optical gaps (Eopt) narrower than that of the benchmark polymer donor 

poly(3-hexylthiophene) (P3HT; Eopt~1.9eV).[36-42] Importantly, in TPD units, various side-chain 

substituents can be appended at the imide site, providing leverage for solubility when the 

electron-deficient motif is polymerized with other co-monomers.[36, 43-44] It is worth noting that 

many of the most useful electron-deficient units used in the design of narrow-gap polymer 

donors do not usually possess anchoring sites for the substitution of side-chain substituents.[8] 

Turning to polymer acceptors, alternating sequences of one or several TPD units[45-47] with other 

electron-deficient motifs may represent an alternative design approach to achieving electron-

transport materials that can be adequately soluble, while possessing sufficiently high ionization 
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potential (IP) and electron affinity (EA) values (corresponding to low-lying HOMO and LUMO 

energy levels) to be used as nonfullerene acceptors in BHJ solar cells. In recent work, we showed 

that 3,4-difluorothiophene ([2F]T) motifs can also be used to concurrently increase the IP and EA 

in polymers for BHJ solar cells with PCBM acceptors.[48] In turn, polymers combining TPD and 

[2F]T motifs along the main chain may achieve the appropriate energy gap and electron-transport 

patterns to be used as the electron-transport component in nonfullerene BHJ devices.[49] 

In this contribution, we report on the design approach, material properties and efficiencies in 

BHJ solar cells of a set of two analogous TPD/[2F]T-based polymer acceptors – with a specific 

look on how the introduction of a third electron-deficient motif, namely 2,1,3-benzothiadiazole 

(BT),[50-52] can impact the optical, electronic and charge transport properties of the corresponding 

polymer. Comparing the two analogues shown in Chart 1 (P2TPD[2F]T and P2TPDBT[2F]T), 

we find that the introduction of BT in the polymer main chain narrows the optical gap (Eopt): 

from ca. 1.9 eV in P2TPD[2F]T, to 1.7 eV in P2TPDBT[2F]T; extending the polymer optical 

absorption to longer wavelengths (by ca. 70 nm). These empirical results are supported by 

density functional theory (DFT) calculations (at the tuned B97X-D/6-31G(d,p) level), 

examining the polymer Eopt values and the effect of repeat unit composition on main-chain  
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Chart 1. Chemical structures of the TPD- and [2F]T-based polymer acceptors (a) P2TPD[2F]T, 

(b) P2TPDBT[2F]T); (c) chemical structure of the polymer donor PBDT-TS1 (model system). 

 

conformational patterns. In BHJ devices with the low-bandgap polymer donor PBDT-TS1 

(poly[4,8-bis(5-(octylthio)thiophen-2-yl)benzo[1,2-b;4,5-b']dithiophene-2,6-diyl–alt–(4-(2-

ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)) commonly used with 

fullerenes (here taken as a model system; see Chart 1), we find that the concurrent rise in 

electron mobility from 2.4×10−7 to 6.1×10−5 cm2V−1s−1 in optimized blend BHJ films (and 
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reduced carrier imbalance) contributes to the significant device PCE variations observed: as high 

as ca. 4.8% for P2TPDBT[2F]T, compared with ca. 2.6% (max.) for the P2TPD[2F]T 

counterpart. Optimized P2TPDBT[2F]T-based BHJ devices combine a large open-circuit voltage 

(VOC) of ca. 1.0 V and high short-circuit current values (JSC) of ca. 11.0 mA cm-2. Importantly, 

both TPD/[2F]T-based polymer analogues can be used as fullerene alternatives in BHJ solar 

cells, and the narrow-gap P2TPDBT[2F]T derivative shows significant promises as a 

nonfullerene acceptor for efficient all-polymer BHJ solar cells. 

2. Results and Disscusion 

2.1. Design, Synthesis and Material Properties 

The design of polymer acceptors from electron-deficient motifs – as alternatives to fullerenes 

– has practical implications that span synthetic accessibility and potentially low synthetic costs 

compared with those involved in the synthesis of PCBM analogues[53] (subject to extensive 

purification protocols). The ability to tune the optoelectronic properties (i.e., electron affinities, 

EAs; ionization potentials, IPs; spectral absorption; etc.) of polymer acceptors by design is 

another clear benefit given that fullerene derivatizations either have modest effects on their 

optoelectronics or tend to result in lower material performance in BHJ solar cells with polymer 

donors. As stated earlier, thieno[3.4-c]pyrrole-4,6-dione (TPD) can be a building motif of 

particular interest given the modularity of the imide site to which various solubilizing side-chain 

substituents can be appended.[36, 43-44] In the design of polymer donors for high-efficiency BHJ 
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solar cells with PCBM acceptors, distinct side chain patterns can induce significant variations in 

BHJ morphology and intermolecular interactions between donor and acceptor counterparts;[36] 

turning to polymer acceptors, those effects may also play an important role and influence 

material performance. Given that both TPD[36-47] and 3,4-difluorothiophene ([2F]T)[48-49, 54-55] 

motifs can effectively increase the IP and EA values when involved in polymer main chains, the 

combination of these two units along the same backbone can be thought of as a relevant design 

approach to fullerene alternatives. 

To characterize the electronic structure of the two TPD/[2F]T-based material systems shown 

in Chart 1 (P2TPD[2F]T and P2TPDBT[2F]T), we turned to Density Functional Theory (DFT), 

using modern long-range corrected functionals including dispersion effects. DFT analyses at that 

level of theory can also probe reliably for backbone planarity effects, while anticipating possible 

steric hindrance between substituted thiophene motifs – here TPD and [2F]T – and other co-

monomers combined within the same backbone.[56-59] The calculations were performed at the 

tuned ωB97X-D/6-31G(d,p) level of theory, which ensures a robust description of wavefunction 

localization / delocalization effects along extended -conjugated chains. The range-separation 

parameter () in B97X-D, was optimized following the ionization potential (IP) tuning 

procedure.[57-59] Converged ω values in the polymer limit for P2TPD[2F]T, P2TPDBT[2F]T, and 

PBDT-TS1 are 0.11, 0.11, 0.09 Bohr-1 respectively (we recall that 0.20 Bohr-1 is the default ω 

value in ωB97X-D and 1 Bohr is equal to 0.529 Å). Using these converged ω values, we 
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calculated the IP and EA values of oligomers of increasing length. Figure 1a shows how the 

(extrapolated) IP and EA of P2TPD[2F]T and P2TPDBT[2F]T align with those of the model  

 

Figure 1. (a) Ionization potential (IP) and electron affinity (EA) values for the polymer limit at 

the tuned-B97X-D/6-31G(d,p)//B97X-D/6-31G(d,p) level of theory. (b) Evolution of the 

optical gap vs. oligomer size for the P2TPD[2F]T, P2TPDBT[2F]T and PBDT-TS1 chains; 

calculated by TD-DFT (tuned-B97X-D/6-31G(d,p)//B97X-D/6-31G(d,p) level of theory). 

 

polymer PBDT-TS1; the offset between the EAs of the donor and acceptor counterparts is found 

to increase when BT is introduced as a third electron-deficient motif. Importantly, these 

calculations indicate that both TPD/[2F]T-based polymer analogues may be used as fullerene 

alternatives in BHJ solar cells, with P2TPDBT[2F]T expected to possess a narrower optical gap 

than its P2TPD[2F]T counterpart. The excited-state characteristics were calculated using the 

time-dependent DFT (TD-DFT) approach. Figure 1b illustrates the convergence of the optical 
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properties in increasingly long oligomers composed of 2TPD[2F]T and 2TPDBT[2F]T repeat 

units; a similar evolution is reported for the polymer donor PBDT-TS1 (cf. additional 

experimental details in the Supporting Information, SI). Our analyses indicate that the optical 

gaps of the oligomers level off after 6 to 8 repeat units. The corresponding optical gaps for the 

polymer chains (here taken as isolated, i.e., with no explicit account of the surrounding medium) 

extrapolate to 2.45 eV in P2TPD[2F]T, 2.24 eV in P2TPDBT[2F]T, and 2.32 eV in PBDT-TS1. 

Prior to synthesizing the TPD/[2F]T-based polymer analogues, examining the conformational 

effects between electron-deficient motifs along the polymer main chain can provide important 

insights on effective conjugation and backbone planarity. Torsion potentials related to the 

rotation of adjacent motifs in the P2TPD[2F]T and P2TPDBT[2F]T repeat units were computed 

at an interval of 5o by fixing the dihedral angle and relaxing all other geometrical degrees of 

freedom; the data are overlaid in Figure 2. The torsion potentials for TPD/[2F]T and TPD/TPD 

(Figure 2a) as well as for TPD/BT and TPD/[2F]T (Figure 2b) have two minima, with the one for 

coplanar chains (180 o dihedral angle) being more stable than the one at 45 o. The barrier heights 

separating the two minima, starting from the optimal 180 o conformation, are over 3 kcal/mol for 

both chains. Such energetic barriers are expected to impede inter-conversion between “syn” and 

“anti” conformers at room temperature (thermal energy at 300 K = 0.6 kcal/mol). Hence, 

coplanar “anti” conformations are predicted to be the preferred conformations in the two 

polymers. 
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Figure 2. Torsion potentials related to the rotation of the TPD motifs with respect to the TPD, 

BT, and [2F]T motifs in (a) P2TPD[2F]T, and (b) P2TPDBT[2F]T; relative energies determined 

at the tuned-B97X-D/6-31G(d,p) level (further details are provided in the SI). The cusp in the 

torsion potential curves is related to the specific steric interactions between oxygen and fluorine 

atoms at 0o. 

 

Figure 3 depicts the DFT-calculated tuned-B97X-D natural transition orbitals (with largest 

weight) for the S0 to S1 transition of P2TPD[2F]T (octamer used for the representation; cf. 

expanded structure in SI) and P2TPDBT[2F]T (hexamer used for the representation). The 

excitation (prior to any geometry relaxation in the S1 state) is seen in both cases to delocalize 

over ca. 3 repeat units. We note that here, in order to reduce computational time, the side chains 

were considered to be simple methyl groups since those do not impact the optical properties of 

the main chains.[56-59] 
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Figure 3. TD-DFT (tuned-B97X-D) natural transition orbitals (bottom: hole wavefunction; top: 

electron wavefunction) with the largest contribution to the S0  S1 transition in: (a) the 

2TPD[2F]T octamer  and (b) the 2TPDBT[2F]T hexamer; for the sake of clarity, only the central 

parts of the oligomers are illustrated (full representations are given in the SI, Figures S4 and S8). 

 

Based on these DFT predictions, the repeat-unit structures depicted in Chart 1 may indeed lead 

to novel polymer acceptor candidates if the appropriate synthetic protocol can be developed. 

Scheme 1 outlines the key steps in the synthesis of the 2TPD (4) and 2TPDBT (6) monomers 

(adapted from previously reported methods)[45] and their polymerization with [2F]T as  

(a) 

(b) 
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Scheme 1. Synthesis of the 2TPD and 2TPDBT monomers, and the polymer acceptors 

P2TPD[2F]T and P2TPDBT[2F]T. 

 

co-monomer, yielding the polymer analogues P2TPD[2F]T and P2TPDBT[2F]T. The 

unsymmetrical imide intermediate 2 is obtained in a two-step reaction from 4-iodothieno[3,4-

c]furan-1,3-dione (1) (overall yield: 76%);[45] cf. experimental details in the SI. Copper-mediated 

Ullmann coupling conditions are used to produce intermediate (3) (68%), which is then 

converted to the 2TPD monomer (4) in a relatively high-yielding bromination step (88%). 

Alternatively, palladium-mediated Suzuki coupling conditions between the unsymmetrical imide 

intermediate (2) and 2,1,3-benzothiadiazole-4,7-bis(boronic acid pinacol ester) affords the 

2TPDBT monomer (5), which can be subjected to the same bromination protocol. While the DFT 

calculations indicate that the two TPD units in the 2TPD monomer are predicted to adopt a 
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coplanar, “anti” conformation (see Figures 2 and 3), the two TPD units appended to BT in 

2TPDBT are expected to be “syn” with respect to one another, noting that coplanarity is 

maintained as BT is introduced between the two TPD units (see Figures 2 and 3). Here, we note 

that prior work and single-crystal structure analyses have shown that both monomers are indeed 

coplanar, in agreement with the DFT-predicted conformations.[45] Backbone planarity favors -

electron delocalization and promotes large wavefunction overlaps between neighboring chains, 

which can in turn benefit charge transport in thin-film devices, including BHJ solar cells.[5, 60] 

The polymer analogues P2TPD[2F]T and P2TPDBT[2F]T (Chart 1) were synthesized via a 

microwave-assisted Stille cross-coupling polymerization (150 °C in chlorobenzene (CB), for 1 h) 

in order to control polymer growth and molecular weight (MW), while minimizing reaction 

times. The TPD/[2F]T-based polymers were prepared by Pd-mediated Stille cross-coupling 

polymerization (cf. synthetic methods in SI), and purified using established protocols:[36] using 

the strongly complexing ligand N,N-diethyl-2-phenyldiazenecarbothioamide to remove 

palladium residues, and subjecting the polymers to Soxhlet extractions (methanol, 

dichloromethane) to remove short-chain oligomers, affording batches of comparable number-

average molecule weight (P2TPD[2F]T: Mn= 22.6 kDa and P2TPDBT[2F]T: Mn= 23.1 kDa) and 

polydispersity indices (PDI= 2.0/2.3, respectively). MW effects have been shown to impact 

charge transport and polymer efficiency in BHJ solar cells.[61] The two polymers were found to 

be soluble in common organic solvents such as chloroform (CF), 1-chlorobenzene (CB), 1,2-
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dichlorobenzene (o-DCB), and toluene (appropriate solvents in the solution-processing of BHJ 

solar cells with established polymer donors, such as PBDT-TS1 shown in Chart 1). For 

consistency in this study, the same 2-hexyldecyl (2HD) branched alkyl side chains were 

appended to the two analogous polymer backbones, and the solubility of the resulting polymers 

in the aforementioned solvents was found to be comparable. Further synthetic details and 

structural analyses including 1H NMR, 19F NMR, 13C NMR for the key intermediates and 

polymers are provided in the SI. 

The thermal properties of the two analogous polymers P2TPD[2F]T and P2TPDBT[2F]T were 

investigated by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 

under nitrogen atmosphere; results shown in Figure S11-12. The data shows that the polymers 

are thermally stable until ca. 350 °C (ca. 5% weight loss observed at 361 °C, and 373 °C, 

respectively), and are thus sufficiently stable to undergo post-processing thermal annealing 

(which can be part of device optimization procedures) and standard solar cell device operation 

conditions. No glass transition, crystallization or melting peak is obviously observed in DSC 

measurement between 20 °C and 250 °C. 

The normalized thin-film UV–vis absorption spectra of P2TPD[2F]T and P2TPDBT[2F]T and 

that of the polymer donor PBDT-TS1 (model system later used in the BHJ solar cell device 

study) are superimposed in Figure 4a; the temperature-dependent solution UV-vis spectra are 

provided in Figure S13. As shown in Figure 4a, the spectral absorption of P2TPD[2F]T falls in 
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Figure 4. (a) Superimposed, normalized UV-Vis optical absorption spectra of polymer donor 

PBDT-TS1 and the polymer acceptors systems (P2TPD[2F]T, P2TPDBT[2F]T) (neat films), the 

dotted curve depicts the DFT-inferred optical spectrum of a the 2TPD[2F]T octamer (blue) and 

2TPDBT[2F]T hexamer (red). (b) PESA-estimated ionization potentials (IPPESA, pentagons), 

optical gaps (Eopt, stars) estimated from the onset of the UV-Vis absorption spectra (films), 

ionization potentials calculated at the tuned-B97X-D/6-31G(d,p)//B97X-D/6-31G(d,p) level 

of theory (IPDFT, triangles), and transport gaps calculated at the same level (Etr, circles) for the 

three polymers. 

 

the visible range: 400-650 nm, peaking at ca. 553 nm, with an onset of absorption at ca. 650 nm 

from which an optical bandgap (Eopt) value of ca. 1.9 eV can be inferred. In comparison, 

P2TPDBT[2F]T has its absorption spectrum red-shifted by ca. 70 nm (peaking at ca. 590 nm) 

and an onset of absorption at ca. 720 nm from which a narrower Eopt value of ca. 1.7 eV can be 

estimated. The net bathochromic shift observed with P2TPDBT[2F]T can be expected to result 
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from the more pronounced electron-deficient character of BT (inducing larger EAs; i.e. lowering 

the LUMO of the polymer) compared with that of the TPD and [2F]T motifs. Our DFT 

calculations (see Table 1; overview in Figure 1b) indicate that P2TPDBT[2F]T undergoes an IP 

decrease (HOMO destabilization) by 0.13 eV and an EA increase (LUMO stabilization) by 0.23 

eV upon incorporation of the third electron-deficient BT motif. Figure 4a further emphasizes the 

extent of spectral complementarity between the TPD/[2F]T-based polymers and the polymer 

donor PBDT-TS1 (onset of absorption at ca. 800 nm);[62] absorption complementarity is 

expected to impact favorably the photon-to-current conversion efficiency and, in turn, the short-

circuit current (JSC) in BHJ solar cells. 

The temperature-dependent solution UV-vis spectra shown in Figure S13 indicate that 

temperature has a negligible effect on the main absorption bands of P2TPD[2F]T, 

P2TPDBT[2F]T and the polymer donor PBDT-TS1, suggesting that the polymers are not prone 

to pronounced pre-aggregation behaviors in solution (yet ordered aggregates may still form 

during the film-casting step). In parallel, Figure S14 shows that the solution and neat film spectra 

(Figure 4a) are nearly superimposable, with only a slight bathochromic shift of ca. 5-10 nm 

observed on going from solution to films. This observation implies that ordered polymer 

aggregates are not forming during the casting step. 

The IPs of the P2TPD[2F]T, P2TPDBT[2F]T, and PBDT-TS1 polymers were determined via 

photoelectron spectroscopy in air (PESA) (cf. details in the SI): ca. 5.93 eV for P2TPD[2F]T, ca. 
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5.82 eV for P2TPDBT[2F]T, and ca. 5.03 eV for PBDT-TS1; see Figure S15 and Table 1. The 

expectedly large IP values estimated for the TPD/[2F]T-based polymers are within range of those 

commonly inferred for fullerene acceptors (ca. 5.9 eV by PESA), and follow the trend set by the 

IP energies (for the isolated chains) of ca. 6.76 eV and 6.63 eV, respectively, inferred from the 

DFT calculations (Table 1; cf. experimental details in SI). Table 1 provides further details, 

including electrochemically-estimated IPs and EAs (cf. experimental details in the SI), and 

transport gap estimates obtained from the DFT calculations. Figure S16 shows the oxidation and 

reduction scans from which the electrochemically estimated IPs and EAs were inferred: ca. 5.97 

and 4.05 eV for P2TPD[2F]T, ca. 5.90 and 4.14 eV for P2TPDBT[2F]T (vs. 5.52 and 3.85 eV for 

PBDT-TS1), respectively. The electrochemically estimated EA values are within range of those 

estimated in earlier reports for common fullerene acceptors such as PC61BM and PC71BM (4.1-

4.3 eV)[15-16] and for PDI/NDI-based polymer acceptors.[18-29] From Figure 4b and Table 1, the 

expected IP- and EA-derived energy offsets for hole/electron transfer between P2TPDBT[2F]T 

and PBDT-TS1 are ca. 0.38 eV and 0.29 eV, respectively (estimated from the IPechem and EAechem 

values presented in Table 1); these values, which do not take account of interfacial effects, are 

significantly larger than the 0.1 eV value arguably sufficient to promote efficient electron [hole] 

transfer at the donor-acceptor interface (a process that factually involves S1 and CT states).[63-67] 

Table 1. Summary of optical and electronic parameters for the polymer donor PBDT-TS1 and 

polymer acceptors: P2TPD[2F]T, and P2TPDBT[2F]T. 

Polymer λabs/sol λabs/film IPPESA
a Eopt

b IPechem
c EAechem

c IPDFT
d EADFT

d Etr
d 
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(nm) (nm) (eV) (eV) (eV) (eV) (eV) (eV) (eV) 

PBDT-TS1 708 717 5.03 1.51 5.52 3.85 6.02 1.78 4.26 

P2TPD[2F]T 554 553 5.93 1.91 5.97 4.05 6.76 1.97 4.79 

P2TPDBT[2F]T 584 590 5.82 1.72 5.90 4.14 6.63 2.20 4.43 
 aEstimated by photoelectron spectroscopy in air (PESA). bOptical gaps estimated from the onset 
of the UV−vis absorption spectra (films). cEstimated from cyclic voltammetry (CV) 
measurements; IPechem = Eonset,ox + 5.1 eV and EAechem = Eonset,red + 5.1 eV (absolute values). 
dIPDFT, EADFT, and transport gaps (Etr = IP - EA) calculated at the tuned-B97XD/6-
31G(d,p)//B97XD/6-31G(d,p) level of theory. 
 

2.2. Device Testing and Characterizations 

Thin-film BHJ solar cells with the inverted device structure ITO/ZnO/PBDT-

TS1:Polymer_Acceptor/MoO3/Ag (device area: 0.1 cm2) were fabricated and tested under 

AM1.5G solar illumination (100 mW/cm2). The cells with optimized polymer donor and 

acceptor blend ratios of 1:2 (wt/wt) were cast from chloroform (CF) (cf. details in the SI; 

optimized active layer thicknesses: avg. 85 nm). For comparison, the fullerene acceptor (here 

PC71BM) based inverted BHJ solar cells were also fabricated from previously reported 

methods,[62] and the performance were shown in Table 2. Figure 5a shows the current−voltage 

(J−V) characteristics of optimized BHJ solar cells made with P2TPD[2F]T, P2TPDBT[2F]T and 

the polymer donor PBDT-TS1. As shown in Table 2 (cf. device statistics in Table S6), “as-cast” 

BHJ devices made from the polymer acceptors P2TPD[2F]T and P2TPDBT[2F]T achieve 

notable average PCE values of ca. 2.1% and 3.6%, respectively, a high VOC of ca. 1 V, but 

limited JSC values of <9 mA cm-2. Meanwhile, thermally-annealed BHJ devices made with 

P2TPDBT[2F]T (optimized thermal annealing temperature at 80 oC, 10 min; prior to MoO3/Ag 
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contact deposition) yield higher JSC and fill-factor (FF) values of ca. 11.0 mA/cm2 and 44%, 

respectively, reaching PCEs of up to 4.8% (avg. 4.6%). In comparison, thermally-annealed BHJ 

devices made with P2TPD[2F]T (same post-contact treatment) undergo only limited JSC 

improvements and the estimated PCEs of up to 2.6% (avg. 2.4%) remain somewhat modest. 

Overall, BHJ solar cells made with P2TPDBT[2F]T achieve a stark ca. twofold PCE 

improvement over devices made with the analogous polymer P2TPD[2F]T. Interestingly, the 

high device VOC values of ca. 1.0 V obtained with the polymer acceptors P2TPD[2F]T and 

P2TPDBT[2F]T are larger than those obtained for the reference PBDT-TS1:PC71BM devices: ca. 

0.8 V,[62] in spite of the comparable electrochemically-estimated EAs of the two polymer 

acceptors (ca. 4.1 eV) and that of PC71BM. Estimated from a VOC of ca. 1.0 V, an energy loss 

(Eloss) of 0.5 eV (with Eloss= Eopt
min – eVOC, and Eopt

min the smallest optical gap of either donor 

and acceptor) represents one of the lowest reported values for all-polymer BHJ solar cells,[30] 

noting that Eloss values ≤0.5 eV are especially difficult to achieve in fullerene-based BHJ 

devices.[66-68] 

The notable differences in JSC values achieved in optimized P2TPD[2F]T- and 

P2TPDBT[2F]T-based BHJ solar cells (Table 2) are emphasized in the J-V curves shown in 

Figure 5a, and reflected in the external quantum efficiency (EQE) spectra provided in Figure 5b;  
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Figure 5. (a) Characteristic J-V curves of optimized BHJ solar cells fabricated from 

P2TPD[2F]T and P2TPDBT[2F]T (cast from CF, thermally-annealed at 80 oC for 10 min); 

AM1.5G solar illumination. (b) EQE and IQE spectra of the devices fabricated from the polymer 

acceptors and PBDT-TS1 (model system) under optimized conditions. Integrated EQEs are in 

agreement (±0.5 mA/cm2; ±4%) with the JSC values reported in Table 2. 

 

integrated EQEs vs. JSC: ± 0.5 mA/cm2; ±4%. The EQE spectra show a broad photo-response 

from 350 to 800 nm, as expected given the spectral complementarity between the TPD/[2F]T-

based polymer acceptors and PBDT-TS1. Importantly, in both instances, the main contribution to 

the EQE arises from the polymer acceptor, noting that PBDT-TS1 extends the spectral response 

to longer, complementary wavelengths (650-800 nm) yet without the same prominent 

contribution. This observation underlines the effectiveness of the polymer acceptors in the 

incident photon-to-current conversion process. Another important observation relates to the 

spectral response of optimized P2TPDBT[2F]-based BHJ devices which is shown to be greater 
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than that of their P2TPD[2F]T counterparts across the broad wavelength range 350-800 nm – 

with EQE values reaching ca. 50% at 600 nm (abs. max. of P2TPDBT[2F]T), and >35% in the 

range 450-750 nm – indicating that both polymer acceptor- and donor-rich domains contribute 

more effectively to the photocurrent in P2TPDBT[2F]-based BHJ solar cells. The dependence on 

the effective optical absorption of the active layer is removed in comparing the internal quantum 

efficiency (IQE) spectra shown in Figure 5b (cf. experimental protocol and additional details in 

Figure S26 in the SI). While P2TPDBT[2F]-based BHJ devices show noticeably higher IQE 

values >55% in the range 500-700 nm (peaking at ca. 70% at longer wavelengths where the 

absorption of P2TPDBT[2F]T prevails, with an offset of up to ca. 20% relative to the EQE in the 

same wavelength range), both IQE spectra reflect significant recombination (and/or exciton 

quenching) losses at short-circuit (aspects discussed further in later sections). 

 

Table 2. PV performance of the polymer acceptors P2TPD[2F]T and P2TPDBT[2F]T in inverted 

BHJ devices with PBDT-TS1 as the polymer donor.a, d 

Polymer 

Acceptor An.b 

JSC 

[mA/cm2] 

VOC 

[V] 

FF 

[%] 

Avg. PCEc 

[%] 

Max. PCE 

[%] 

P2TPD[2F]T 
N 5.7 1.0 40 2.1 2.2 

Y 6.0 1.1 41 2.4 2.6 

P2TPDBT[2F]T 
N 8.9 1.0 43 3.6 3.8 

Y 11.0 1.0 44 4.6 4.8 

PC71BMe N 15.3 0.7 65 7.1 7.2 
 aDevices with optimized PBDT-TS1:Polymer_Acceptor ratio of 1:2 (wt/wt); solution-cast from 
chloroform (CF). bThermal annealing: 80 °C, 10 min. cAverage values across >10 devices 
(device area: 0.1 cm2). dAdditional device statistics, including standard deviations, are provided 



  
 

23 
 

 

in the SI (Figure S16). eDevice structure: ITO/ZnO/PBDT-TS1:PC71BM/MoO3/Ag, the 
optimized BHJ photo active layer was prepared from previously reported methods.[62] 

In some instances, morphological effects can explain stark differences in EQE and device 

efficiency characteristics because the extent of donor-acceptor interfaces and the carrier 

percolation network across the BHJ active layers impact charge separation and extraction 

efficiency.[25, 70-71] To examine the possible contribution of those effects on the respective EQEs, 

we turned to an examination of the BHJ morphologies obtained with the TPD/[2F]T-based 

polymer acceptors via bright-field transmission electron microscopy (TEM; cf. details in SI) and 

atomic-force microscopy (AFM, cf. details in SI). The TEM images provided in Figure 6a-b 

show relatively comparable morphologies at the scale of those examinations, suggesting that 

BHJ active layers obtained from the two polymer acceptors and the polymer donor PBDT-TS1 

may form similar networks. The AFM images shown in Figure 6c-f (height and phase) indicate, 

however, that the root mean square (RMS) roughness vary between TPD/[2F]T-based BHJ active 

layers: P2TPDBT[2F]T, 0.55 nm; P2TPD[2F]T, 2.80 nm. This observation implies that the two 

polymers do not necessarily have the same nanoscale aggregation patterns in thin films, which 

may translate into different phase separation and carrier percolation patterns at the nanoscale; 

extraction and recombination effects are known to impact all-polymer BHJ solar cell 

performance (typically resulting in lower photocurrents and FFs).[25, 70-71] Figure 7 indicates that 

the photoluminescence (PL) quenching of PBDT-TS1 in the presence of P2TPDBT[2F]T (and 
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Figure 6. Bright-field TEM images for optimized BHJ active layers composed of (a) 

P2TPDBT[2F]T and (b) P2TPD[2F]T, and the polymer donor PBDT-TS1. AFM topography (c-

d) and phase (e-f) images (tapping mode) for optimized BHJ active layers composed of PBDT-

TS1 and the polymer acceptors (b, e: P2TPDBT[2F]T, d, f: P2TPD[2F]T). Root mean square 

(RMS) roughness: P2TPDBT[2F]T, 0.55 nm; P2TPD[2F]T, 2.80 nm. 

 

vice-versa) is rather effective (yet not complete), with quenching efficiencies >90% achieved in 

optimized donor−acceptor BHJ thin films. However, PL quenching efficiencies in blend films  
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Figure 7. Photoluminescence (PL) quenching of PBDT-TS1 and the polymer acceptor analogues 

P2TPD[2F]T and P2TPDBT[2F]T in neat films (solid lines), and in the presence of the 

donor/acceptor counterpart (dashed lines) as in optimized BHJ thin films. (a) PBDT-

TS1:P2TPD[2F]T, excitation at 580 nm; (b) PBDT-TS1:P2TPD[2F]T, excitation at 680 nm; (c) 

PBDT-TS1:P2TPDBT[2F]T, excitation at 580 nm; (d) PBDT-TS1:P2TPDBT[2F]T, excitation at 

680 nm. 

 

of P2TPD[2F]T and PBDT-TS1 is less quantitative, with a modest 70% quenching estimated in 

probing PBDT-TS1-rich domains; the UV-vis absorption and PL spectra of the polymer donor 
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and acceptors lying in regions of distinct wavelengths, the donor and acceptor components can 

be individually excited at different wavelengths (here 680 nm and 580 nm, respectively). This 

observation implies that P2TPD[2F]T-based BHJ active layers are limited by the efficiency of 

exciton diffusion to the donor-acceptor interfaces, in line with the lower device photocurrents 

discussed earlier from the JV/EQE characteristics of optimized BHJ solar cells (Figure 5, Table 

2). In parallel, these results emphasize that both electron and hole transfers are occurring more 

effectively in P2TPDBT[2F]T-based BHJ active layers, in agreement with the EQE/IQE spectra 

shown in Figure 5b (reflecting the photoinduced charge generation at short-circuit). 

Subtle morphological differences between BHJ thin films can induce distinct charge transport 

patterns, impacting the figures of merit of solar cell devices.[25, 69-71] To examine carrier effects, 

we estimated the hole mobilities of PBDT-TS1 and electron mobilities of P2TPD[2F]T and 

P2TPDBT[2F]T in optimized BHJ thin films; estimates inferred from the space charge limited 

current (SCLC) model (cf. experimental details in the SI). Hole-only diodes with the 

configuration ITO/PEDOT:PSS/PBDT-TS1:Polymer_Acceptor/MoO3/Ag and electron-only 

diodes with the configuration ITO/ZnO/PBDT-TS1:Polymer_Acceptor/Ca/Al (device area: 0.1 

cm2) were fabricated for these measurements and analyzed in the dark. Figure 8 shows the dark 

current densities of the optimized BHJ thin films in the carrier-selective diodes as a function of 

applied effective field. Our analyses indicate that the zero-field hole mobilities of the PBDT-

TS1:Polymer_Acceptor blends fall within the same range, with average estimated values of 
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3.0×10−4 and 3.1×10−4 cm2V−1s−1 obtained with P2TPD[2F]T and P2TPDBT[2F]T, respectively 

(see Table 3). The J-V curves of the electron-only diodes made with the PBDT-

TS1:Polymer_Acceptor blends followed Poole−Frenkel-type mobility fits (electric-field 

activated) of the form μ(F) = μ0 exp(γF1/2), where μ0 is the zero field mobility, γ is the 

Poole−Frenkel slope, and F is the electric field. In turn, the zero-field electron mobilities of the 

PBDT-TS1:Polymer_Acceptor blends were estimated to be 2.4×10−7 and 6.1×10−5 cm2V−1s−1 

with P2TPD[2F]T and P2TPDBT[2F]T, respectively (see Table 3); results indicating that 

P2TPDBT[2F]T-based BHJ devices transport electrons significantly more effectively than their  

 

Figure 8. Experimental dark current densities as a function of effective electric field for (a) hole-

only diodes (ITO/PEDOT:PSS/PBDT-TS1:Polymer_Acceptor/MoO3/Ag); here, Vbi = 0 (flat 

band pattern formed by PEDOT:PSS and MoO3) and (b) electron-only diodes (ITO/ZnO/PBDT-

TS1:Polymer_Acceptor/Ca/Al) made with optimized BHJ thin films (Vbi = 1.5 V) with 
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P2TPD[2F]T and P2TPDBT[2F]T as polymer acceptors.. The experimental data is fitted using 

the single-carrier SCLC model (solid lines; cf. details in the SI). 

 

Table 3. SCLC carrier mobility estimates for optimized BHJ thin films with P2TPDBT[2F]T and 

P2TPD[2F]T, and the polymer donor PBDT-TS1. 

Polymer Acceptor 

μh 

[cm2 V-1 s-1] 

μe 

[cm2 V-1 s-1] μh/μe 

P2TPD[2F]T 3.0×10−4 2.4×10−7 1250 

P2TPDBT[2F]T 3.1×10−4 6.1×10−5 5.1 

 

P2TPD[2F]T counterparts. In parallel, the more favorable balance between hole and electron 

mobilities in P2TPDBT[2F]T-based BHJ solar cells is worthwhile noting: with µh/µe reaching 

5.1 vs. 1250 in P2TPD[2F]T-based BHJ devices. Balanced carrier mobilities benefit FF, JSC, and 

overall PCE values in BHJ solar cells.[6] 

Inadequate BHJ thin-film networks and carrier mobility imbalances can induce significant 

charge recombination effects across the active layer.[6, 25, 69-71] To probe those effects in optimized 

blend films of the TPD/[2F]T-based polymer acceptors and PBDT-TS1 as the polymer donor, we 

studied the JSC and VOC as a function of light intensity; the results are shown in Figure 9. A 

power–law dependence of JSC on light intensity (P) was observed and can be expressed as JSC 

Pα,[72-73] with α being close to unity: result indicative of a weak bimolecular recombination 

regime.[72-73] As shown in Figure 9a, optimized PBDT-TS1:P2TPDBT[2F]T active layers showed 

a higher slope (α = 0.964) compared with that obtained for PBDT-TS1:P2TPD[2F]T devices (α = 
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0.917), pointing to lesser bimolecular recombination events at short circuit in P2TPDBT[2F]T-

based devices. Figure 9b provides the dependence of VOC on P in the all-polymer BHJ devices. 

The slope of VOC vs. ln P can be used to determine the degree of trap-assisted recombination 

across the active layers. A slope of 2kT/q or >kT/q  (where k denotes the Boltzmann’s constant; 

T, temperature; and q, the elementary charge) implies that trap-assisted recombination is 

 

Figure 9. Measured (a) JSC and (b) VOC of optimized BHJ solar cells with P2TPDBT[2F]T and 

P2TPD[2F]T, and the Polymer Donor PBDT-TS1, plotted vs. light intensity (symbols) on a 

logarithmic scale, together with the linear fits to the data (solid lines). 

 

a significant loss channel at open circuit.[74-75] Our analyses show that PBDT-TS1:P2TPD[2F]T 

devices yield a slope of 1.62 kT/q, whereas PBDT-TS1:P2TPDBT[2F]T devices yield a smaller 

slope of 1.39 kT/q. These results reflect a lesser extent of interfacial traps in P2TPDBT[2F]T-

based BHJ solar cells.[74-75] The limited charge recombination effects and the more balanced 

electron and hole mobilities in P2TPDBT[2F]T-based BHJ devices, together with the more 
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extended optical absorption footprint of P2TPDBT[2F]T, can be concluded to represent the main 

contributing factors to the higher JSC and PCE values reached with the polymer acceptor 

P2TPDBT[2F]T. 

 

3. Conclusion 

In summary, we have shown that alternating -conjugated polymers composed of thieno[3,4-

c]pyrrole-4,6-dione (TPD) and 3,4-difluorothiophene ([2F]T) motifs can be used as fullerene 

alternatives in “all-polymer” BHJ solar cells. While BHJ devices fabricated with P2TPD[2F]T 

and the polymer donor PBDT-TS1 (taken as model system) can only reach PCEs of ca. 2.6% 

(max.), our systematic device optimizations indicate that all-polymer BHJ solar cells made with 

P2TPDBT[2F]T and PBDT-TS1 can achieve PCEs of up to ca. 4.8%; combining a large open-

circuit voltage (VOC) of ca. 1.0 V and high short-circuit current values (JSC) of ca. 11.0 mA cm-2. 

In P2TPDBT[2F]T, the introduction of the electron-deficient motif 2,1,3-benzothiadiazole (BT) 

narrows the optical gap (Eopt) to 1.7 eV (from ca. 1.9 eV in P2TPD[2F]T) and enhances the solar 

cell EQE in the 550-650 nm wavelength range. Concurrently, our device analyses point to a rise 

in electron mobility from 2.4×10−7 cm2 (V.s)-1 in BHJ thin films with P2TPD[2F]T, up to 

6.1×10−5 cm2 (V.s)-1 with P2TPDBT[2F]T. The higher electron mobilities and reduced carrier 

imbalance and recombination effects in P2TPDBT[2F]T-based BHJs all contribute to the 

significant device JSC, EQE/IQE and PCE variations observed in the optimized solar cells. While 

both TPD/[2F]T-based polymer acceptors can be used as fullerene alternatives in BHJ solar cells, 
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the narrow-gap P2TPDBT[2F]T analogue shows significant promise as a nonfullerene acceptor 

for efficient all-polymer BHJ solar cells. Our study demonstrates that adequately-substituted 

“all-thiophene”-based polymer acceptors and derivatized analogues can broaden the class of 

systems for further examinations of the “all-polymer” BHJ concept. The consideration of other 

polymer donors will also be of importance in future work with P2TPDBT[2F]T polymers. 

 

4. Experimental Section 

Material Characterizations: All compounds were characterized by NMR spectroscopy on 

Bruker Avance III Ultrashield Plus instruments using a 400 MHz proton frequency. High-

resolution mass spectrometry (HRMS) data was recorded using a Thermo Scientific - LTQ Velos 

Orbitrap MS. Information on materials, synthetic methods and protocols for the syntheses of 

SM1-4 are detailed in the Supporting Information (SI). Further details on PESA, UV-vis, TGA, 

DSC, and solid-state NMR instrumentation and experimental conditions are developed in the SI. 

Computational Analyses: All density functional theory (DFT) calculations were performed at 

the tuned B97X-D/6-31G(d,p) level of theory with the Gaussian 09 (Revision D.01) suite of 

programs. To calculate the torsion potentials, the monomer geometry is first optimized using the 

B97X-D functional with the value for this geometry computed using the IP-tuning procedure. 

The geometry is then re-optimized using the previously calculated value and this process of IP 

tuning and re-optimization is continued until the change in the value is less than 10-3 Bohr-1. 
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This value is used for the geometry optimizations at all dihedral angles. Additional details and 

references can be found in the SI. 

Device Testing Protocols: The solar cells were prepared on glass substrates with tin-doped 

indium oxide (ITO, 15 Ω sq−1) patterned on the surface (device area: 0.1 cm2). Information on 

substrate preparation, active layer and contact depositions are detailed in the SI. Solar cell J-V 

measurements were performed in the glovebox with a Keithley 2400 source meter and an Oriel 

Sol3A Class AAA solar simulator calibrated to 1 sun, AM1.5 G, with a KG-5 silicon reference 

cell certified by Newport. The external quantum efficiency (EQE) measurements were performed 

at zero bias by illuminating the device with monochromatic light supplied from a Xenon arc 

lamp in combination with a dual-grating monochromator. The number of photons incident on the 

sample was calculated for each wavelength by using a silicon photodiode calibrated by NIST. 

Additional details on various active layer deposition conditions, TEM instrumentation, and 

carrier mobility measurements are developed in the SI. 

Supporting Information  

Experimental methods, characterization, and additional figures and tables. Supporting 

Information is available from the Wiley Online Library or from the authors. 
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Table of contents entry: 
 
Alternating -conjugated polymers composed of electron-deficient thieno[3,4-c]pyrrole-4,6-
dione (TPD) and 3,4-difluorothiophene ([2F]T) motifs are proving relevant as fullerene 
alternatives for “all-polymer” BHJ solar cells. When a third electron-deficient motif – namely 
2,1,3-benzothiadiazole (BT) – is inserted in the main chain, the corresponding polymer 
(P2TPDBT[2F]T) yields a twofold increase in BHJ device efficiency. 
 

 


