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Abstract 
 

Organic electronics promises inexpensive devices with diverse applications ranging from grid-

scale power generation to disposable packaging. This results principally from compatibility with 

solution-processed manufacturing methods such as printing with large-scale, flexible and light-

weight substrates. Organic solar cells in particular offer an underexploited renewable energy 

solution to increasing energy demand and global warming. However, for organic photovoltaic 

(OPV) cells the current goal is now to stabilise commercially viable efficiencies of >10%, for >10 

years. As exemplified in this thesis, a structure-properties-fabrication-performance paradigm 

exists, necessitating judicious molecular design alongside tailored and optimised device 

manufacturing processes.  

 

Structure-property relationships are illustrated in a systematic series of TPD-2T–based 
copolymers: a C1-branched side-chain promotes increased crystallinity and solid-state packing, 

compared to C2- or C3-branching. In contrast, fabrication-performance relationships are illustrated 

with P3EPT, an analogue of P3HT, which exhibits a higher Voc in coarse BHJ blend devices 

compared to P3HT, most likely due to adopting a different morphology on casting in the absence 

of PCBM. The total paradigm is explored with a new class of benzodipyrrolidone-derived 

semiconductors in OPV and OFET applications. The advance from phenyl- to thiophene-flanked 

units (BPPs to BPTs), with reduced torsional twisting, affords ambipolar charge transport and 

satisfactory charge carrier mobility. In addition, select dihydropyrroloindoledione (DPID)-based 

materials afford unencumbered OPV performance when processing with more environmentally 

benign solvents. Furthermore, enhanced OPV device performance is achieved with DAZH and 

PDCF3-based small molecule crosslinkers, which convey thermal stability to OPV blends, typically 

through the frustration of fullerene aggregation. These additives exhibit sufficient shelf-life and 

ease of handling, with non-invasive and scalable activation by UV light, emitting only inert nitrogen 

gas. Moreover, our DAZH additive affords an increase in as-cast device efficiency, stemming from 

its design.  
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Figure 3. The solar spectrum and inorganic crystalline silicon’s absorption profile. Figure reproduced from Four Peaks Technologies Inc., 

http://solarcellcentral.com/limits_page.html, 2011. 

 

Organic Growth Potential 

Organic Photovoltaics  
OPV cells typically comprise a photoactive layer sandwiched between two electrodes, one of which is necessarily 

transparent. Indeed several specialist reviews explaining the device physics and operation have been published.21–23 

When the photoactive layer absorbs light, electrons are promoted from the valence band to the conduction band of a 

donor material (the energy difference being termed the ‘band gap’). The valence band corresponds to the highest 

occupied molecular orbital (HOMO) and the conduction band the lowest unoccupied molecular orbital (LUMO), with 

the band gap typically being 1-3.5 eV, corresponding to visible light. Electron promotion leaves behind positively 

charged, but Coulombically bound, holes, the pair being termed an exciton. Before decay to the ground state, excitons 

may diffuse through a conjugated structure. In a blend of materials, should the exciton meet an interface with an 

acceptor, charge separation can occur: the electron drops to the lower energy acceptor conduction band, breaking the 

exciton. The free charge carriers then flow to their respective electrodes generating a current (Figure 4).24 

 

The morphology and structure of such blends plays a key role in promoting efficient charge separation and extraction. 

Traditionally phase-separating mixtures have been used, but recent progress in patterning and printing allows for a 

highly defined phase structure to be cast yielding high efficiency devices.25–29 However, the bulk heterojunction (BHJ) 

remains the most common, being a kinetic product of film casting: an inter-percolating thin film structure of both donor 

and acceptor materials between the electrodes, with domains ideally within exciton diffusion lengths (~10 nm) to avoid 

exciton decay.  

 

Solar cell devices are principally characterised by their power conversion efficiency (PCE). This efficiency (PCE, η) is 

the ratio of the maximum power point (Pm) to the input power (Pin), being the product of light irradiance (E, W/m2) and 

cell surface area (Ac, m2) under standard test conditions (temperature = 25 °C, irradiance = 1000 W/m2, air mass = 1.5 

(AM1.5 spectrum)): 

 

        
  

   
 

          

    
           Equation 1 
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voltage (VSD) is less negative than the gate (VG), the transistor is said to operate under the linear regime, with current 

(I) described: 

         
 

 
  

   
(      

  

 
)     

 

  
  

   
(     )                   Equation 2 

Where VT is the threshold voltage, μ the charge carrier mobility, C the capacitance, L the channel length and W the width. Where VS = 0V then VDS = VD.  

 

If the drain voltage is forced to be as negative as the gate voltage, then the channel saturates and current flattens off. 

The current is now described as:  

         
 

  
  

   
(     )

 
                     Equation 3 

 

These figures of merit may be deduced from the transfer and output curves of the device. In the output curve for a 

fixed gate voltage, source-drain bias is modulated to observe current flow, illustrating the linear and saturation 

regimes. Meanwhile in the transfer curve, gate voltage is modulated to observe current flow, which then reveals the 

threshold voltage and charge carrier mobility: 
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           Equation 5 

 

It is thus clear that charge carrier mobility is a function of not just device fabrication and potential applied but also the 

intrinsic ability of the semiconductor to transport charge.  

 

A Green Model for a Stable Future 
Long-term device stability is now a priority for commercialisation: photo (light), thermal (heat), and chemical stability 

are all essential. Strategies for long-term stability include encapsulation, locking the morphology by crosslinking and 

producing innately stable materials.16 Encapsulation to reduce water penetration to 10-3 g/(m2 day) is necessary,54 and 

crucially should be compatible with R2R printing. Current barriers include inorganics such as silicon and aluminium 

oxide, organics, and more recently hybrids and combination multi-layers, though further work is still required to find an 

optimal material.55 Meanwhile, the intrinsic stability of donor polymers in particular has been enhanced by ‘locking 

planarity’, using interactions such as short, non-covalent intramolecular interactions in diketopyrrolopyrrole-based 

structures56,57 (DPP), extended heterocycle systems such as cyclopentadithiophene (CPDT) and incorporating 

electronegative heteroatoms to manipulate the HOMO and LUMO energy levels by lowering the ionisation potential. 

Indeed materials derived from natural dye pigments have also attracted much attention, exhibiting both high-

performance and innate stability.58 

 

Crosslinking give polymers thermal stability by making them insoluble, fixing the microstructure and suppressing 

crystallisation, through use of either functionalised polymers (azide,59 bromo,60 vinyl61 or oxetane62 species), or 

preferentially, by the addition of a small molecule crosslinker to the photoactive blend, typically activated thermally or 

by UV exposure (Figure 8). This approach has been used to stabilise PCE, using less than 1 mol% sterically hindered 

fluoro-phenyl-azide (sFPA) in a scalable manner. The release of only inert nitrogen gas is favourable in comparison to 

the bromine or photoacids present and produced in other techniques.63  
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Figure 9. The progress of solar cell research: efficiency gains with time for various cell types. Figure reproduced from National Renewable Energy 
Laboratory, http://www.nrel.gov/ncpv/images/efficiency_chart.jpg, 2014.  



New organic semiconductors and crosslinking additives for enhanced device performance and stability    2014 

J W Rumer 
Imperial College London    Page 33 of 192 

Background 

Structure: Molecular Design & Polymer Engineering  
Polymers exhibit unique physical and mechanical properties. Of particular advantage to OPV and OFET applications 

is their high strength and robustness, flexibility, elasticity and conductivity to name but a few of the more 

advantageous. Many of these macroscale properties, including viscosity which determines the capacity for ink-jet 

printing, are manifested at the molecular level.  

 

Molecular Design 

While the highest performing materials are no longer the coronene and chloranil that Kearns and Calvin first 

sandwiched together in 1958 to observe a photovoltaic effect in conjugated organic molecules, the basic requirements 

remain similar.75 On a molecular design level, the principle constraint is a π-conjugated system of planar alternating 

saturated and unsaturated bonds which exhibits a delocalised HOMO.30 Or simply put a rigid-rod like structure found 

in organic semiconducting polymers, such as polyacetylene (Figure 10). In comparison, planar aromatic structures 

exhibit rigidity, which in the 1970s manifested with the advent of polyphenylene vinylene (PPV) derivatives such as 

MEH-PPV and MDMO-PPV. The six-membered benzene ring is perfectly planar and free of strain, its aromaticity 

delocalising electrons evenly, as in coronene. However, the addition of alkyl side-chains is needed to convey critical 

solubility in common organic solvents. 

 

 
Figure 10. Early conjugated organic materials used in photovoltaic cells. 

 

While early cells containing a single material in the photoactive layer limited PCE - polyacetylene initially yielding 

0.1%76 - the use of a bilayer raised this to 1% with a copper phthalocyanine donor and perylene acceptor.77 However, 

the bilayer (where one material is layered atop the other) has limited interfacial surface area for charge separation and 

the layer thickness required to absorb light often exceeds exciton diffusion lengths. The eloquent solution is the 

aforementioned bulk heterojunction (BHJ), in which a blend of MEH-PPV and a C60 fullerene derivative yielded 

almost 3% PCE.78 Even until now, acceptor materials have received relatively little attention. Whilst fullerenes such 

PCBM remain the most common, alternatives such as perylene derivatives,79 porphyrins, truxenones and acceptor 

polymers have also been studied for their preferential cost, stability and processability, but are uncommon due to their 

typically lower performance (for structures see Figure 11). The ideal acceptor should have low HOMO and LUMO 

levels, good charge mobility, and show stability, mixing intimately with the donor polymer and phase separating for 

optimum morphology.15,51,52,80 
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Figure 15. Varying the flanking aromatics on the DPP bis-lactam core: aromatic, fused thienothiophene is more electron-rich and induces greater 

planarity along the conjugated polymer backbone, resulting in improved photovoltaic performance. 

 

More recently, DPP’s structural isomer, isoDPP, has also been synthesised (Figure 16), providing an interesting 

comparison whereby the ketone and N-alkyl positions are interchanged, moving the electron-withdrawing functional 

groups closer to the conjugation pathway and lowering the HOMO level, which may improve device stability.92,93  From 

the crystal structure of the preluding monomer, the thieno sulfur atom now points towards the carbonyl. However, 

isoDPP-based polymers retain their planarity, giving ~5% PCE in unoptimised cells.  

 

 
Figure 16. The development of N-alkylated, planar electron-deficient acceptor units for donor-acceptor copolymers (DPP and isoDPP).  

 

The well-known bis-oxindole pigment indigo and most prominently its structural isomer isoindigo, both containing a 

vinyl linkage, the lactam motif and aromatic phenyl rings in the core, have also been studied. However, the torsional 

twisting induced by the phenyl moities has led to these being replaced with thiophene-based derivatives (IGTs).94 

Isoindigo reiterates many familiar design rules in this respect: N-alkylation brings solubility and planarity to an 

electron-deficient core where an orthogonal dipole, resulting from a carbonyl which forms the lactam functionality, 

enhances solid-state packing effects and charge transport along the conjugated polymer backbone. When 

copolymerised with benzothiadiazole (IGT-BT) (Figure 17), HOMO levels are below -5 eV, conferring stability to 

atmospheric dopants,95 and low band gaps of ~1.3 eV overlap well with the solar emission spectrum. Copolymers with 

alkylated terthiophene and isoindigo have achieved PCEs as high as 6.2% in bulk heterojunction OPVs with 

PC70BM.57 

 

 
Figure 17. Isoindigo and its thiophene analogue polymerised with benzothiadiazole to give IGT-BT.   

 

Evolution of Extended Fused Structures  
The high-performance of indacenodithiophenes (IDT) (for structure see Figure 18) reiterates the theme of rigid, fused, 

planar aromatic rings, where the electron density of the unit can also be modulated by the choice of bridging atom. 

With sp3 hybridised atoms, namely carbon, silicon and germanium, alkyl side-chains are directed out-of-plane which 
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confers solubility. In contrast, nitrogen and its alkyl side-chain in NIDT is planarising. However, the nitrogen atom is 

able to donate its lone pair into the π orbital system, thus rendering it aromatic, as opposed to quinoidal, impairing 

charge transport and OPV performance.96 In the case of a Si (or Ge) bridge, the lower electronegativity of these 

bridging atoms increases the electron-rich nature of the donor unit. Meanwhile, the larger Si-C bond length forces a 

similarly larger C-C linking bond length between the aryl moieties, increasing the overall conjugation length afforded 

by the IDT unit. Simultaneously the separation between antibonding lobes of these coupled aryl moieties increases, 

lowering the HOMO level and increasing the Voc. In addition, the peripheral thiophenes of the IDT donor unit ensure a 

planar polymer backbone when polymerised with acceptors, such as BT, to give push-pull polymers.97  

 

 
Figure 18. The indacenodithiophene donor unit, where the bridging atom X can be varied.  

 

Side-Chain Engineering 
Rational semiconducting polymer design has recently evolved from band gap engineering and solely considering 

energetic contributions, to also consider side-chain spacing, branching and length, with a view to not only conferring 

solubility and processability, but also desirable microstructure to as-cast blends.98 With a longer alkyl chain solubility is 

improved, but all too often at the compromise of packing, blend morphology and fullerene miscibility, with branched 

chains being preferred for OPV applications.99,100 Systematically shifting the branching point position has resulted in 

further improved efficiencies on moving the branch point further from the polymer backbone,101 and novel siloxane-

based chains have also shown promise.102  Reducing steric bulk near the conjugated backbone enhances solid-state 

ordering, reducing lamella and π-stacking distances, improving charge transport. However, effects on solubility and 

molecular weight make the preferential choice of alkyl chain intimately dependent on the backbone and morphology. 

 

The N-alkylation of lactam containing units imparts greater solubility allowing for a wider range of donor comonomers 

to be exploited. An additional benefit of DPP units is the ability to produce high molecular-weight polymers, which can 

lead to improved performance.103 Polymer molecular weights should be high enough to ensure saturation of properties 

and full conjugation of the polymer backbone, which typically extends across 8-12 repeat units. Low molecular 

weights, which are often observed for low solubility polymers that precipitate from solution during the polymerisation 

process, limit conjugation and increase chains ends and trap states, inhibiting charge separation and transport. 

However, at overly high molecular weights problems of solubility and entanglement arise, reducing performance. 

Moreover, while purification to give narrow weight dispersity fractions most likely affords consistent ordering and 

increased PCE, a carefully composed system is required, for example the addition of a controlled amount of lower 

molecular weight oligomers can exhibit an anti-plasticizer effect, further enhancing ordering and charge transport.104   

 

Production: Synthesis of the Many Parts (from the Greek: Poly Meros) 
In addition to electrochemical and chemical oxidative polymerisations, organic semiconducting polymers are typically 

synthesised by transition metal catalysed cross-coupling, such as Stille and Suzuki reactions.105 The Stille coupling 

can tolerate a wide range of functional groups but also requires stoichiometric quantities of toxic organotins, which is 
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which could be detrimental to device performance.130 Meanwhile, the bromo-based crosslinking likely occurs via a 

non-selective radical mechanism, which may be disadvantageous as the bromine radicals produced could have a 

negative impact on polymer performance and long-term stability. In contrast, no additives are required or side 

products produced with vinyl crosslinking, which occurs via a simple [2+2] cycloaddition. Additionally, the chemistry 

does not generate polar functional groups, which are capable of acting as charge traps.  Similarly the azide 

functionality does not require an initiator or produce radicals, instead emitting inert nitrogen gas and forming a highly 

reactive nitrene, capable of insertion and addition reactions.  

 
Table 1. Crosslinking functionalities used in organic photovoltaic materials. 

Functionality Activation Comments 

Oxetane 

Addition of PAG (photo acid generator) 

UV light exposure 

Typical further soft-curing 

Neutralisation and drying 

Requires PAG additive 

Generates radical cations / trap states, requiring 
neutralisation 

Bromo 
UV light exposure 

Optional further ‘soft-curing’ 

Generates bromine radicals 

Vinyl Reversible at high temperatures 

Azide Generates inert nitrogen gas 

 

 

The majority of crosslinking functionalities have been exemplified with P3HT (see Figure 28); in each case the 

polymers are assumed to be of comparable molecular weight and solubility with optical and electronic properties 

significantly unchanged. The bromo derivative P3HT-Br has been studied in depth,60 retaining ~90% of initial PCE on 

ageing. Varying the Br fraction between 5, 10 and 20% has no significant effect on as-made device performance, 

though crosslinking by DUV reduced the initial PCE from ~2.9 to 2.6%. However, after annealing at 150 °C for 48 h, 

PCE remained at 2.3%, implying greater stability, with polythiophene stacking unaffected and no PCBM crystallites 

visible by grazing incidence wide-angle x-ray scattering after 24 h of annealing, in contrast to micron sized crystallites 

in the non-crosslinked devices. Current, voltage and fill-factor characteristics were unchanged. Similarly, the vinyl 

derivative P3HNT (poly(-3-(5-hexenyl)thiophene)) has been shown to exhibit similar morphological properties to P3HT 

with improved device stability (using 100% vinyl functionalised monomers).61 In this case as-made device 

performance was essentially the same as P3HT, though on ageing the PCE retained only ~60% of its initial value 

(compared to ~90% for P3HT-Br), the system thus being considerably less stable under this ageing regime. Similarly 

the azide derivative, P3HT-N5 (5% functionalised monomers) retained only ~65% of PCE under a comparatively mild 

ageing regime (40 hours at 110 °C), despite optical microscopy showing inhibition of fullerene aggregation.59 

Moreover, an initial PCE 0.5% lower than the reference offsets the benefit of stabilisation in the system. This may be 

attributed by the reduced as-made short-circuit current to a compromised morphology, limiting charge separation, or 

photochemical degradation due to the harsh crosslinking conditions employed (60 minutes UV exposure in air). In 

contrast, oxetane functionalised P3HT has not been prepared to-date, though polythiophenes PTHOT and PTHOBT 

have been, with 100% of the alkyl side-chains being functionalised.127 Advantageously the polymers were processable 

from environmentally benign solvents ethanol and tetrahydrofuran, whilst being insoluble upon photocrosslinking in the 

presence of an initiator. Patterned OFETs were prepared with good hole mobilities, reasonable on/off ratios and low 

threshold voltages.  
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A systematic study of the four photocrosslinkable functionalities has also been conducted for the low band gap 

polymer TQ1131 and for all but oxetane for PBT-R,132 a derivative of the high performing polymer PTB-7 (Figure 28).81 

In the case of TQ1, each polymer is prepared with 10% of alkyl side-chains being functionalised. Notably all four 

polymers exhibited similar photochemical stability to the reference polymer, TQ1, investigated using plotting 

normalised absorption versus irradiation time under constant illumination (AM1.5G, 1000 Wm-2). This implied that 

stability enhancement associated with crosslinking has a thermal basis, such as supressing morphological changes 

(namely fullerene aggregation), which was again confirmed by optical microscopy before and after thermal annealing. 

However, when device stability was then measured under a variety of ageing regimes (100 °C; dark versus light and 

ambient versus inert atmosphere) there was no consistent trend between polymer stability and crosslinking 

functionality, with PCE dropping to less than 60% of the initial value in all cases. The detailed analysis is critical in 

unambiguously establishing photochemical degradation as the primary factor in determining stability in the TQ1:PCBM 

system.  

 

In comparison, for the case of three PBT-R polymers (15% functionalised monomers; Figure 28), all exhibited 

unchanged as-made properties. Photocrosslinking UV exposure was optimised to 20 minutes (judged by film 

insolubility) but 30 minutes used for completeness. By optical microscopy, fullerene aggregation is supressed in the 

extent: bromo > azide > vinyl >> reference. The stabilisation of PCE followed the same trend, with ~80% of PCE being 

retained for PBT-Br after ageing (150 °C, 80 hours), representing excellent stability without compromising as-made 

performance.  

 

 
Figure 28. Crosslinkable P3HT, TQ and PBT polymer derivatives. 

 

A number of functionalised electron donor polymers for OPV applications have been reported in the literature, with 

varying performance and stability. The first crosslinkable push-pull type polymer was PBDTTPD-Br which exhibited 

good thermal stability towards the long term.124 Polymers functionalised with bromine on 16% of the TPD N-alkyl side-

chains gave the highest performance, with average PCE increasing on ageing (annealing at 150°C for 72 hours) from 

3.3% to 4.6%, while the reference cell dropped from 5.2% to 3.9%. The increase in PCE of the crosslinked cell is 

attributed to preservation of short-circuit current, achieved by morphological stabilisation on the aggregation scale, 

combined with an increase in open-circuit voltage – which may be attributed to a change in energy of the interfacial 

charge-transfer states between the polymer and fullerene components – and an 18% increase in FF.  

 

In addition to PBT-R and PBDTTPD-Br polymers, bromo-functionalised PBDTTT polymers have also been prepared 

(25% or 50% brominated TT alkyl side-chains; Figure 29). UV exposure time was investigated showing little difference 

in film retention (on spin-washing) between 10 and 30 minutes, but reduced retention after just 5 minutes. On 
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annealing the Br-25% device PCE plateaued after eight hours, retaining ~65% of initial PCE, with fullerene 

aggregation being supressed. More noteworthy and akin to that aforementioned, initial PCE improved on crosslinking 

by almost 1% from 4.3% to 5.2%.133   

 

Cyclopentadithiophene-based copolymers with benzothiadiazole have also received attention (Figure 29), due to their 

relatively high-performance of >5% PCE in OPV cells.115 The 100% vinyl functionalised side-chains polymer PCPDT-
TBTT-Vinyl displayed enhanced device stability retaining ~80% of initial PCE after 200 h at ambient conditions, albeit 

an initially low value (~1.4%). Moreover, the PCE was slightly improved after UV exposure, attributed by atomic force 

microscopy images to the densification of the polymer network, removing pinholes and increasing homogeneity in the 

thin film blend, which in turn increases short-circuit current, reiterating that crosslinking can aid not just in ‘locking’ 

microstructure but also in conferring a desired microstructure to blends.134  

 

In addition, the liquid-crystalline polymer PBbTTT-T and its analogue PBbTTT-TT have also been prepared (Figure 

29). The spaced dodecyl alkyl side-chains (100% bromine functionalised)  permit the intercalation of fullerenes that 

can then be ‘locked’ in place via crosslinking, the films then becoming insoluble in dichlorobenzene (ODCB).  After 

optimisation of the blend ratios a PCE of 2.6% was achieved for 1:3.5 wt PBbTTT-TT:PC71BM, dropping slightly to 

2.4% on ageing (150 °C, 40 hours).135 

 

 
Figure 29. Crosslinkable (electron donor) semiconducting polymers. 

 

Crosslinkable Small Molecule Additives  
A fundamentally different and versatile strategy is the addition of small molecule crosslinkers to the photoactive layer 

blend: ideally a very low concentration of crosslinker could be added to any blend, being activated in a scalable 

process (such as photocrosslinking), free from potentially detrimental by-products. Recently developed sterically 

hindered fluoro-phenyl-azides (sFPA’s)136 have been used to crosslink F8BT, PFB, TFB and OC1C10-PPV polymers. 

Exposure to DUV generates a singlet nitrogen which then inserts into C-H bonds at alkyl chain termini, directed by the 

isopropyl steric group. Less than 1 mol% of crosslinker was required for high molecular mass polymers, with a near 
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perfect >0.9 links per crosslinker molecule and no observed quenching of photoluminescence efficiency or reduction 

of current. sFPA has also been used to crosslink P3HT, with subsequent deposition and diffusion of PCBM affording 

‘structured bilayer’ OPV devices delivering a 20% increase in PCE over the comparative bulk heterojunction.137 In 

addition, whilst stability has not been assessed, such crosslinked P3HT films are insoluble permitting sequential layer 

deposition from the same solvent.138 The structures of various crosslinkable small molecules are shown in Figure 30.  

 

More recently the structurally similar bis-azide Bis(PFBA) has been used to crosslink an electron transport layer in an 

inverted OPV device, using just 10% weight (with respect to the polymer) and a DUV exposure time of five minutes to 

yield insoluble yet smooth films. The result was cells that retained an impressive 90% of their initial PCE (dropping 

from 3.4% to just 3.0%) after 20 days storage in air. Interestingly a number of bis-azides are available commercially 

which could potentially be used in a similar fashion, allowing for further work in this area.139  

 

The concept is further demonstrated by T43, a photocrosslinkable leakage reducing buffer layer for incorporation in 

BHJ OPVs, increasing PCE. Moreover the use of an interlayer that can be insolubilised facilitates multi-layer devices 

without orthogonal solvent processing in a fashion that can be applied to large-scale printing methods.140 Similarly, the 

use of azide-functionalised polymers with a tetra-propargyl ether containing small molecule additive has afforded 

sequential alignment and in situ crosslinking, resulting in long-term microstructure stability and very high 

optoelectronic activity at elevated temperatures (85 °C), highlighting the wide range of materials and microstructures 

that can benefit from thermal stabilisation by crosslinking.141  Indeed, organic thin film transistors (OTFT) have also 

exploited crosslinking with developments in photolithography, such as addition of MBMP (4,4’-methylenebis(2,6-

bis(methoxymethyl)phenol))) with a photoacid generator,142 or by using an insulating matrix of poly(vinyl cinnamate) 

with nanofibrillar P3HT,143  resulting in patterned devices. The matrix approach is advantageous as the crosslinking 

groups are independent of the semiconducting molecules thus backbone conjugation is not perturbed and side-effects 

from adding crosslinking initiators are removed. 

 

More recently the molecule OBOCO has been developed. Upon thermal activation OBOCO undergoes a Diels-Alder 

reaction with fullerenes, effectively polymerising them, exemplified by consistent hole mobility on thermal curing while 

electron mobility decreases in a blend with P3HT. While 5% weight OBOCO additive marginally improves PCE, using 

more than 5% weight reduces both fill-factor and short-circuit current density, reducing PCE. However, open-circuit 

voltage increases with OBOCO content up to 20% weight and is stable to ageing, conferring stability to the OPV cell, 

which retained 62% of its initial PCE on ageing at 150 °C for 4 days, attributed to suppression of fullerene aggregation 

as determined by optical microscopy.144 
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Figure 30. Crosslinkable small molecule additives. 

 

Alternative Strategies to Lock Polymer Morphology 
A number of alternatives to affixing crosslinkable functional groups to the alkyl side-chains of conjugated polymers 

have also been proposed (see Figure 31), for example the vinyl functionality has also been used to end-cap di-n-

hexylfluorene and P3HT polymers, incorporated as either a styrene145 or anthracene moiety.146 The vinyl moieties are 

expected to react with fullerenes, which by optical microscopy inhibit aggregation, with initial PCE being largely 

independent of the UV exposure time. 

 

Similarly, an alternative to crosslinking at the alkyl side-chains of polymers is to effectively build up polymers from 4-

directional coupling units, which has also been exemplified with poly(thiophenes), bridged by either a single 

thiophene-to-thiophene covalent bond or a longer conjugated bridge.147 However, in both these cases the direct 

binding to the conjugated backbone induces torsional twisting, reducing the conjugation length and decreasing PCE. 

Moreover, incorporating such ‘bridged monomers’ forms crosslinks prior to film deposition, rendering the polymers 

less soluble and hampering solution-processed deposition. While the use of longer, flexible aliphatic bridging units 

may alleviate the decrease in PCE by allowing free-rotation of the bridge without distorting the conjugated polymer 

backbone, the solubility of the polymer would remain encumbered.   

 

Another alternative is to cleave the polymer’s solubilising groups in situ: for example the soluble polymer P3MHOCT 

undergoes thermal treatment at ~200 °C then ~300 °C to afford insoluble poly(thiophene). However, this also reduces 

PCE.148 
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Figure 31. Alternative strategies to ‘lock’ morphology in organic semiconducting polymers. 

 

Fullerene-Based Crosslinking Strategies 
The use of crosslinkable and immobilised fullerene-derived electron acceptor materials has also been studied (see 

Figure 32). One approach is to polymerise the fullerenes in situ, for example bis-styryl PCBSD,149 resulting in a highly 

inter-locked network on thermal annealing in a blend with P3HT (180 °C, 30 minutes). A PCE of ~3.7% was achieved 

after ageing (150 °C for 25 hours) being higher than the as-made value of ~3.3%. Furthermore, similar performance 

and stability was observed when using the mono-styryl analogue PCBS (3.7% to 3.6% PCE over the same ageing 

regime), with an optimised weight ratio of 6:5:1 P3HT/PCBM/Functionalised-PCBM. Whilst initial performance was 

lowered in both cases, stability was greatly improved compared to the reference (which decreased from 4.1% to 

0.7%), being attributable to immobilisation of the fullerenes supressing crystallisation.125 

  

Instead of polymerising the fullerene directly, it is also possible to functionalise the polymer with well-spaced 

crosslinking groups that can selectively bind, as demonstrated with P3HT-PN3, which uses an azide and 

poly(phenylethylene) spacer grafted onto 1% of P3HT repeat units. However, π-binding of the azide to the fullerene 

lowered the initial PCE by ~0.7% and the deterioration of PCE over time was only marginally suppressed.150 

 

Alternatively, functionalised fullerenes can be used as processing additives to improve stability: the addition of 5% 

weight PCB-PEG leads to a spontaneous vertical phase separation and formation of a covering protective monolayer 

which both improves stability (thermal and oxidative) and efficiency. PCE rises in comparison to the reference 

P3HT:PCBM device by 0.8% (from 3.6% to 4.4%) with a high voltage, current and fill-factor in optimised devices. In 

addition, whilst initial PCE is reduced, with a copper electrode 80% is retained after 360 h, compared to just 20% with 

an aluminium electrode, serving as a promising example of additional device enhancement.151  
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Figure 32. Functionalised fullerenes to ‘lock’ blend morphology.  
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Crosslinked OPV Devices Summary Table  
The initial and aged performance of the various crosslinked OPV devices described above are summarised in Table 2.  

 
Table 2. Crosslinked OPV devices: initial performance and ageing comparison. 

Crosslinker  Functionality Reference PCE Initial PCE Aged PCE PCE Retention Ageing Regime 

Polymers (w/PCBM) 

P3HNT Vinyl 3.3% 3.2% 1.8% 56% 150 °C, 10 h 

P3HT-Br Bromo 2.9% 2.6% 2.3% 88% 150 °C, 48 h 

P3HT-N5a  Azide 2.2% 1.5% 1.0% 67% 110 °C, 40 h 

TQ-Bromob Bromo 

1.5% 

1.8% - ~50% 

rt, 45 h, constant 
illumination 

TQ-Oxetaneb Oxetane 1.2% - - 

TQ-Vinylb Vinyl 1.6% - ~30% 

TQ-Azideb Azide 1.2% - ~45% 

PBT-Br Bromo 

2.7% 

2.7% 2.1% 78% 

150 °C, 80 h PBT-N3 Azide 2.6% 1.8% 69% 

PBT-Vinyl Vinyl 2.6% 1.3% 50% 

PBDTTPD Bromo  5.2% 3.3% 4.6% 139% 150 °C, 72 h 

PBDTTT-Br25  Bromo 4.3% 5.2% 3.4% 65% 150 °C, 24 h 

PCPDT-TBTT-Vinyl Vinyl - 1.4% 1.1% 79% 200 h, ambient 

PBbTTT-TT  Bromo - 2.6% 2.4% 92% 150 °C, 40 h 

Additives 

sFPA (w/P3HT/PCBM)c Azide 3.3% 3.0% - - - 

Bis(PFBA) 

(w/P3HT/PCBM)d 

Azide - 3.4% 3.0% 88% rt, 20 days  

in air 

OBOCO 
(w/P3HT:PCBM) 

Vinyl 2.7% 2.8% 1.7% 61% 150 °C, 4 days 

Fullerenes 

C-PCBSD 

(w/P3HT) 

Vinyl 

4.1% 

3.3% 3.7% 112% 

150 °C, 25 h 
C-PCBS  

(w/P3HT) 

Vinyl 3.8% 3.6% 95% 

C-PCBSDe 

(w/P3HT:PCBM) 

Vinyl 3.5% 4.4% 3.8% 86% rt, 35 days, 
unencapsulated in 

air 

P3HT-PN3 Azide 2.5% 1.8% 0.6% 33% 150 °C, 5 h 

PCB-PEG/Cuf 
(w/P3HT:PCBM) 

- 3.6% 2.2% 1.8% 82% 15 days 

Reference values are for the non-crosslinked and non-functionalised analogue polymers. All fabrication, measurements and ageing assumed to be under an inert 

atmosphere unless stated otherwise. a Ambient fabrication. b With an inverted device architecture and silver electrode 

(ITO/ZnO/polymer:fullerene/PEDOT:PSS/Ag). c Structured bilayer. d Used to crosslink an electron transport layer in an inverted device. e Used as an interlayer. f 

Used as an electrode in a P3HT:PCBM blend.  
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Conspectus 
The optimised organic semiconductor requires a culmination of judicious molecular structure design to confer 

desirable properties and morphological control, with tailored device architecture, fabrication and processing for high-

performance and long-term stability.  

 

A number of design rules for OPV donor polymers have emerged. These include the use of branched alkyl-side-

chains with minimal steric effects for solubility and to bring sufficient molecular weight; the conjugated backbone 

should be rigid and planar, with fine-tuned energy levels for stability, band gap and donor-acceptor material LUMO-

LUMO offset optimisation. This is achieved with fused heterocycles where a quinoidal character enhances charge 

mobility, and judicious choice of heteroatoms and functional groups modulates energy density. An electron-rich-poor 

push-pull hybridization extends the delocalisation of electrons, aiding planarisation, solid-state packing and lowering 

the band gap to give improved efficiencies. Noteworthy to mention, small molecules possessing similar traits have 

been used to fabricate high-performance solar cells,49 and all-polymer photoactive layers have recently gained 

attention, moving away from the reliance on fullerene acceptors.51   

 

For enhanced stability, state-of-the-art crosslinking strategies incorporate UV or thermal treatment that is compatible 

with large-scale solution-processed manufacturing methods. Crosslinks are desirably formed between the termini of 

solubilising alkyl side-chains of conjugated polymers, via either attached functional groups (bromo/oxetane/vinyl/azide) 

or selective small molecule crosslinkers (2-, 3- or 4-D coupling units) which may be added to a blend solution. To-date 

the bromo functionality typically confers the greatest stability. It is often necessary to perform crosslinking under an 

inert atmosphere (to avoid photo-oxidation) and this can densify the polymer network improving packing and solid-

state interactions, boosting short-circuit current and thus initial PCE but at the risk of electrode delamination. 

Alternative approaches have lower crosslinking densities, require harsh heat treatments and can encumber device 

efficiency, or involve expensive fullerene derivatives. However, these important research fields require further study 

and optimisation.  

 

Nanoimprinting technologies have emerged that can be integrated to very large scales, with significant improvements 

in device efficiency arising from both increased donor-acceptor interfacial area and inhibition of loss mechanisms. 

While high fidelity can be achieved when printing the nanostructure, feature size, materials, solvent and temperature 

assistance must be explored to achieve an optimal morphology when filling the active layer - to this end compatible 

printing stamps and deposition techniques are required. 

 

While functionalised polymers may be more readily characterised, the use of crosslinking small molecule additives is 

of interest due to their greater versatility, as well as optimisation of existing materials processing and synthesis.  
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Part 1: A New Class of Organic Semiconductors 

Benzodipyrrolidone (BP)-Based Polymers 

Introduction 
Benzodipyrrolidones are promising building blocks for organic semiconductor materials, in part due to their innate 

stability and deep colour which led to their early use as dye pigments.152 For example, similar bis-lactam-based 

conjugated materials such as diketopyrrolopyrrole,153 isoindigo154 and dihydropyrroloindoledione94,155 often exhibit 

high-performance in organic field-effect transistors (OFETs)58,156,157 and solar cells.158,159 The electron-deficient inner-

core flanked by electronically-coupled electron-rich units renders these excellent donor-acceptor type materials, with 

their planarity and intermolecular interactions facilitated by their dipolar character. Ambipolar charge transport has also 

been observed,160 along with high performing organic solar cells.90 Such devices are particularly interesting due to 

their solution-processed manufacture, facilitating printing of large-scale, flexible and light-weight displays.161 However, 

recent progress in achieving ultra-high hole mobilities162,163 and well balanced ambipolarity164,165 has renewed interest 

in electron transporting (n-type) organic semiconductor materials.166 Moreover, as commercially viable performance 

targets are met,167 a new focus on material stability has emerged, particularly for air and water stable transistor 

materials.168–170       

 

Recently, a number of copolymers based on phenyl-flanked benzodipyrrolidone (BPP)83,171–174 and its analogues175,176 

have been prepared, with charge carrier mobilities as high as 0.1 cm2/Vs under optimal processing conditions.177 

These are structurally related to DPP, containing the bis-lactam molecular architecture. However, the BP core is 

larger, being tricyclic with a central six-membered ring. This extends the delocalisation of the LUMO in particular, 

leading to high electron affinities, and low band gaps, while the lactam functionality promotes strong intermolecular 

interactions, which enhance charge transport. With appropriate copolymers, improved solid-state morphologies and 

high ionisation potentials may be realised, which could confer innate stability to electronic devices, with increased and 

preferential electron mobility. Indeed, such molecular design plays an important role in governing self-assembly in the 

solid-state, with resultant texture directly affecting OFET performance.178 

 

To this end we begin by reporting a series of six phenyl-flanked benzodipyrrolidone-based (BPP) copolymers for 

systematic comparison. The synthesis, morphology, thermal, optical and electronics properties and computational 

models of the polymers are presented. Device measurements for organic field-effect transistors (OFETs) are reported, 

with analysis of the film morphology using atomic force microscopy (AFM). We not only demonstrate the versatility of 

the BP unit, but also show that charge carrier mobility correlates to film roughness, itself being a product of the 

conjugated polymer backbone conformation and molecular architecture.  

 

Results & Discussion 

Synthesis 
Phenyl-flanked benzodipyrrolidone-based (BPP) polymers were prepared in five steps from p-phenylenediamine 

(Figure 33). Condensation with 4-bromo-DL-mandelic acid followed by ring closure in concentrated sulfuric acid 

furnishes the tricyclic core, reduction by sodium hydroxide and potassium persulfate and subsequent alkylation then 
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affording the dibromo monomer (M1)† as a dark brown powder solid in 35% overall yield (four steps). Polymerisation 

with either a bis-boronic ester or bis-stannylated comonomer was then effected by palladium-catalysed cross-coupling 

(Suzuki or Stille, respectively) (Figure 34).  

 

 
Figure 33. Synthesis of the dibromo phenyl-flanked benzodipyrrolidone-based (BPP) monomer M1. 

 

 
Figure 34. Synthesis of the phenyl-flanked benzodipyrrolidone-based (BPP) copolymers from M1. 

 

In total, five alternating electron-rich-poor, push-pull type BPP-based polymers were prepared, with the following 

electron-rich comonomers: thiophene (T), 2,2’-bithiophene (2T), thieno[3,2-b]thiophene (TT), (E)-1,2-bisthiophen-2-yl-

ethene (TVT) and 4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']dithiophene (CPDT). In addition a copolymer was 

prepared with the electron-poor benzothiadiazole (BT) unit.  

 

All BPP-based polymers have the same N-alkyl side-chain (2-decyltetradecane). This is chosen for three simple 

reasons: (1) such branched alkyl chains have frequently been used to bring solubility to similar semiconducting 

copolymers;98 (2) the use of a commonly used side-chain allows for more extensive comparison of the semiconducting 

                                                           
† N,N’-Di(2-decyltetradecanyl)-3,7-di(4-bromophenyl)-2,6-dioxo-1,2,5,6-tetrahydrobenzo[1,2-b:4,5-b’]dipyrrole 
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polymer properties to those of other conjugated backbones reported in the literature; and (3) the precursory 

iodoalkane is readily available. 

 

The polymers were typically purified by precipitation from methanol followed by Soxhlet extraction using methanol, 

acetone, hexane, chloroform and, if necessary, chlorobenzene. The latter fraction(s) were then separately heated and 

vigorously stirred with aqueous sodium diethyldithiocarbamate to remove residual catalytic metal impurities. Lower 

molecular weight oligomers were readily removed in the acetone and hexane fractions, affording satisfactory 

molecular weights – as determined by gel permeation chromatography (GPC) - for all six polymers (see Table 3). 

 
Table 3. Properties of the BPP-based copolymers. 

Polymer Soxhlet  Mn Mw PDIa T5% wt loss  Tmelt  Crystallinityd λmax
abs (nm)e Eg

opt  Energy Levels (eV)g 

 Fraction (kDa)a (kDa)a  (°C)b (°C)c  Solution Thin Film (eV)f EHOMO ELUMO 

BPP-T CHCl3 25 25 1.64 386 - Yes 602 622 1.66 -5.68 -4.02 

BPP-2T PhCl 17 42 2.47 393 ~230 Yes 602 624 1.58 -5.63 -4.05 

BPP-TT CHCl3 15 51 3.41 337 - Yes 613 631 1.61 -5.68 -4.07 

BPP-TVT CHCl3 20 46 2.28 391 - Yes 622 647 1.49 -5.55 -4.06 

BPP-CPDT CHCl3 21 41 1.96 394 - Yes 661 687 1.49 -5.44 -3.95 

BPP-BT CHCl3 54 66 1.25 376 - Yes 543 554 1.85 -5.84 -3.99 

a Determined by GPC using polystyrene standards and PhCl as the eluent at 80 °C. b Determined by thermogravimetric analysis (TGA). c As observed by 

differential scanning calorimetry (DSC). d Out-of-plane reflections observed by X-ray diffraction for drop-cast films (from 10 mg/mL chlorobenzene solution) on 

Si substrates dried in air. e Solutions (dilute) in PhCl; thin films drop-cast from 10 mg/mL PhCl solutions on glass substrates. f Determined from the absorption 

onset of the thin film.g EHOMO found by AC2 (PESA) measurement; ELUMO = EHOMO + Eg
opt.  

 

Thermal Properties  
Thermal properties were investigated using thermogravimetric analysis (TGA) and differential scanning calorimetry 

(DSC). The decomposition temperatures (5% weight loss) were all in the range 335-395 °C (Figure 35). However, no 

obvious transitions were observed by DSC (in the range -30 to 350 °C) (Figure 36), with the exception of BPP-2T, 

which exhibited a melt at ~230 °C on heating and corresponding crystallisation at ~200 °C on cooling (Figure 37). 

 

 
Figure 35. Thermogravimetric analysis (TGA) curves of the BPP-based copolymers (under a nitrogen atmosphere with a heating rate of 10 °C/min). 
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Energy Levels 
The electronic properties of the BPP-based copolymers were investigated using Photo Electron Spectroscopy in Air 

(PESA) and are also summarised in Table 3. The ionisation potentials (HOMO levels) were all in the range -5.44 to -

5.84 eV, BPP-BT exhibiting the lowest HOMO due to the electron-poor benzothiadiazole unit. The corresponding 

LUMOs (by addition of the optical band gaps) were in the range -3.95 to -4.07 eV, being suitably deep to permit 

electron injection in transistor devices. Furthermore, the deep HOMO energy levels (below -5.3 eV) could indicate 

good stability towards unintentional doping by atmospheric oxidants such as oxygen and water.  

 

Computational Models 
The optimised structures of the benzodipyrrolidone-based copolymers and visualisations of the HOMO and LUMO 

energy distributions are shown in Figure 41, as calculated using density functional theory (DFT) using Gaussian 09 

software at the B3LYP/6-31G* basis set theory level with N-methyl substitution, due to the weak influence of the alkyl 

side-chains on the electronic structure of the conjugated core. Each polymer is modelled as a tetramer, except BPP-
2T and BPP-TVT, which are modelled as trimers due to the larger size of the structures.  
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Figure 41. Computational models of the BPP-based copolymers showing the energy minimised structures with N-methyl substitution and 

visualisation of the HOMO and LUMO energy distributions (hydrogens are omitted from view for clarity); the predicted HOMO and LUMO energy 
levels and band gap are also quoted.  

 

The dihedral angle between the carbon atoms of the lactam rings on the central core and flanking phenyl rings is 

found to be ~30° in all cases (Figure 42 and Table 5). Meanwhile the dihedral angle between the carbon atoms of the 
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Figure 47. The BPP-based copolymer OFET device characteristics: (left) the output curves and (right) the transfer curves; (top-gate, bottom-contact 
architecture; annealed at 100 °C). Of the three higher electron mobility polymers BPP-BT also exhibited the highest Ion/off ratio and lowest threshold 

voltage.  
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Figure 49. Atomic force microscopy (AFM) images of the BPP-based copolymer films akin to field-effect transistor devices (dried at 100 °C). 
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Interestingly the mobility and roughness is apparently related to the ability of the polymer to adopt different 

configurations within the solid-state film. Both BPP-T and BPP-CPDT allow for curved or kinked polymer chain shapes 

(Figure 44) whilst BPP-BT has a greater degree of torsional twisting along the backbone (Figure 42 and Table 5). In 

addition, BPP-2T exhibits the highest degree of crystallinity with an observable melt by DSC and the most intense low 

angle XRD peak. Furthermore, BPP-CPDT and BPP-T have the highest ratio of alkyl side-chains to conjugated 

backbone units, which may increase the energy barrier to rotation about the backbone, likely increasing the rigidity in 

ordered π-stacked polymer crystallites.  

 
This indicates that while crystallinity in conjugated polymer systems can be beneficial for charge transport, π-stacking 

is much more important than lamellar packing, as expected from the nature of charge hopping between conjugated 

backbones via delocalised molecular orbitals and their overlap.73 Polymers with greater flexibility in the shape of their 

conjugated backbones are able to achieve smoother films, likely with denser packing, giving improved charge carrier 

mobilities.  

 

Conclusion 
A series of six phenyl-flanked benzodipyrrolidone (BPP)-based copolymers were designed and synthesised, all 

bearing N-2-decyl-tetradecyl alkyl side-chains for high solubility in common organic solvents and solution processing. 

The polymers show good thermal stability, as-cast crystallinity, medium optical band gaps and deep HOMO and 

LUMO energy levels. Conjugated backbone planarity depends on the comonomer (BPP-BT exhibiting greater 

twisting), with all polymers exhibiting only electron conduction in top-gate, bottom-contact organic field-effect transistor 

(OFET) devices. 

 

Charge carrier mobility is dependent on polymer film roughness. Polymers that can exhibit a greater ‘defect tolerance’, 

or rather range of backbone shapes (eg curved or twisted: BPP-T, -CPDT and -BT), afford smoother films (RMS 

roughness’ <1 nm) and exhibit charge carrier mobilities an order of magnitude greater than their linear counterparts 

(BPP-2T, -TT and –TVT; RMS roughness >1 nm). In addition we note that those polymers with a higher ratio of alkyl 

side-chains to conjugated backbone units exhibit higher mobilities, possibly as a result of more rigid π-stacks due to 

an increased energy barrier to twisting between the conjugated units along the backbone. Furthermore performance is 

essentially unchanged on exposure to ambient atmosphere, indicating good air stability of the OFET devices. 
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BPP-CN: A Benzodipyrrolidone-Based Small Molecule 

Introduction 
Dicyanomethylene-substituted quinoidal thiophene derivatives have recently become known as excellent electron 

acceptors often with low-lying LUMO energy levels, exemplified as n-type organic semiconductors for application in 

field-effect transistors180 and solar cells.181 In particular small molecules with a diketopyrrolopyrrole central core have 

received much attention with charge carrier mobilities of ~1 cm2/Vs182 and PCEs over 2%.183 These offer great 

promise as alternatives to fullerenes which exhibit weak absorption in the visible region, limited electronic tuning and 

lengthy purification at high cost. In particular the possibility for broad absorption in the solar spectrum and energy level 

alignment to afford high open-circuit voltages makes small molecule and non-fullerene acceptor materials highly 

attractive.53    

 

In addition, diketopyrrolopyrrole dye pigments have long been known for their high photochemical stability, strong light 

absorption and facile synthesis, akin to those of indigo and benzodipyrrolidone.184 Moreover, the planar fused bis-

lactam aromatic moieties in these architectures enhance π-π stacking and molecular ordering, affording greater orbital 

overlap and increasing charge carrier mobilities. Likewise the electron-deficiency of these core units renders them air 

stable. Lastly, the ease of N-alkylation readily affords molecules highly soluble in common organic solvents, suitable 

for solution-processed device manufacture. To the best of our knowledge, a benzodipyrrolidone-based small molecule 

has not yet been evaluated for use in organic electronics devices. The extended planar tricyclic core should further 

enhance solid-state interactions and ordering, affording higher mobilities and broadened overlap with the solar 

spectrum, as observed for benzodipyrrolidone-based polymers.165 

 

Results & Discussion 

Synthesis 
Figure 50 displays the synthetic route chosen for the synthesis of the BPP derivative. Starting from N-alkylated and 

dibrominated phenyl-flanked benzodipyrrolidone M1, 2,2'-((1,5-bis(2-decyltetradecyl)-2,6-dioxo-1,2,5,6-

tetrahydropyrrolo[2,3-f]indole-3,7-diylidene)bis(cyclohexa-2,5-diene-4,1-diylidene))dimalononitrile (BPP-CN) was 

synthesised in a Pd-catalysed Takahashi reaction (10 mol%), followed by oxidation with bromine.185 The low yield 

could be due to competitive opening of the lactam rings and subsequent decomposition product formation, which may 

be overcome by use of stoichiometric catalyst quantities.186 After purification by column chromatography, the chemical 

structure of isolated BPP-CN - which bears the same 2-decyltetradecyl N-alkyl side-chains as the analogous BPP 

polymer series - was confirmed by NMR and mass spectra, being soluble in common organic solvents. 

 

 
Figure 50. Synthesis of the benzodipyrrolidone-derived small molecule BPP-CN. 
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Figure 54. Normalised UV-Vis absorption spectra of BPP-CN.  

 

Energy Levels 
The ionisation potential of BPP-CN was evaluated using Photo-Electron Spectroscopy in Air (PESA) (Table 7). The 

HOMO was found to be -5.45 eV and the LUMO, by addition of the optical band gap, -3.17 eV.  The reasonably deep 

HOMO energy level (below -5 eV) is consistent with other benzodipyrrolidone-based structures and should also 

indicate good stability towards unintentional doping by atmospheric oxidants. However, the wider band gap of the 

small molecule, compared to phenyl-flanked benzodipyrrolidone-based polymers, may limit the propensity for charge 

carrier injection due to poor energetic alignment of the electrode work function with the LUMO level.  

 

Computational Models 
The optimised structure of the BPP-CN small molecule and visualisations of the HOMO and LUMO energy 

distributions are shown in Figure 55, as calculated using density functional theory (DFT) using Gaussian 09 software 

at the B3LYP/6-31G* basis set theory level with N-methyl substitution, due to the weak influence of the alkyl side-

chains on the electronic structure of the conjugated core. The dihedral angle between the carbon atoms of the lactam 

rings on the central core and flanking rings is found to be ~12°, being sufficiently planar to permit charge transport 

along the backbone, with this torsional angle likely being reduced in the solid-state due to ordered π-stacking of the 

molecules.177 Notably the calculated band gap (1.25 eV) is 1.05 eV smaller than the experimentally determined optical 

band gap (2.3 eV). This may be due to modelling in the gas phase, which although reasonably accurate for polymers, 

is less applicable to small molecules. Interestingly though, both the HOMO and LUMO are extensively delocalised 

across the molecule, indicating that in an ordered solid-state both holes and electrons could be transported, as 

interactions with frontier molecular orbitals on adjacent stacked molecules are likely.  

 

0

0.2

0.4

0.6

0.8

1

300 400 500 600 700 800 900

Ab
so

rb
an

ce
 

Wavelength / nm 

Solution

Thin-Film



New organic semiconductors and crosslinking additives for enhanced device performance and stability    2014 

J W Rumer 
Imperial College London    Page 72 of 192 

 
Figure 55. Computational models of BPP-CN showing (top left) the energy minimised structure with N-methyl substitution, (middle left) visualisation 
of the HOMO and (bottom left) LUMO energy distributions. The calculated and experimentally determined energy levels and band gaps are shown 

(right) for comparison.  

 

Conclusion 
We have shown that the benzodipyrrolidone building block can be incorporated into small molecules designed for use 

as organic semiconductors in electronic devices. The high ionisation potential of the electron-poor bis-lactam core is 

retained with delocalisation of the frontier molecular orbitals across the planar structure. However, the small molecule 

exhibits a wider band gap than analogous benzodipyrrolidone-based polymers. 

 

The wide band gap of BPP-CN may render it useful as a small molecule donor to accompany fullerene acceptors or 

alternatively as a small molecule acceptor to accompany wide band gap donor polymers such as P3HT in bulk 

heterojunction organic solar cells. Alternatively, hole transport may be observable in organic field-effect transistors. 

However, the energetics of the system (a high LUMO energy level) may render it less amenable to electron transport 

and ambipolar behaviour.  
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Synthesis Studies towards Thiophene-Flanked Benzodipyrrolidone (BPT)-
Based Polymers 
While benzodipyrrolidone-based polymers with a phenyl-flanked core are readily accessible from mandelic acid, the 

phenyl moieties are often responsible for introducing steric twisting along the backbone, leading to large dihedral 

angles between linked units and inefficient π orbital overlap, reducing close intermolecular interactions and limiting 

charge transport. The significantly more planar – potentially high mobility – semiconductor of a thiophene-flanked 

benzodipyrrolidone is not accessible by the same chemistry due to insolubility and instability of the intermediates.  

 

Instead, a ‘core first’ approach could allow for the rapid synthesis of a small library of benzodipyrrolidone-based 

polymers with varying alkyl chains, flanking aromatics and comonomers; the relevant 1,4-bis-glyoxamide core could 

also be an interesting polymer when fully conjugated. To this end we investigated a range of approaches to a the 1,4-

bis-glyoxamide core, namely: (i) acidic ring closure; (ii) Mont KSF solid support catalyst ultrasound promoted 

cyclisation; (iii) Friedel-Crafts intramolecular cyclisation; and (iv) carbon radical cyclisation, all of which encountered 

problems. In particular, thiophene-flanked benzodipyrrolidones cannot be synthesised in the same was as their phenyl 

analogues due to instability of the thiophene rings to concentrated sulfuric acid, with any such attempt leading to 

oxidation, polymerisation and insoluble black products. However, if attempting a core-first synthesis one must be 

weary of the insolubility of the unalkylated 1,4-bisglyoxamide tricycle which can form strong hydrogen bonds (like DNA 

base pairing) resulting again in insoluble material. Ultimately a recently developed  Pummerer-type cyclisation was 

used to access the 1,4-bisglyoxamide heterocycles, which has previously been used to synthesise an N-hexyl 

alkylated tricycle akin to our desired core target.187,188 The rare starting material n,n’-dihexyl-1,4-phenylenediamine 

undergoes peptide coupling, hydrolysis and oxidation with reasonable yield and purity giving a bisglyoxamide 

substrate; the use of bulky para-bromothiophenol in the key step Pummerer-type cyclisation gives a predominantly 

linear core, separable by chromatography from the bent form (but indistinguishable by NMR). Independent reductive 

removal of the sulfanyl groups by Samarium iodide furnishes the unflanked core structure (Figure 56).  

 

 
Figure 56. Procter group literature synthesis of an alkylated 1,4-bisglyoxamide via a connective Pummerer-type cyclisation. 
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Thiophene-Flanked Benzodipyrrolidone (BPT)-Based Polymers 

Introduction 
Here we report the first thiophene-flanked benzodipyrrolidone (BPT)-based copolymers, alternately polymerised with 

thiophene (BPT-T) and bithiophene (BPT-2T) as shown in Figure 57. The synthesis, morphology, thermal, optical and 

electronic properties and computation models of the polymer are presented. Device measurements for organic field-

effect transistors (OFETs) are also reported, with analysis of the device morphology by AFM, demonstrating how 

manipulation of existing building blocks can modulate the properties of conjugated polymers, elucidating structure-

property relationships, which are desirable for the rational design of next generation materials. 

 

 
Figure 57. The thiophene-flanked benzodipyrrolidone (BPT)-based polymers BPT-T, BPT-2T and BPT-TT. 

 

Results & Discussion 

Synthesis 
The synthesis of the BPT-based polymers is shown in Figure 58. p-Phenylenediamine underwent two-directional 

acylation with 2-octyldodecanoyl chloride (prepared from the precursory alcohol) to give the diamide 4 and 

subsequent reduction to give the corresponding diamine 5 in good yield. Reaction with acetoxyacetyl chloride followed 

by ester hydrolysis proceeds in good yield to give the 1,4-bis(hydroxyacetamide) 6. Swern oxidation affords the 1,4-

bis(glyoxamide), which then undergoes a two-directional Pummerer-type189 cyclisation as previously developed by 

Procter et al.189–192 to close the intermediate tricycle 7. The use of a bulky thiophenol in the Pummerer-type cyclisation 

gave predominantly (>5 : 1) the linear isomer shown (7), presumably due to unfavourable steric interactions involved 

in forming the alternative bent isomer (Figure 59). The Pummerer product was then converted to the bis-isatin 8 via a 

CAN mediated oxidation in good overall yield. From here a three step procedure, consisting of a two-directional 

Grignard reaction, immediately followed by reduction using NaH2PO2/NaI/AcOH, and selective oxidation with DDQ, 

allowed access to the advanced intermediate 9 in a yield of 35 % over the three steps. A final bromination step using 

NBS/THF in the absence of light afforded the final monomer M2‡ as a purple solid in 95 % yield. Polymerisation 

proceeds with either 2,5-bis(trimethylstannyl)thiophene  or 5,5’-bis(trimethylstannyl)-2,2’-bithiophene under standard 

microwave Stille coupling conditions in chlorobenzene to afford the polymers BPT-T and BPT-2T, respectively. The 

polymers were purified by precipitation from methanol followed by Soxhlet extraction using acetone, hexane, 

chloroform and chlorobenzene.  

 

                                                           
‡ 3,7-Bis(5-bromothiophen-2-yl)-1,5-bis(2-octyldodecyl)pyrrolo[2,3-f]indole-2,6(1H,5H)-dione 
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Figure 58. Synthesis of the (BPT)-based polymers BPT-T, BPT-2T and BPT-TT; R = 2-octyldodecyl; [Donor] = T, 2T or TT. 

 

 
Figure 59. Linear and bent isomers of intermediate tricycle 7; R = 2-octyldodecyl. 

 

The latter two fractions were then separately heated and vigorously stirred with aqueous sodium 

diethyldithiocarbamate to remove residual catalytic metal impurities. Lower molecular-weight oligomers were readily 

removed in the acetone and hexane fractions of BPT-T, giving a satisfactory molecular weight (Mn = 34 kDa, Mw = 57 

kDa) by gel permeation chromatography (GPC). However, the lower solubility of BPT-2T likely contributes to its low 

number-average molecular weight of 5 kDa. BPT-2T precipitates more readily from solution, limiting the 

polymerisation and inhibiting the removal of lower weight oligomers. Key properties of the polymers are summarised in 

Table 9. 

 
Table 9. Properties of the BPT–based polymers BPT-T, BPT-2T and BPT-TT.  

Polymer 
Mn 

(kDa)a 

Mw 

(kDa)a 
PDIa 

λmax
abs (nm) Eg

opt 
(eV)c 

Energy Levels (eV)d 

Solutionb Filmc EHOMO ELUMO 

BPT-T 34 57 1.67 966 979 1.0 -5.3 -4.2 
BPT-2T 5 17 3.30 768 848 1.2 -5.3 -4.2 
BPT-TT 4 30 5.66 956* 940* 1.0* -5.6* -4.6* 

a Determined by GPC using polystyrene standards and PhCl as the eluent at 80 °C. b Solutions in dilute PhCl. c Thin films spin-coated from ~5 mg/mL PhCl 

solutions on glass substrates. d EHOMO found by AC2 (PESA) measurement; ELUMO = EHOMO + Eg
opt. * Obtained from dilute solution in trichlorobenzene or a drop-

cast film from 1 mg/mL trichlorobenzene solution; energy levels are determined from solid-state films. 

 

Thermal Properties  
Thermal properties and thin film morphology of the BPT-based polymers were investigated using thermogravimetric 

analysis (TGA) and differential scanning calorimetry (DSC) (Figure 60). Both BPT-T and BPT-2T exhibited good 

thermal stability with decomposition temperatures (5% weight loss) of 411 and 389 °C, respectively (heating at a rate 

of 10 °C/min under a nitrogen atmosphere). However, no transitions were observed by DSC in the range -30 to 350 °C 

for BPT-T, in common with the phenyl-flanked benzodipyrrolidone analogue (BPP) and thiophene-flanked 

diketopyrrolopyrrole (DPP)-based polymers. In contrast, BPT-2T exhibited a melt at 328 °C and upon cooling 

crystallisation at 315 °C.  
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Figure 61. X-ray diffraction (XRD) diagram of the BPT-T and BPT-2T polymer thin films on Si substrates (as-cast).  

 
Table 10. X-ray diffraction data for the BPT-based polymers. 

Polymer 
2θ (°) d-spacing (Å) 2θ (°) d-spacing (Å) 

n = 1 n = 2 

BPT-T 4.4 18 8.6 18 

BPT-2T 5.0 20 9.6 20 

Polymer thin films were drop-cast on silicon substrates from 10 mg/mL hot chlorobenzene solutions and allowed to dry in air.  

 

Optical Properties 
Optical absorption spectra of the BPT-based polymer solutions and thin films are shown in Figure 62 and Figure 63 for 

the UV-Vis region and key properties summarised in Table 9. Since the absorption extends into the NIR region, for the 

solution processable polymers BPT-T and BPT-2T, UV-Vis-NIR absorption spectra were also obtained (Figure 64). 

BPT-T exhibits an absorption maximum above 950 nm in the thin film, being red-shifted by ~200 nm in comparison to 

BPT-2T, due to BPT-T being a larger molecular weight polymer, and possible planarisation and subsequently 

improved frontier molecular orbital overlap and conjugation from intermolecular interactions. The absorption maxima in 

solution are almost identical to those in the thin film, indicating substantial aggregation in solution. The low optical 

band gaps (~1.1 eV) demonstrate that thiophene-flanked benzodipyrrolidones should be effective units for 

constructing low-band gap polymers. Likewise the broad absorption profile of the BPT-based polymers is noteworthy 

as this may be beneficial for light absorption and subsequent charge generation, due to a strong overlap with the solar 

radiation spectrum. 
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(found by adding the optical band gap to the PESA determined HOMO). BPT-TT was found to have a higher 

ionisation potential with a deep HOMO at -5.6 eV and LUMO at -4.6 eV, though this value may be partly dependent on 

the lower molecular weight of the polymer. Such deep energy levels are comparable to those of the phenyl-flanked 

benzodipyrrolidone (BPP)-based polymers, showing stronger electron affinities than typical diketopyrrolopyrrole 

(DPP)-based polymers and being suitable for ambipolar charge transport. The reasonably deep HOMO energy levels 

(below -5 eV) should also indicate good stability towards unintentional doping by atmospheric oxidants.  

 

Computational Models 
Optimised structures of the BPT-T and BPT-2T polymer backbones reveal them to be effectively fully planar (Figure 

65) by computational modelling at the B3LYP/6-31G* basis set level of theory for N-methyl substituted tetramers. 

Moreover, two isomers of BPT-T were modelled and the core-flanking thiophenes found to preferentially ‘point’ – or 

rather be orientated - with the sulfur atoms away from the carbonyls, with a difference of 27 kJ/mol. The preferred 

configuration likely minimises steric hindrance, with the flanking thiophene hydrogen atoms positioned well away from 

those on the phenyl ring of the benzodipyrrolidone core.  

 

In addition, the calculated band gaps for all three polymers are ~1 eV, implying that the wider experimentally 

determined optical band gap of BPT-2T (1.2 eV compared to 1.0 eV for BPT-T) may be attributed to the low molecular 

weight of the polymer limiting the effective conjugation length. Similarly the experimentally determined HOMO of BPT-
TT is markedly lower than the other two polymers, an effect that whilst present, is not so prominent in the 

computational models. This may be due to the different processing conditions used for the poorly soluble BPT-TT 

polymer resulting in an incomparable value.  

 

Moreover, the HOMO and LUMO energy densities are extensively delocalised along the polymer chains, as opposed 

to being localised on the donor and acceptor parts, respectively. This extensive delocalisation could facilitate 

enhanced charge carrier transport. 
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Figure 65. Energy minimised structures (B3LYP/6-31G*) of BPT-T, BPT-2T and BPT-TT tetramers with N-methyl substitution, with visualisation of 

the HOMO (bottom) and LUMO (top) energy distributions and calculated band gap beneath each structure; the total energy of the alternative 
configuration of the BPT-T tetramer (Alt-BPT-T) is also shown for comparison.  

 

Charge Carrier Transport 
The charge carrier transport in the BPT-T and BPT-2T polymers was investigated in organic field-effect transistors 

(OFETs). BPT-TT was not used in device fabrication due to the poor solubility of the polymer, which made it 

impossible to form closed films at solution concentrations necessary for manufacture (5 mg/mL) even with an 

optimised mixed solvent system (4:1 chloroform/ODCB (Figure 66).  

 

  
Figure 66. Optical images of BPT-TT thin films spin-coated from (left) 1 mg/mL solution and (right) 5 mg/mL solution. The higher concentration 

results in an unclosed poor quality film.   
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The low band gap and relative energetics of the BPT-T and BPT-2T polymers allows sufficient charge injection into 

the HOMO and LUMO levels from a single electrode material (gold). Firstly a bottom-gate, bottom-contact architecture 

was used. Various annealing temperatures were evaluated with 175 °C giving the best performance. However, due to 

charge trapping at the interface, large hysteresis occurs (Figure 67). Resultantly the architecture was changed for top-

gate, bottom-contact  
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Figure 67. (Left) transfer curves for a BPT-2T field-effect transistor device annealed at various temperatures (150-300 °C); (bottom-gate, bottom-
contact architecture; channel width 1500 μm and channel length 20 µm); and (right) output curves for a BPT-2T field-effect transistor device after 

annealing at 175 °C; (bottom-gate, bottom-contact architecture; channel width 1500 μm and channel length 20 µm). Large hysteresis occurs due to 
charge trapping at the interface. 

 

The output and transfer characteristics for BPT-T and BPT-2T in top-gate/bottom-contact OFETs are depicted in 

Figure 68, while the key device properties are summarised in Table 11. The mobilities have been extracted in the 

saturation regime at bias conditions VD = -100 V for µh VG negative and VD = 100 V for µe VG positive, using the slope 

of a linear fit to the square root plot of the drain current. BPT-2T exhibited satisfactory ambipolar properties with a hole 

mobility of 0.08 cm2/Vs and electron mobility of 0.01 cm2/Vs. However, BPT-T exhibits both improved and better 

balanced ambipolar transport with a hole and electron mobility of 0.21 and 0.10 cm2/Vs, respectively. From these 

measurements it appears that the lower molecular weight of BPT-2T limits charge transport. The threshold voltage 

(VTH) for electron transport in both materials is ~30 V. However, BPT-2T exhibits a significantly higher VTH for hole 

transport (-111 V) compared to BPT-T (-62 V), which may be explained by greater energetic disorder in the HOMO of 

the former. The lower electron VTH
 for BPT-T also results in a higher off current for this polymer, as expected in 

ambipolar OFET performance.194  

 
Table 11. OFET performance of the BPT-T and BPT-2T polymers. 

Polymer 
Effective Mobility (cm2/Vs) On/Off Ratio Threshold Voltage (V) 

Surface Roughness (nm) 
Holes Electrons Holes Electrons Holes Electrons 

BPT-T 0.21 0.10 1.E+05 1.E+04 -62 30 1.32 
BPT-2T 0.08 0.01 1.E+05 1.E+04 -111 30 4.02 

Organic field-effect transistors: bottom-gate/top-contact architecture; channel width 1500 μm and channel length 20 µm, performance after annealing at 175 °C. 
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Figure 68. Organic field-effect transistor (OFET) device performance of (left) BPT-T and (right) BPT-2T: (top) transfer and (bottom) output curves, 

after annealing at 175 °C. 

 

BPT polymer films were also studied using atomic force microscopy (AFM) in an effort to further analyse their surface 

morphology and overall film quality (Figure 69 and Figure 70). The surface roughness extracted from these 

measurements is 1.32 nm for BPT-T and 4.02 nm for BPT-2T films. The higher surface roughness for the BPT-2T film 

is consistent with a more crystalline morphology, as indicated by DSC and XRD, but may also be attributed to the poor 

solubility of the polymer and ready precipitation from solution on casting. The increase in surface roughness of the 

BPT-T film on annealing at higher temperature is similarly consistent with forming a more crystalline morphology.  

 

 
Figure 69. Atomic force microscopy (AFM) topography images of (left) BPT-T and (right) BPT-2T polymer films on OTS treated SiO2: (top) after 

annealing at 175 °C and (bottom) after annealing at 300 °C. 
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Figure 70. Atomic force microscopy (AFM) phase images of (left) BPT-T and (right) BPT-2T polymer films on OTS treated SiO2: (top) after 
annealing at 175 °C and (bottom) after annealing at 300 °C. 

 

Photovoltaic Cells 
Photovoltaic devices were fabricated with BPT-T as the donor polymer material and the results are summarised in 

Table 12. Cells were prepared by spin-coating from a 4:1 chloroform/ODCB mixed solvent solution of polymer and 

phenyl-C71 butyric acid methyl ester (PC70BM) as the fullerene acceptor onto TiO2 coated indium tin oxide (ITO) on 

glass substrates. The casting process was varied to achieve cells with systematically increasing photoactive layer 

thicknesses from 10 to 180 nm (see Table 12). Thicker photoactive layers may absorb more light and generate more 

charge. However, they may also encumber charge separation and extraction, depending on the resulting 

microstructure. The cells were completed by evaporation of molybdenum oxide as a hole transport layer and 

subsequently silver as the anode.  

 

With the exception of the 10 nm thick device, which showed anomalous behaviour, the open-circuit voltage (Voc) was 

consistently 0.57 V (+/- 0.01 V). Meanwhile, the fill factor (FF) was typically lower for the thicker devices (Figure 71), 

being approximately 50 for the devices over 100 nm in thickness, while those below 100 nm has a FF of ~60 (Figure 

72), implying that a poorer microstructure results in the thicker films, perhaps resulting in increased charge 

recombination and/or trap states. However, these thicker devices did exhibit higher short-circuit currents (Jsc), which 

increased from 1.32 mA/cm2 for the 30 nm device to a maximum of 2.5 mA/cm2 for the 140 and 180 nm devices, most 

likely due to increase light absorption and charge generation, as aforementioned. In any case the highest observed 

power conversion efficiency (PCE) was 0.7%, observed in the 140 nm thick device.  

 
Table 12. OPV performance of BPT-T. 

Photoactive Layer Thickness (nm) Voc (V) Jsc (mAcm-2) FF PCE (%) 

10 0.41 0.60 53 0.2 
30 0.55 1.32 58 0.4 
40 0.58 1.81 61 0.6 
50 0.56 1.83 62 0.6 

140 0.57 2.50 50 0.7 
160 0.56 2.15 47 0.6 
180 0.57 2.49 44 0.6 

Inverted architecture organic photovoltaic cells with bulk heterojunction photoactive layers of varied thicknesses. 
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Figure 71. Current-voltage curves for the thicker (>100 nm) inverted OPV devices from BPT-T.  

 

 
Figure 72. Current-voltage curves for the thinner (>100 nm) inverted OPV devices from BPT-T.  

  

The reason for the low power conversion efficiency in all cases was investigated by determining the external quantum 

efficiency (EQE) of the cells, which shows that the photocurrent generated is entirely from the fullerene species 

(PC70BM) (Figure 73), with the relatively low EQE value (~14%) implying limited charge separation in the blends from 

polymer to fullerene acceptor (P3HT:PCBM blends can exhibit over 50% EQE).195 This indicates that the LUMO level 

of the fullerene derivatives is too close to that of the BPT-T donor polymer to give a suitable energy level offset for 

enabling effective charge separation.196  

 

 
Figure 73. Current-voltage curves for the thinner (>100 nm) inverted OPV devices from BPT-T.  
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Second Generation BPT-Based Polymers 
Given the low solubility of the BPT-2T and BPT-TT polymers and resultant poor device performance and ill propensity 

to solution processing, a strategy was employed to alter the design of the materials: extending the length of the N-alkyl 

side-chains - a proven method for improving the solubility of organic semiconducting polymers. In addition, 

polymerisation with alternative comonomers could shift the frontier molecular orbital (HOMO and LUMO) energy levels 

into a regime compatible with OPV applications using conventional fullerene acceptor materials. To this end a series 

of BPT-based polymers bearing N-2-decyltetradecyl alkyl side-chains were designed, synthesised and evaluated for 

use in organic electronics devices.  

Synthesis 
The synthesis of the second generation BPT-based polymers was analogous to their predecessors save preparing the 

acyl chloride from 2-decyltetradecanol. In the first step this was coupled with p-phenylenediamine to furnish the bis-

functionalised diamide (10), from which the benzodipyrrolidone-based monomer (M3)§ is constructed, using the same 

series of steps as before (Figure 74; see Figure 58 for previous synthesis of M2).  

 

 
Figure 74. Synthesis of the N-2-decyltetradecyl bis-alkylated dibrominated thiophene-flanked benzodipyrrolidone-based (BPT) monomer M3.  

 

Polymerisation proceeds with 5,5’-bis(trimethylstannyl)-2,2’-bithiophene yielding BPT-2T* for direct comparison to the 

first generation BPT-based polymers, and also with either (E)-1,2-bis(5-trimethylstannyl)thiophen-2-yl-ethene yielding 

BPT-TVT or 4,4’-bis(2-ethylhexyl)-5,5’-bis(trimethyltin)dithieno[3,2-b:2',3'-d]germole yielding BPT-DTG (Figure 75). In 

all three cases, due to the expected improved solubility from using a longer N-alkyl side-chain, an alternative set of 

polymerisation conditions (conventional heating overnight) were chosen as these have been shown to give high 

molecular weight polymers. The reduced palladium catalyst loading is more economical and beneficial for scale-up, 

while the increased ligand loading prevents decomposition of the catalyst; meanwhile DMF accelerates the cross-

coupling reaction to obtain high molecular weights.197  

                                                           
§ 3,7-Bis(5-bromothiophen-2-yl)-1,5-bis(2-decyltetradecyl)pyrrolo[2,3-f]indole-2,6(1H,5H)-dione 
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Figure 75. Synthesis of the second generation thiophene-flanked benzodipyrrolidone-based (BPT) copolymers BPT-2T, BPT-TVT and BPT-DTG by 

palladium-catalysed Still cross-coupling polymerisation.  

 

The polymers were purified in the same fashion as before, by precipitation from methanol followed by Soxhlet 

extraction using acetone, hexane, chloroform and chlorobenzene. The latter two fractions were then separately heated 

and vigorously stirred with aqueous sodium diethyldithiocarbamate to remove residual catalytic metal impurities. 

Unfortunately, the chloroform fraction of BPT-TVT was the only soluble material to be isolated, with a low molecular 

weight (Mn = 8 kDa, Mw = 28 kDa) by gel permeation chromatography (GPC) and a broad PDI (3.82) implying that 

aggregation may be inflating the weight-average molecular weight value (Mw). The polymers BPT-2T* and BPT-DTG 

could not be solubilised even with high pressure refluxing (200 °C) in highly polar 1,1,2,2-tetrachloroethane (b.p. 147 

°C) in a sealed tube. While the lack of recovered oligomers during Soxhlet purification suggests high molecular weight 

polymers were formed, these could not be characterised in any detail. Key properties of the second generation BPT-

based polymers are summarised in Table 13, as far as practically obtainable.  

 
Table 13. Properties of the second generation BPT–based polymers BPT-2T, BPT-TVT and BPT-DTG.  

Polymer 
Mn 

(kDa)a 

Mw 

(kDa)a 
PDIa 

λmax
abs (nm) Eg

opt 
(eV)c 

Energy Levels (eV)d 

Solutionb Filmc EHOMO ELUMO 

BPT-2T* - - - 768 848 1.2 -5.3 -4.2 
BPT-TVT 8 28 3.82 781 788 1.2 -5.3 -4.1 
BPT-DTG - - - 735* - 1.3* -5.5 -4.2* 

The values quoted for BPT-2T* are from the first generation polymer for comparison due to the weak influence of the alkyl side-chains on the optical 

properties and energetics of the system. a Determined by GPC using polystyrene standards and PhCl as the eluent at 80 °C. b Solutions in dilute PhCl. c Thin films 

spin-coated from ~5 mg/mL PhCl solutions on glass substrates. d EHOMO found by AC2 (PESA) measurement; ELUMO = EHOMO + Eg
opt. Obtained using a very dilute 

solution in ODCB. 

 

Optical Properties 
Optical absorption spectra of the BPT2T, BPT-TVT and BPT-DTG solutions and thin films are shown in Figure 76 for 

the UV-Vis region and key properties summarised in Table 13. All three polymers exhibit absorption maxima above 

700 nm, BPT-DTG (λmax = 735 nm) being blue-shifted by ~35 nm compared to the other two polymers, perhaps due to 

only low molecular weight polymer strands being solubilised. Both BPT-TVT and BPT-2T exhibit aggregation in 

solution, which is most likely absent for BPT-DTG due to the very dilute nature of the solution. The thin film absorption 

profiles of BPT-TVT and BPT-2T are slightly broadened compared to their solutions, with vastly increased 

aggregation, this now being responsible for the absorption maxima of BPT-2T. The polymers BPT-2T and BPT-TVT 

exhibit identical low optical band gaps of 1.2 eV, BPT-DTG is similar being 1.3 eV as determined from the onset of 

absorption in the solution. 
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Thiophene-Vinyl-Thiophene (TVT)-Based Polymers 
 

Introduction 
A systematic series of four (E)-thiophen-2-yl-ethene [thiophene-vinyl-thiophene] (TVT)-based polymers (Figure 81) 

were designed, synthesised, characterised and their performance in organic field-effect transistors (OFETs) and 

photovoltaic (OPV) cells evaluated.  

 

 
Figure 81. The thiophene-vinyl-thiophene (TVT)-based polymers C16-IIT-TVT, C8C10-IIT-TVT, C8C10-DPPT-TVT and BPT-TVT. 

 

Results & Discussion 

Synthesis 
The synthesis of the TVT-based polymers is shown in Figure 82. The TVT-based comonomer M4** was prepared by 

selective lithiation of trans-1,2-di(2-thienyl)-ethylene and quenching with trimethyltin chloride solution under controlled 

(cold) conditions. Polymerisation proceeded via palladium-catalysed Stille cross-coupling under the same conditions 

used to prepare BPT-TVT. The polymers were purified by precipitation from methanol followed by Soxhlet extraction 

using acetone, hexane, chloroform and chlorobenzene for fair comparison to previously prepared materials. The latter 

two fractions were then separately heated and vigorously stirred with aqueous sodium diethyldithiocarbamate to 

remove residual catalytic metal impurities. Molecular weights were determined by gel permeation chromatography 

(GPC) and are summarised with the optical and electronic properties of the polymers in Table 14, alongside those of 

previously synthesised BPT-TVT for comparison. The polymers have not been compared to previously synthesised 

BPP-TVT due to the incomparable torsional twisting of the polymer backbone that the benzodipyrrolidone-flanking 

phenyl moieties induced for the polymer. Notably the TVT-based polymers are all low molecular weight  (Mn < 20 kDa) 

with broad PDIs, indicating aggregation of lower molecular weight polymer strands leading to perhaps exaggerated 

weight-average molecular weight (Mw) values.   
 

 

Figure 82. Synthesis of the TVT-based polymers C16-IIT-TVT, C8C10-IIT-TVT, C8C10-DPPT-TVT and BPT-TVT. 

  

                                                           
** (E)-1,2-bis(5-trimethylstannyl)thiophen-2-yl-ethene 
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Table 14. Properties of the TVT–based polymers.  

Polymer 
Mn 

(kDa)a 

Mw 

(kDa)a 
PDIa 

T95% Tmelt Crystallinityd λmax
abs (nm) 

Eg
opt 

(eV)f 

Energy Levels (eV)g 

(°C)b (°C)c  Solutione Filme EHOMO ELUMO 

C16-IIT-TVT - - - 449 - Yes 958 948 1.1 -4.8 -3.7 
C8C10-IIT-TVT 9 20 2.24 424 - Yes 826 840 1.2 -4.8 -3.6 

C8C10-DPPT-TVT 13 56 4.97 362 290 Yes 687 697 1.5 -5.2 -3.7 
BPT-TVT 8 28 3.82 383 - Yes 781 788 1.2 -5.3 -4.1 

a Determined by GPC using polystyrene standards and PhCl as the eluent at 80 °C. b Determined by thermogravimetric analysis (TGA). c As observed by 
differential scanning calorimetry (DSC). d Out-of-plane reflections observed by X-ray diffraction for drop-cast films (from 10 mg/mL chlorobenzene solution) on 

Si substrates dried in air. e Solutions (dilute) in PhCl; thin films drop-cast from 10 mg/mL PhCl solutions on glass substrates. f Determined from the absorption 

onset of the thin film.g EHOMO found by AC2 (PESA) measurement; ELUMO = EHOMO + Eg
opt.  

 

Thermal Properties  
Thermal properties and thin film morphology were investigated using thermogravimetric analysis (TGA) and differential 

scanning calorimetry (DSC) (Figure 83 and Figure 84). The decomposition temperatures (5% weight loss) were in the 

range 362 to 449 °C (Table 14), the thiophene-isoindigo (IIT) unit exhibiting a higher thermal stability than the other 

bis-lactams. No transitions were observed by differential scanning calorimetry (DSC) between -30 and 300 °C for the 

polymers, with the exception of C8C10-DPPT-TVT, which exhibited a melt at 290 °C (heating at a rate of 10 °C/min 

under a nitrogen atmosphere) and subsequent crystallisation on cooling at 255 °C. The peaks between 50 and 100 °C 

are artefacts inherent to the machine.  

 

 

Figure 83. Thermogravimetric (TGA) analysis curves of the TVT–based polymers (heating at 10 °C / min under a nitrogen atmosphere). 

 

 
Figure 84. Differential scanning calorimetry profile of C8C10-DPPT-TVT (heating at 10 °C/min under a nitrogen atmosphere). 
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Morphology 
The morphology of the TVT-based polymers in the solid-state was investigated using X-ray diffraction (XRD) (Figure 

85 and Table 15). Thin films were drop-cast from polymer solution (5 mg/mL hot chlorobenzene) onto Si substrates 

and allowed to dry in air, with the same substrates then being subject to annealing at 200 °C for 10 minutes under a 

nitrogen atmosphere. All four polymers are crystalline as-cast, with their out-of-plane reflection peaks increasing in 

intensity on annealing. Likewise all four polymers exhibit discernible primary and secondary peaks, the tertiary and 

quaternary decreasing in intensity though. However, in common with prior studies, the (100), (200) and (300) 

diffraction peaks dominate the spectra making indefinite any (010) peak, associable with facial π-π stacking between 

polymeric backbones, with the exception of BPP-TVT, which shows a broad reflection as-cast at ~2θ = 19°.9(b) The 

observed low angle diffraction peaks (2θ = 4.5-4.8°) are characteristic of lamellar-type crystallinity in π-stacked 

conjugated polymers, being associable with the interlayer d-spacing distance, calculated to range from 18.4 to 20.3 A. 

With the exception of C8C10-DPPT-TVT this d-spacing tends to increase by ~0.5 A on annealing, which may be 

attributed to the sterically bulky branched alkyl side-chains, which cannot interdigitate, pushing the ordered polymer 

backbones apart as the system approaches a thermodynamically more stable state. Such observed solid-state 

crystallinity is favourable for charge transport, facilitating inter-chain charge carrier hopping. In addition the peaks for 

IIT-TVT based polymers increase in intensity almost six-fold on annealing, indicating a strong preference for the out-

of-plane orientation.  

 

 

 
Figure 85. X-ray diffraction (XRD) diagrams of the TVT-based polymer thin films on Si substrates: (top) as cast and (bottom) annealed.  
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Table 15. X-ray diffraction data for the TVT-based polymers. 

Processing Polymer 
2θ / ° Intensity d spacing / A 2θ / ° Intensity d spacing / A 2θ / ° Intensity d spacing / A 

n = 1 n = 2 n = 3 

As Cast 

C16-IIT-TVT 4.79 15774 18.4 9.34 3131 18.9 14.05 1441 18.9 

C8C10-IIT-TVT 4.49 8930 19.7 8.57 3752 20.6 12.71 2108 20.9 

C8C10-DPPT-TVT 4.79 25560 18.4 9.47 2907 18.7 14.22 2403 18.7 

BPT-TVT 4.66 9712 19.0 9.24 1283 19.1 - - - 

Annealed 

C16-IIT-TVT 4.69 32112 18.8 9.20 5788 19.2 - - - 

C8C10-IIT-TVT 4.36 100718 20.3 8.57 12358 20.6 12.78 5090 20.8 

C8C10-DPPT-TVT 4.82 50472 18.3 9.50 6489 18.6 14.25 3949 18.6 

BPT-TVT 4.49 96077 19.7 8.83 6116 20.0 - - - 

Polymer thin films were drop-cast on silicon substrates from 10 mg/mL hot chlorobenzene solutions and allowed to dry in air.  

 

Optical Properties 
Optical (UV-Vis) absorption spectra of the TVT-based polymers in solutions and thin films are shown in Figure 86 and 

key properties summarised in Table 14. All three polymers exhibit absorption maxima above 600 nm, with broad 

absorption, and shoulders indicative of aggregation in solution, this effect being most prominent for C8C10-DPPT-
TVT. In addition, on spin-coating into thin films the aggregate absorption intensifies significantly, indicating strong 

solid-state interactions and a high degree of polymer packing. C16-IIT-TVT exhibits the highest degree of aggregation, 

possibly due to improved molecular ordering and packing, such as interdigitation, with this aggregation absorption 

accounting for the profile maxima, as observed previously for BPT-2T, which is essentially unchanged between 

solution and thin film. Discounting the absorption from aggregation, the C16-IIT-TVT π-π* transition is in the same 

position as the C8C10-IIT-TVT absorption maxima (850 nm), as expected from the identical conjugated backbone 

structures of the polymers. Perhaps more interestingly, the different structure of the three bis-lactam core units is 

reflected by a correlated trend in thin film absorption maxima, the onset of absorption and thus optical band gap, 

which ranges from 1.45 eV for C8C10-DPPT-TVT, to 1.23 eV for BPP-TVT and 1.15 for the IIT-TVT system, with the 

absorption maxima red-shifting from the DPPT to BPT to IIT-based polymers, likely being a result of improved and 

more extensive overlap of the frontier orbital wavefunctions for the latter systems.  
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Figure 87. Energy minimised structures (B3LYP/6-31G*) of the TVT-based polymers modelled as tetramers with N-methyl substitution, with 

visualisation of the HOMO (bottom) and LUMO (top) energy distributions and calculated band gap beneath each structure.  

 

Charge Carrier Transport 
The charge carrier transport in the TVT-based polymers was investigated in organic field-effect transistors (OFETs), 

using a standard bottom-gate, bottom-contact architecture built from pre-patterned Si/SiO2 substrates treated with 

HMDS (hexamethyldisilazane) and gold electrodes. The semiconducting polymer layer was spin-coated from ODCB 

solution (5 mg/mL). Performance was tested both before and after thermal annealing (at 200 °C for 10 minutes under 

a nitrogen atmosphere), as this affords a more crystalline microstructure (as observed by DSC and XRD), which could 

lead to improved charge carrier mobility due to improved polymer packing and frontier molecular orbital overlap 

between adjacent polymer backbones. The key properties of the transistors (hole mobility, threshold voltage and 

on/off ratio) are summarised in Table 16 and the transfer and output curves shown in Figure 88. 

 
Table 16. OFET performance of the TVT-based polymers. 

Polymer 
Hole Mobility (cm2/Vs) On/Off Ratio Threshold Voltage (V) 

As-Cast Annealed As-Cast Annealed As-Cast Annealed 

C16-IIT-TVT 8.7E-04 8.8E-04 9.E+01 8.E+04 3.2 -5.7 
C8C10-IIT-TVT 3.0E-03 2.8E-02 6.E+02 3.E+05 -6.2 -9.1 

C8C10-DPPT-TVT 5.4E-04 2.0E-03 5.E+03 1.E+04 1.0 -8.1 
BPT-TVT 3.8E-05 1.1E-04 5.E+02 1.E+03 -14.3 -13.0 

Organic field-effect transistors: bottom-gate, bottom-contact architecture; annealing was at 200 °C for 10 minutes under a nitrogen atmosphere. 
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C16-IIT-TVT C810-IIT-TVT C8C10-DPPT-TVT BPT-TVT 

    

    
Figure 88. Organic field-effect transistor (OFET) device performance of the TVT-based polymers: (top) transfer curves (black before and red after 

annealing) and (bottom) output curves after annealing at 200 °C. 

 

C8C10-IIT-TVT exhibited the highest hole mobility both as-cast (0.003 cm2/Vs) and after annealing (0.03 cm2/Vs) 

improving by over an order of magnitude, most likely due to formation - as suggested above - of a more crystalline 

microstructure, which was observed by an increase in the intensity of X-ray diffraction peaks on annealing. The same 

trend is observed for C8C10-DPPT-TVT which exhibited an increase in hole mobility from 0.0005 to 0.003 cm2/Vs. 

The effect of annealing was not so pronounced for BPT-TVT, and C16-IIT-TVT showed no improvement, likely due to 

the strong solid-state interactions (as indicated by aggregation in the UV-Vis absorption spectra) frustrating 

cooperative movement of the polymer in the thermal annealing stage.  

 

From the series, BPT-TVT gave the lowest hole mobility (0.0001 cm2/Vs after annealing). In addition, this device had 

the lowest on/off switching ratio and most negative threshold voltage, both before and after annealing in each case. 

Whilst the lower charge carrier mobility could be attributed to the molecular structure this is counterintuitive given the 

suitable energetic alignment of the frontier orbital energy levels with the electrodes for charge injection and extraction, 

the thermally stable, crystalline nature of the polymer and strictly planar two-dimensional nature of the conjugated 

backbone. The lower mobility is instead more likely a result of the low molecular weight of the polymer, which may be 

limiting the effective conjugation length, as indicated by the experimentally determined optical band gap being ~0.2 eV 

wider than that predicted by computational modelling. Furthermore, the aggregation shoulder present in the UV-Vis 

absorption spectra, coupled with the broad PDI of the polymer, implies that the molecular weight (Mw) value may be 

exaggerated due to aggregation during the gel permeation chromatography analysis. The lower solubility of the BPT-
TVT polymer, concurrent with aggregation, likely leads to a rougher device and inhomogeneous semiconducting 

polymer layer, giving poor device performance, as implied by the low on/off current ratios, high threshold voltages and 

unresponsiveness to thermal annealing.   
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Photovoltaic Cells 
To verify the relation of charge carrier mobility to polymer solubility and molecular weight, photovoltaic devices were 

fabricated with the TVT-based polymers and the results are summarised in Table 17. Cells were prepared by spin-

coating the active layer from a 1:2 polymer/acceptor (PC70BM) mixture in a 30 mg/mL ODCB solution at either 1000 

or 2000 rpm, to give two device thicknesses, with 1% chloronaphthalene additive. Such processing additives are 

believed to influence the polymer and fullerene acceptor, giving a smoother and more homogeneous bulk 

morphology.198 A conventional glass/ITO/PEDOT:PSS/donor:acceptor/cathode device architecture was used, 

evaporating Ca (30 nm)/Al (100 nm) as the [cathode] backcontact. All the polymers gave power conversion 

efficiencies below 1%, the C16-IIT-TVT being 0% and the C8C10-DPP-TVT being the most promising at 0.8%, in all 

cases the open-circuit voltage, short-circuit current (Jsc) and fill factor (FF) were low. The low Jsc of the cells is 

attributed to the LUMO level of the fullerene derivatives being too close to that of the TVT-based donor polymers to 

give a suitable energy level offset enabling effective charge separation,196 as observed for the BPT-based polymers 

aforementioned. However, there is no consistent trend between device thickness and either Jsc or FF. Overall the low 

performance of the cells is consistent with low molecular weight and limited solubility polymers giving poor quality 

devices, the most insoluble polymer C16-IIT-TVT giving the lowest performance.  

 
Table 17. Bulk heterojunction (BHJ) organic photovoltaic cell (OPV) performance of the TVT copolymers. 

Polymer Spin Speed (rpm) Voc (V) Jsc (mAcm-2) FF PCE (%) 

C16-IIT-TVT 
1000 0.08 <0.01 0.46 <0.01 

2000 0.05 0.66 0.26 <0.01 

C8C10-IIT-TVT 
1000 0.45 0.43 0.31 0.1 

2000 0.44 0.49 0.29 0.1 

C8C10-DPPT-TVT 
1000 0.56 3.91 0.36 0.8 

2000 0.44 2.60 0.43 0.5 

BPT-TVT 1000 0.58 1.48 0.42 0.4 

Devices were prepared by spin-coating of a 1:2 polymer/PC71BM fullerene acceptor blend from a 30 mg/mL ODCB solution in a conventional 

Glass/ITO/PEDOT:PSS/polymer:acceptor/Ca/Al device architecture (evaporated back contacts) with 1% chloronaphthalene additive. 

 

Summary 
A series of four thiophene-vinyl-thiophene (TVT)-based alternating copolymers were designed to systematically 

compare the properties and performance of different bis-lactam-based electron-poor acceptor units. The polymers 

were synthesised, their thermal, morphological, optical and electronic properties evaluated, revealing thermal stability, 

crystallinity, long wavelength absorption and deep frontier orbital energy levels. Despite being fully planar by 

computational modelling the polymers exhibited limited charge carrier mobilities in field-effect transistors and limited 

power conversion efficiencies in bulk heterojunction solar cells.  

Conclusion 
Copolymerisation of the thiophene-vinyl-thiophene (TVT) unit results in highly planar conjugated polymer backbones, 

facilitating strong solid-state packing interactions and ordered crystalline microstructures. However, this unalkylated 

unit also reduces solubility, with polymer aggregation in solution, limited molecular weights and hampered solution-

processed device manufacturing. To this end true optimisation of polymer alkyl side-chains and polymerisation 
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conditions is required to achieve high solubility and high and comparable molecular weights, which will in turn afford a 

fair comparison between structural motifs. The ‘extended’ bis-lactam structures BPT and IIT exhibit lower band gaps 

with red-shifted absorption; meanwhile, the ‘fused’ structures BPT and DPPT exhibit higher ionisation potentials 

(deeper HOMOs than the IIT-based polymers). This latter property results in a poor energy offset with typical fullerene 

(eg PC70BM) acceptor LUMOs, limiting power conversion efficiency in bulk heterojunction photovoltaic devices.  

 

In particular, the fused tricyclic benzodipyrrolidone core shows promising structurally intrinsic properties, but requires 

further extension of the N-alkyl side-chains, or controlled polymerisation with alkylated comonomers (such as 

dithienogermole [DTG] used previously) to achieve high molecular weight and good solubility.   
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Dihydropyrroloindoledione (DPID)-Based Polymers 

Introduction 
Diketopyrrolopyrrole (DPP)-based copolymers have recently attracted much attention:86,87,193,199 the electron-deficient 

inner-core flanked by electronically-coupled electron-rich units renders these excellent donor-acceptor n-type 

materials, with their planarity and ability to hydrogen-bond encouraging π-π stacking. This can lead to ambipolar 

charge transport160 and high performing organic solar cells.90 Likewise, the colorants benzodifuranone200 (BDF) and 

benzodipyrrolidone201 (BP) – the “stretched” DPP - have also been used to construct low-band gap polymers. The 

larger BP core extends the conjugation and delocalisation of electrons, as well as altering the backbone aspect ratio 

which could further enhance π-π stacking and efficient transport. Recently, vinyl groups have also been incorporated 

into donor units, also increasing their aspect ratio and reducing steric hindrance between polymer chains. This has 

also been shown to result in closer packing, reducing inter-lamellar and π-stacking distances.202 

 

The synthesis of dihydropyrroloindoledione (DPID)-based π-conjugated low-band gap copolymers was recently 

reported.94 Designed for organic electronic applications, the dihydropyrroloindoledione (DPID) unit is structurally 

related to the aforementioned chromophores of the diketopyrrolopyrrole (DPP) and benzodipyrrolidone (BP) colorants, 

containing the bis-lactam molecular architecture (Figure 89). However, the inclusion of vinyl linkages directly flanking 

the DPID acceptor chromophores increases their spacing along the polymer conjugated backbone, potentially 

reducing steric hindrance between polymer chains. Such methodology has been shown to result in closer packing, 

reducing inter-lamellar and π-stacking distances.202 Likewise, the electron-deficient inner-core of DPID - due to its bis-

lactam functionality, flanked by electronically-coupled electron-rich units (thiophene or thienothiophene) - renders 

these excellent donor-acceptor hybridized molecular orbital type polymers, with low band gaps. The highly dipolar 

nature of the backbone, and its orthogonal orientation, encourages intermolecular interactions, and with the lack of 

steric twisting, a planar conformation results. Furthermore, the central six-membered ring in DPID not only extends the 

conjugation and delocalisation of electrons as for BP, but is also aromatic in character which may further enhance π-π 

stacking, unlike the quinoidal nature of DPP. This can lead to a more distributed HOMO and LUMO, enhancing 

ambipolar charge transport160 and the potential for high-performing organic solar cells.90 In addition, such polymers 

frequently exhibit the required solubility and processability to be printed in device fabrication. 

 

 
Figure 89. A structural comparison of various organic colorant cores with chromophores useful for electronic applications (R is an alkyl group).  

 

Here we report on a systematic series of four dihydropyrroloindoledione-based polymers designed for organic 

electronic applications. The dihydropyrroloindoledione unit (DPID) was synthesised in a two-directional Pummerer-

type cyclisation, with either thiophene or thieno[3,2-b]thiophene flanking aromatics subsequently installed by a two-

directional Knoevenagel condensation to afford the dibrominated monomers (M5 and M6), which were alternately 

copolymerised with either phenyl, thiophene or bithiophene comonomers (Figure 90). The resultant polymers were 
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characterized in terms of thermal proprieties (TGA, DSC), solid-state morphology (XRD); optical (UV-Vis) and 

electrochemical properties (CV, PESA and computational models). These planar copolymers show promise for use in 

organic electronics, exhibiting broad absorption, low band gaps and deep energy levels. 

 

 
Figure 90. Structures of the four dihydropyrroloindoledione (DPID)-based polymers and their precursory DPID-based monomers. 

 

Organic field-effect transistors (OFET) and organic photovoltaic cells (OPV) were fabricated and their device 

characteristics are reported. The OPV devices are then analysed in terms of their external quantum efficiency (EQE) 

and morphology, as investigated using atomic force microscopy (AFM).155 

 

Results & Discussion 

Synthesis 
The dihydropyrroloindoledione (DPID) tricycle was synthesised as depicted in Figure 91. The intermediate bis-

phenylsulfanyl dihydropyrroloindoledione 5 was prepared using a two-directional Pummerer-type189 cyclisation as for 

the BPT-based polymers. Subsequent reductive cleavage of the sulfanyl groups by samarium iodide then completes 

the dihydropyrroloindoledione core (DPID).203–209  

 

 
Figure 91. Synthesis of the thiophene-flanked DPID monomer M5. 

 

The linear DPID tricycle 6 was then subjected to a two-directional Knoevenagel condensation with 5-bromo-2-

thiophenecarboxaldehyde. Use of the coordinating Lewis acid titanium(IV) iso-propoxide promotes the reaction 

forming the Z isomer.210–212 Separation by column chromatography thus afforded the monomer M5†† almost 

exclusively in its expected cis (Z) configuration, as a waxy black solid (Figure 92). A nuclear Overhauser effect 

experiment reveals a through-space interaction between the vinyl proton Hb and both the Ha proton on the center ring 

and the Hc proton on the thiophene for the Z-isomer, confirming the stereochemistry present. Meanwhile in the E-

isomer, the Hb vinyl proton is shifted down-field due to the deshielding effect of the carbonyl group (Figure 92).213  

 

                                                           
†† (3Z)-(7Z)-1,5-bis(2-octyldodecyl)-3,7-bis-[(5-bromothiophen-2-yl)-5,7-dihydro-1H,3H-pyrrolo[2,3-f]indole-2,6-dione 
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Figure 94. Synthesis of the DPIDT-based copolymers. 

 

 
Figure 95. Synthesis of the DPIDTT-based copolymer. 

 
Table 18. Properties of the dihydropyrroloindoledione (DPID)-based polymers. 

Polymer 
Mn 

(kDa)a 

Mw 

(kDa)a 
PDIa 

λmax
abs (nm) Eg

opt 
(eV)c 

Eox
onset Ered

onset Energy Levels (eV)d 

Solutionb Filmc (eV vs. Fc/Fc+) (eV vs. Fc/Fc+) EHOMO ELUMO 

DPIDT-P 106 186 1.7 630 635 1.68 0.66 -0.91 -5.2 / -5.5 e -3.5 / -3.9e 
DPIDT-T 25 41 1.6 655 655 1.57 0.67 -0.85 -5.4 / -5.5 e -3.8 / -4.0 e 

DPIDT-2T 10 19 1.9 640 650 1.58 - - -5.3 / -5.5 e -3.7 / -3.8 e 
DPIDTT-T - - - 669 672* 1.54 - - - - 

a Determined by GPC using polystyrene standards and PhCl as the eluent at 80 °C. b Solutions in dilute PhCl. c Thin films spin-coated from ~5 mg/mL PhCl 

solutions on glass substrates. d EHOMO found by AC2 (PESA) measurement; ELUMO = EHOMO + Eg
opt. e Calculated using the equations EHOMO =  - Eox

onset (vs. Fc/Fc+) – 

4.8 eV, ELUMO =  - Ered
onset (vs. Fc/Fc+) + 4.8 eV.215 * Spin-coated from dilute PhCl solution. 

 

Thermal Properties 
Thermogravimetric analysis (TGA) was carried out and the DPIDT polymers all exhibited a decomposition temperature 

(5% weight loss) above 395 °C (Figure 96), being: 399, 406 and 391 °C for DPID-P, DPID-T and DPID-2T, 

respectively. However, the DPIDTT-T exhibited a slightly lower decomposition temperature of 372 °C. In addition, no 

transitions were observed by differential scanning calorimetry (DSC) between -30 °C and 350 °C for any of the 

polymers (Figure 97), in common with the structurally related phenyl-flanked benzodipyrrolidone (BPP)-based 

polymers.201  
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substituted tetramers, due to the weak influence of the alkyl side-chains on the frontier orbital energetics; hydrogens 

are omitted for clarity in the images. Interestingly, all four polymers are almost fully planar, suggesting that torsional 

twisting and a reduced effective conjugation length is in fact not the reason for the wider optical band gap exhibited by 

DPIDT-P. This may instead be attributed instead to substantial difference in the core electronic structure of the 

conjugated polymer backbone, specifically the less electron-rich nature of the phenyl comonomer compared to 

thiophene-based units.  

 

 
Figure 101. Energy minimised structures (B3LYP/6-31G*) of the dihydropyrroloindoledione (DPID)-based polymers (modelled as tetramers with N-

methyl substitution). The HOMO and LUMO energy distributions are also illustrated with the calculated band gap (and energy levels) being given for 
each polymer. 

 

The calculated HOMO and LUMO energy levels are plotted in Figure 102 with the experimental values for comparison 

(see also Table 19). Notably the calculated HOMO and LUMO values for the four DPID-based polymers are all similar 

(at most 0.1 eV difference), with the key feature being a marginally wider band gap for DPIDT-P and narrower band 

gap for DPIDT-2T, both compared to DPIDT-T and DPIDTT-T. Experimentally it is shown that this is due to a lower-

lying LUMO for the thiophene copolymer compared to the phenyl, and then a higher lying HOMO for the bithiophene 

copolymer compared to the thiophene. Notably whilst the computational model calculates a higher lying HOMO for 

DPID-T and -2T compared to DPIDT-P, this trend was not observed experimentally.      
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Figure 103. Organic field-effect transistor (OFET) performance of the dihydropyrroloindoledione-based polymer DPIDT-P: (left) transfer and (right) 

output curves; (top) after annealing at 180 °C (µsat = 0.08 cm2/Vs,  µlin = 0.08 cm2/Vs,  Ion/off  = 4.5x104 ; channel length 70 μm) and (bottom) after 
annealing at 120 °C (µsat = 0.08cm2/Vs,  µlin = 0.06 cm2/Vs,  Ion/off  = 4.5x104; channel length 50 µm). Top-gate, bottom-contact architecture; channel 

width 1000 μm. 
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Figure 104. Organic field-effect transistor (OFET) performance of the dihydropyrroloindoledione-based polymer DPIDT-T: (left) transfer and (right) 
output curves; (top) after annealing at 180 °C (µh = 0.045 cm2/Vs, µe = 0.035 cm2/Vs (0.0380.0035),  Ion/off = 2.4x104 [for p-channel]) and (bottom) 

after annealing at 120 °C (µh = 0.007 cm2/Vs, µe = 0.007 cm2/Vs, (0.0056 0.002), Ion/off ~ 102 [for p-channel]). Top-gate, bottom-contact architecture; 
channel width 1000 μm and channel length 20 µm. 
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Figure 105. Organic field-effect transistor (OFET) performance of the dihydropyrroloindoledione-based polymer DPIDT-2T: (left) transfer and (right) 
output curves; (top) after annealing at 180 °C (µh = 0.086 cm2/Vs, µe = 0.035 cm2/Vs,  Ion/off = 2.8x104 [for p-channel]) and (bottom) after annealing at 
120 °C (µh = 0.013 cm2/Vs, µe = 0.009 cm2/Vs,  Ion/off = 2.4x104 [for p-channel]). Top-gate, bottom-contact architecture; channel width 1000 μm and 

channel length 20 µm. 

 

Photovoltaic Cells 
Photovoltaic devices were fabricated with the DPIDT-T and DPIDT-2T polymers and the results are summarised in 

Table 21. Cells were prepared by spin-coating from a 1:2 polymer/acceptor mixture in a 12 mg/mL ODCB solution 

onto an ITO/PEDOT:PSS substrate followed by evaporation of Ca/Al as a backcontact. DPIDT-T gave only a very 

limited power conversion efficiency (PCE) of 1.1% with PC70BM as the fullerene acceptor. However, adding 

chloronaphthalene (CN) increased this to 1.6%. Such processing additives are believed to influence the polymer and 

fullerene acceptor, giving a smoother and more homogeneous bulk morphology.198,217 Changing to DPIDT-2T with a 

slightly higher LUMO of -3.7 eV (cf. -3.8 eV for DPIDT-T) yielded a further increase to 1.9% PCE. Whilst changing the 

acceptor from PC70BM to indene-C(60) bisadduct (ICBA) greatly reduced efficiency, the use of  PC60BM afforded 

1.9% PCE. The low performance of the cells is attributed to the LUMO level of the fullerene derivatives being too close 

to that of the DPID-based donor polymers to give a suitable energy level offset enabling effective charge separation.196  

 

 

 

 

 



New organic semiconductors and crosslinking additives for enhanced device performance and stability    2014 

J W Rumer 
Imperial College London   Page 111 of 192 

Table 21. Organic photovoltaic cell performance of the dihydropyrroloindoledione (DPIDT)-based polymers. 

Polymer Acceptor Additive Solvent Voc (V) Jsc (mAcm-2) FF PCE (%) 

DPIDT-T PC70BM - ODCB 0.81 2.14 0.64 1.1 
PC70BM CN ODCB 0.78 3.38 0.63 1.6 

DPIDT-2T 
PC70BM CN ODCB 0.77 3.96 0.61 1.9 

ICBA CN ODCB 0.93 1.51 0.51 0.7 
PC60BM CN ODCB 0.74 4.55 0.58 1.9 
PC60BM CN m-xylene* 0.75 5.28 0.62 2.1 

Devices were prepared by spin-coating of a 1:2 polymer/acceptor mixture in a 12 mg/mL solution onto an ITO/PEDOT:PSS substrate followed by evaporation 

of Ca/Al as a backcontact. Additive: CN = chloronaphthalene; acceptor: ICBA = indene-C(60) bisadduct; solvent: ODCB = o-dichlorobenzene. *Sample was drop 
casted. 

 

On changing to a chlorine-free deposition solvent, namely m-xylene, DPIDT-2T generated a short-circuit current (Jsc) 

of ∼5.3 mA cm-2, a moderate open-circuit voltage (Voc) of 0.75 V and reasonable fill-factor (FF) of 0.62 yielding over 

2% PCE (Figure 106). The use of non-chlorinated solvents in OPV device fabrication is of interest as an area of ‘green 

chemistry’ due to the negative environmental impacts of chlorinated solvents.218 For example in the industrial roll-to-

roll printing of organic solar cells less toxic solvents are desired due to the high volumes of ink to be used. Moving 

away from chlorinated solvents typically results in a significant drop in performance making the consistent PCE of 

DPIDT-2T from ODCB to m-xylene interesting.219,220  

 

 
Figure 106. Photovoltaic device performance: current-voltage curves of dihydropyrroloindoledione-based polymer DPIDT-2T (polymer/PC60BM 

blend with CN additive; spin-coated from m-xylene solution). 

 

The origins of the limited solar cell efficiency of the DPIDT-T and DPIDT-2T polymers was further investigated using 

measuring the external quantum efficiency (EQE) (Figure 107) of the comparable photovoltaic devices (as cast 

polymer/PC70BM blends with CN additive; spin-coated from DCB solution). The relatively low EQE values,195 of ~12% 

for DPIDT-T and ~25% for DPIDT-2T, imply limited charge separation in the blends from polymer to fullerene 

acceptor, believed, as discussed, to be due to the small offset in LUMO energy levels. The photovoltaic device thin 

films were additionally analysed using atomic force microscopy (AFM) using the same devices that the EQE 

measurements were performed on (Figure 108). The beneficial effects of adding chloronaphthalene (CN) are clear 

from the improvement in film homogeneity for DPIDT-T, where the large-scale phase separation is removed, which 

may explain the rise in PCE (from 1.1 to 1.6%).  However, all the films remain quite rough (RMS > 2.5 nm), showing a 

relatively high degree of phase separation on the 1 μm scale which may also contribute to the inhibited charge 

separation from donor polymer to acceptor.  
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Figure 107. EQE (external quantum efficiency) curves of dihydropyrroloindoledione (DPID)-based polymers DPIDT-T and DPIDT-2T in photovoltaic 

devices (polymer/PC70BM blends with CN additive; spin-coated from DCB solution). 

 

 
Figure 108. AFM images of dihydropyrroloindoledione (DPID)-based polymers in as-cast photovoltaic devices (polymer/PC70BM blends spin-

coated from CHCl3/o-DCB mixture): (top) DPIDT-T without CN additive (RMS = 66.8 nm); (middle) DPIDT-T with CN additive (RMS = 3.54 nm) and 
(bottom) DPIDT-2T with CN additive (RMS = 2.58 nm); (left) topography and (right) phase images. 

 

Summary 
In summary, four dihydropyrroloindoledione-based copolymers were designed and synthesised by a completely two-

directional pathway and characterized by gel permeation chromatography (GPC), thermogravimetric analysis (TGA), 

differential scanning calorimetry (DSC), X-ray diffraction (XRD), UV-Vis absorption spectroscopy, electrochemical 

oxidation and reduction (CV), photo-electron spectroscopy in air (PESA) and computational modelling. The polymers 

are then evaluated for use in field-effect transistors and photovoltaic cells, with the latter additionally evaluated using 

external quantum efficiency (EQE) measurements and atomic force microscopy (AFM).   

 

Conclusions 
The polymers exhibit broad, long wavelength absorption, low optical band gaps and HOMO energy levels below -5 eV. 

The HOMO and LUMO energy levels are extensively delocalised along the conjugated polymer chain, which for planar 

DPID-2T facilitates ambipolar charge transport, with carrier mobilities approaching 0.1 cm2/Vs in field-effect 

transistors. Bulk heterojunction photovoltaic cells exhibited a high fill-factor of 0.62 and Voc of 0.75 V, yielding ~2% 

PCE. The limited efficiencies may result from a low LUMO energy level offset with PCBM inhibiting charge separation, 

or non-optimal phase separation in the blend microstructure. The competitive efficiencies achieved with printing 

friendly solvent m-xylene instead of dichlorobenzene (ODCB) are also of interest.  
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Figure 113. FTIR spectra of bis-azide DAZH and polymer (SiIDT-BT) and their blend before and after curing (thin films drop cast from 

dichloromethane on KBr plates). 

 

 

 

 
Figure 114. Computational modelling using Gaussian 09 Software at the B3LYP/6-31G* basis set level: (top) the simulated IR absorption spectrum 
for an optimised structure of DAZH, (middle) animation of the ~2250 cm-1 peak as stretching of the azide moieties and (bottom) the experimental 

spectrum (neat oil on KBr plates) with the azide stretch manifesting at ~2100 cm-1.    
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aggregation, but also suppression of the diffusion that may lead to skin formation, possibly due to an increased Tg for 

the system,228 thus providing the possibility of improved device stability and reduced degradation. 

 

To better understand the initial efficiency changes and basis for thermal stability, the blend morphologies were 

investigated (Figure 122). Optical microscopy images of a series of as cast and aged thin film blends readily show the 

macroscale thermal stability conferred by photocrosslinking. Addition of bis-azide DAZH greatly suppresses fullerene 

crystallisation, even with omission of the UV curing step, attributable to thermal activation of the crosslinker. 

Furthermore, the bulk heterojunction microstructure has more of a fibrilar character as observed by atomic force 

microscopy (AFM). This is reflected in the positive additive effect observed for the DAZH-based devices, likely 

functioning in a similar way to the established additive 1,8-diiodooctane and alkanedithiols, improving ordering and 

packing of the polymer backbones.115 Donor-acceptor phases of amorphous mixed and polymer rich are both 

discernible and expected to be beneficial for charge separation and transport.229 The neat blend without crosslinker 

additives exhibits no such fibril formation and suffers from macroscopic fullerene crystallisation. Comprehensive 

optical and AFM images are also shown (Figure 125 and Figure 126).  

 

 
Figure 122. Crosslinking and thermal ageing morphology: small molecule additives confer macrostructure thermal stability, through suppressed 

fullerene crystallisation, with the bis-azide DAZH additionally enhancing the microstructure through fibril formation. Such a ‘double’ picture of 
morphology highlights the various donor-acceptor phases in bulk heterojunctions and the microstructure basis of stability. 
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crosslinking, but it is also likely excluded from the highly ordered domains of the polymer and may partition into the 

disordered regions of the bulk heterojunction, conferring improve thermal stability without significantly impacting 

device performance. 

 

Conclusion 
We have utilised the known small molecule crosslinker 1,6-diazidohexane (DAZH) to confer thermal stability to bulk 

heterojunction organic photovoltaic devices. We speculate that the improved stability of device PCE on thermal ageing 

is a result of frustrated fullerene aggregation and suppressed polymer skin formation at the cathode, with the optimal 

as-cast microstructure instead being ‘locked’ in place overtime. This small molecule crosslinker approach allows 

versatility, as the additive exhibits sufficient shelf-life (stable at room temperature in the dark for at least one month) 

and is readily activated by UV light exposure in a scalable fashion. Furthermore, the additive can be solution-

processed and should be applicable to almost any spontaneously demixing blend system. Moreover, DAZH additive 

affords an increase in as-cast device efficiency (from 6% to 7% in this case), thus being a dual function additive that 

confers both high performance and improved thermal stability 
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Phenyl-Diazirine-Trifluoromethyl (PDCF3)-Based Small Molecules 

Introduction 
The DAZH bis-azide crosslinking (see previous chapter) required either thermal activation, which could be detrimental 

to as-cast blend microstructure in OPV cells, or activation by UV light. However, inherent to the azide functional group, 

the exposure wavelength required was 254 nm, being a considerably high-energy exposure compared to OPV 

operating conditions. Such harsh treatment lead to a drop in performance on activation and crosslinking which may be 

due to photochemical degradation of the semiconducting materials. Therefore, we decided to consider alternative 

crosslinking functional groups that may afford consistent PCE before and after crosslinking. In keeping with the small 

molecule additive approach, removing the need for two reactive groups to come together, we turned our attention to 

the diazirine functional group.230–233 In comparison to azides, these can be activated thermally or by UV exposure, 

without the need for additional activating agents, emitting only nitrogen gas as a side-product. The reactive species in 

this case is a carbene, reacting rapidly like the nitrene that results from an azide. However, in the case of the carbene, 

strong and relatively unreactive carbon-carbon bonds are formed, instead of nitrogen-carbon bonds that result from 

nitrenes. We also sought to investigate the importance of the bridge between the diazirine crosslinking functional 

groups.  

 

A series of three novel diazirine-based small molecule crosslinkers (PDCF3s) were synthesised with varied 

connecting bridges between the diazirine moieties (Figure 125): a short electron-withdrawing unit (2PDCF3); a longer 

flexible, aliphatic chain (C8PDCF3); and a shorter, rigid aromatic spacer (PPDCF3). In all cases the diazirine 

functional group is situated between bulky phenyl and electronegative trifluoromethyl (CF3) groups, to impart 

selectivity for the less sterically hindered polymer alkyl side-chain termini in the photoactive blend, and stabilise the 

reactive carbene generated in situ on exposure to DUV light whilst also being a readily accessible design motif. Thus 

while DAZH primarily sought to promote favourable crosslinking in the aliphatic regions by preferential partitioning 

during film formation, the PDCF3 crosslinkers seek to promote this by discriminating against unfavourable crosslinking 

in aromatic regions by steric crowding. However, the connecting bridge in the PDCF3 is designed to probe additional 

possible partitioning effects: the aliphatic octyl bridge in C8PDCF3 may improve selectivity and OPV device 

performance, with the aromatic phenyl bridge in PPDCF3 expected to have the opposite effect. 2PDCF3 is shorter, 

being closer in size to DAZH.  

 

 
Figure 125. Bis-azide DAZH and the three PDCF3-based bis-diazirine small molecule crosslinkers 2PDCF3, C8PDCF3 and PPDCF3. 

 

Results & Discussion 

Synthesis & Characterisation 
The crosslinkers were readily prepared each in a single two-directional step from commercially available starting 

materials (Figure 126). 2PDCF3 was prepared by base-catalysed esterification of oxalyl chloride while C8PDCF3 and 

PPCDF3 were prepared by esterification of octane-1,8-diol and hydroquinone, respectively, using EDC (1-ethyl-3-(3-
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dimethylaminopropyl)carbodiimide) as a coupling agent. The final yields are moderately low as they are after repeat 

purification to allow for material use in devices. The materials were prepared, stored and handled in the absence of 

light.   

 

 

Figure 126. Synthesis of the PDCF3 crosslinkers and generation of their respective bis-carbene derivatives on exposure to DUV light (365 nm).  

 

The UV-Vis absorption spectra of the crosslinkers (dilute solutions in chlorobenzene) were all free from absorption 

above 400 nm, being significantly blue-shifted relative to typical organic semiconducting polymer absorption spectra 

(Figure 127). Absorption maxima for 2PDCF3, C8PDCF3 and PPCDF3 were 354, 349 and 347 nm, respectively, 

being attributable to the strongly absorbing diazirine moieties. While the IR spectra (Figure 128) were dominated by 

the carbonyl group absorptions present in all three crosslinkers (~1750 cm-1) the diazirine N=N stretches were also 

observable (~1630 cm-1). In addition, C8PDCF3 shows C-H stretch absorptions at ~2090 cm-1 and PPDCF3 aromatic 

C-C stretch absorptions at ~1500 cm-1. The diazirine C-N absorptions occur at <1000 cm-1 being deep within the 

fingerprint region. After ~1 month of storage in the dark at room temperature the IR spectra were repeated with no 

observable changes, indicating good shelf-life of the crosslinkers.  

 

 
Figure 127. UV-Vis absorption spectra of the three PDCF3 crosslinkers.  

 

0

0.2

0.4

0.6

0.8

1

300 400 500 600 700 800 900 1000 1100

Ab
so

rb
an

ce
 

Wavelength / nm 

2PDCF3
C8PDCF3
PPDCF3









New organic semiconductors and crosslinking additives for enhanced device performance and stability    2014 

J W Rumer 
Imperial College London   Page 129 of 192 

Crosslinking was further confirmed by gel permeation chromatography (GPC) experiments to detect changes in the 

molecular weight of the polymer on crosslinking (Figure 134). Measurements were done by re-dissolving spin-coated 

films of polymer with 0%, 2.5%, 5% and 10% 2PDCF3 in hot chlorobenzene after curing.  

 

 
Figure 134. Correlation of IDT-BT molecular weight with 2PDCF3 crosslinker weight % added in thin film crosslinking.   

 

Device Studies: Thermal Stability in IDT-BT:PCBM 
Bulk heterojunction thin film devices were prepared, using IDT-BT/PC70BM as the photoactive layer blend. Devices 

had a conventional architecture, prepared and studied in an inert atmosphere. A curing process of 20 minutes of 365 

nm UV light exposure followed by 10 minutes soft-curing at 70 °C was used. The three PDCF3 crosslinkers were then 

compared across an 85 °C inert atmosphere thermal ageing regime, as for the DAZH-based devices (Table 23 and 

Figure 135). Device properties are compared after 12 h ageing as from our DAZH study we found this to suitably show 

the stability difference between the devices, with properties plateauing on further ageing.   

 
Table 23. Device performance on fabrication and thermal ageing: organic photovoltaic cell data for with and without the crosslinkers 2PDCF3, 

C8PDCF3 and PPDCF3.  

  

As Made Aged (85 °C, 12 h, N2(g)) 

Reference  10% wt Crosslinker Blends (Cured) Reference 10% wt Crosslinker Blends (Cured) 

As-Cast Cured 2PDCF3 C8PDCF3 PPDCF3 As-Cast Cured 2PDCF3 C8PDCF3 PPDCF3 

Jsc (mAcm2) 10.97 10.75 9.92 9.09 9.13 9.94 8.50 5.93 5.71 3.92 

Voc (V) 0.80 0.81 0.78 0.76 0.76 0.79 0.78 0.68 0.69 0.65 

FF 0.53 0.51 0.47 0.42 0.43 0.49 0.40 0.35 0.34 0.33 

PCE (%) 4.7 4.4 3.6 2.9 3 3.8 2.6 1.4 1.4 0.8 

The UV exposure (365 nm, 20 mins, under N2(g), was followed by 10 mins 70 °C thermal annealing (soft-curing). Thermal ageing is at 85 °C under a nitrogen 

atmosphere, unencapsulated.   
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for 2PDCF3 and C8PDCF3, and ~4 mA/cm2 for PPDCF3, compared to ~10 mA/cm2 for the aged reference. These 

further negative effects of the crosslinkers across microstructure, energetics and charge dynamics in the blend on 

ageing imply that either the microstructure has not been successfully “locked” in place prior to ageing, or that further 

subtle changes in morphology or other factors are the primary driver of instability in the devices, the effect of which 

these additives accelerate.  

 

“Locking” Microstructure in IDT-BT:PCBM  
To determine the effects of the crosslinkers on blend microstructure and thermal stability, thin film blends were studied 

by optical microscopy and atomic force microscopy (AFM). Blends were prepared by spin-coating solutions as for the 

OPV devices but on glass substrates and curing in the same fashion. On ageing under realistic device operating 

conditions (85 °C) there were no observable changes between the as-made and aged devices, for the reference and 

all three crosslinked devices, using either technique. AFM images (topography and phase) are shown in Figure 136. 

Notably the root mean square (RMS) roughness is very low in all cases (0.24 – 0.29 nm), showing little change on 

ageing, as the fine phase separation is unchanged. This indeed implies that the primary driver of instability in the IDT-
BT:PCBM blend system is not large-scale microstructural change, but more likely a result of chemical degradation.  

 

To verify the crosslinking of the microstructure, the films were additionally subjected to accelerated ageing (200 °C, 10 

mins, under nitrogen). In this case while the 2PDCF3 and C8PDCF3 crosslinked films still remained largely 

unchanged, both the reference and PPDCF3 crosslinked films developed a number of crystallites, these being 

noticeably larger for the reference (Figure 137). This implies that the bis-diazirine crosslinkers can successfully “lock” 

the microstructure, suppressing cooperative movement and aggregation on ageing. However, as expected, this effect 

is reduced for PPDCF3, possibly due to an increased affinity for the aromatic fullerenes and not forming an 

extensively crosslinked polymer network.  
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of stabilisation in IDT-BT-based device with 10% wt crosslinker. To this end the crosslinking of P3HT with 2PDCF3 
was investigated using Raman spectroscopy. Samples were prepared by spin-coating P3HT from solution 

(chlorobenzene) on glass substrates, with 1% and 20% wt addition of 2PDCF3 (20% was chosen instead of 10% to 

amplify any effect present) and drying in air; photocrosslinking was akin to the SiIDT-BT devices (365 nm DUV 

exposure, 1 h). For the P3HT films there are no new peaks at any excitation wavelength (457, 488, 514, 633 or 

785nm); Raman spectra for P3HT with 1% and 20% 2PDCF3 excited at 488 nm and 633 nm are shown for 

comparison in Figure 141. Instead, the only observable changes in the spectra are those attributable to the ordering of 

the P3HT, as this has a Raman activity 100 times greater than the crosslinker, leaving any peaks from the latter 

masked in the baseline noise, with the exact crosslinking mechanism thus not being detectable in this experiment. 
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Figure 141. Raman spectra (600 – 1600 cm-1) of P3HT thin films spin-coated on glass substrates with 1% and 20% wt 2PDCF3 crosslinker 

addition, at 488 nm and 633 nm excitation wavelengths. 

 

Under 488 nm excitation the measured position for the C=C backbone peak is 1447cm-1 in the neat polymer film. 

However, this is higher for the crosslinked films, indicating that the P3HT has a higher degree of molecular disorder 

(albeit still less than the disorder produced by blending P3HT with PCBM). This confirms that the crosslinker may 

disrupt polymer chain packing. Exciting at five different wavelengths, the shift of the peak maxima can be measured 

(Figure 142), which reveals peak positions closer to those of P3HT:PCBM for 1% 2PDCF3 than 20%. Overall this 

implies that P3HT molecular ordering is more disrupted by using 1% crosslinker than 20%.  

 

To verify that the difference between 1% and 20% wt crosslinker addition to P3HT thin films has a microstructural – as 

opposed to electronic - basis the ionisation potential of such thin film was also evaluated (by PESA) and found to be 

indifferent between the neat polymer and crosslinked films. This confirms, as deduced from the UV-Vis absorption 

spectra, that crosslinking does not significantly perturb the conjugated backbone of the polymer, the most likely mode 

of attack (when the polymer is indeed crosslinked by the diazirine functional groups), being C-H insertion of the 

carbene on the alkyl side-chains of the polymer. Furthermore, this means any reduction in device performance on 

crosslinking is not from a change in the generalised energetics of the blend system, but more likely localised 

microstructure deviations and energetic trap states, affecting charge transport and recombination rates for example.  
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Figure 142. (Top) Raman spectra (600 – 1600 cm-1) of P3HT thin films spin-coated on glass substrates with 1% and 20% wt 2PDCF3 crosslinker 
addition, at 488 nm and 633 nm excitation wavelengths; and (bottom), the P3HT thiophene C=C peak absorption position plotted against excitation 

wavelength for three films.  

 

Given the more intimate mixing at low concentrations of crosslinker in P3HT the concept was further explored using 

optical microscopy to visualise fullerene aggregation with ageing (thermal treatment). Thin film blends of P3HT:PCBM 

were prepared without crosslinker as a reference and then with 0.35% wt addition of either C8PDCF3 or PPDCF3. As 

expected, the reference exhibits significant fractal formation on ageing, while the crosslinked films do not (Figure 143). 

Indeed, as for the SiIDT-BT system, omission of the UV curing step still leads to suppression of crystallisation, most 

likely due to thermal activation of the crosslinkers. Under solely thermal activation the C8PDCF3 crosslinker has a 

greater impact than PPDCF3, the former exhibiting reduced crystallisation. Device thermal stability with such reduced 

crosslinker additive amounts in crystalline polymer systems with thermal activation is an area of on-going work.  
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Figure 143. Optical microscopy images of thin film blends of P3HT:PCBM with and without 0.35% wt C8PDCF and PPDCF3.   

 

Finally the effect of varying the concentration of crosslinker on the SiIDT:PCBM system was investigated to see if this 

phenomena extended from crystalline to amorphous polymers. Devices were again prepared with a conventional 

architecture in a similar fashion to before, using the same protocol as for the DAZH bis-azide-based devices to enable 

a comparison in the case of enhanced stability (see Table 26). 

 
Table 26. Device performance on fabrication and thermal ageing: SiIDT-BT:PCBM BHJ OPVs with and without 2PDCF3 crosslinkers at varying 

concentrations and DUV curing exposure times. 

Crosslinker Wt (wrt polymer) PCE(%) No Treatment DUV Exposure Initial PCE(%) Aged PCE(%) Retention 

None 0% 6.0 

365 nm 

30 mins 5.9 3.9 67% 
60 mins 5.0 3.5 70% 

2P
D

C
F3

 

1% 3.6 60 mins 3.5 3.4 97% 

5% 5.5 

10 mins 5.0 3.3 66% 
20 mins 5.1 3.5 69% 
30 mins 4.9 3.3 67% 

10% 5.0 

10 mins 4.2 2.6 62% 
20 mins 4.0 2.5 62% 
30 mins 3.7 2.4 63% 

The DUV exposure (365 nm, under N2(g)) was followed by 10 mins 140 °C thermal annealing (soft-curing) for the 0%, 5% and 10% 2PDCF3 devices with 

thermal ageing at 85 °C for 14 h; the 60 mins DUV exposure devices were soft cured at 140 °C, 10 mins, then aged at 140 °C for 1 h; all ageing is under a nitrogen 
atmosphere, unencapsulated. 
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As expected the higher concentration of crosslinker (5% and 10%) lead to a higher as-cast PCE (5.5% and 5.0%, 

respectively), compared to 6.0% for the reference device and 3.6% for the device with 1% crosslinker. Furthermore, 

on ageing, whilst the reference device exhibits ~70% retention of as-made PCE (regardless of curing protocol), this 

decreases to 60-70% for the 5% and 10% 2PDCF3 devices. In addition, after ageing 5% wt addition afforded higher 

PCEs than 10% wt, irrespective of UV exposure time, though all aged crosslinked devices were lower than the aged 

reference (3.5 - 3.9%), indicating that the bis-diazirine detrimentally affected the heterojunction morphology. However, 

as aforementioned, the device with 1% 2PDCF3 exhibits an impressive 97% retention of as-made PCE on ageing. In 

summary the DUV exposure time appears to have only a limited impact on device stability, whilst the reduced 

crosslinker loading [concentration] affords enhanced stability, albeit at the detriment of as-cast performance.  

 

Conclusion 
We have described a novel series of three diazirine-based small molecule crosslinkers (PDCF3s), demonstrating their 

facile synthesis from commercially available starting materials, good shelf-life and ease of characterization and 

handling as solid additives in device fabrication. The crosslinkers are thermally or photo-initiated in a non-invasive 

process to minimize degradation of the photoactive layer, with light absorption (<400 nm) well below that of typical 

organic semiconductors.  

 

Of the three crosslinkers, use of PPDCF3 with a phenyl bridge typically results in the lowest device performance, most 

likely a result of preferential partitioning closer to aromatic regions in the blend, such as close to the fullerenes. 

Crosslinking in this case can lead to still mobile products with less efficient “locking” of the microstructure, diffusion 

and crystallisation still occurring. In contrast, the alkyl bridged C8PDCF3 may preferentially partition to aliphatic 

regions. However, it is the smaller 2PDCF3 bis-diazirine crosslinker, closest in size to bis-azide DAZH, that shows the 

most promise, likely attributable to reduced steric hindrance and increased propensity to intimate mixing with the alkyl 

side-chains of the polymer, giving desired C-H carbene insertion on activation. Indeed in several systems we are able 

to use both C8PDCF3 and 2PDCF3 to “lock” morphology and suppress fullerene fractal formation. In the case of 

SiIDT-BT:PCBM photoactive blends enhanced stability of BHJ OPVs is afforded with 2PDCF3 at just 1% wt addition 

wrt the polymer. Such a low crosslinker loading is found to be beneficial, with higher loadings likely leading to 

associated phases of the crosslinker and less mixing with the polymer and fullerenes, as investigated using Raman 

spectroscopy. In addition it also appears that the crosslinker is more amenable to amorphous systems, likely being 

excluded from crystalline polymer regions, which likely results in either intramolecular reactions or crosslinking with 

fullerenes, the products remaining mobile in the system on ageing (SIMS depth profiling). Evaluation of ionisation 

potentials and the OPV device properties implies that, although stability may be enhanced in certain circumstances, 

addition of the bis-diazirine crosslinker generally leads to reduced as-cast performance, not due to any curing process 

or a change in energetics of the polymer (PESA) or phase-separation in the blends (AFM), but rather likely to subtle 

changes in morphology and charge dynamics, reflected in the changing FF and Voc of such devices. 
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Part 3: Concluding a Structure-Properties-Fabrication-Performance 
Paradigm 

TPD-2T: Extending Molecular Design Rules for High-performance Materials  

Introduction 
Organic π-conjugated polymers are often functionalised with alkyl side-chains to afford the required solubility and 

processability.2 However, the exact structure of the solubilising chain is often overshadowed by energetic contributions 

that influence the frontier molecular orbital band gap, despite evidence that considerations such as side-chain 

spacing, branching and length can prove vital.236–240 The size of the solubilising chain is a key factor to consider during 

polymer synthesis: with a longer alkyl chain solubility is generally gained.99 However, this can come with the detriment 

of other factors such as packing, blend morphology and fullerene miscibility.100,216  

  

To improve device microstructure attention has also been paid to the comparison of branched and linear alkyl chains, 

evaluating their effect on device performance, with the former preferred for organic photovoltaic applications and the 

latter for transistors.101,199 More recently, a number of studies have begun to elucidate the effect of precision alkyl-

chain engineering by shifting the branching point position, which has resulted in both improved photovoltaic efficiency 

and charge carrier mobility in field-effect transistors.102,241 However, the preferred side-chain is largely dependent on 

the exact polymer system. Our approach here is to conduct a systematic study of the alkyl side-chain branching point 

position, investigating the effects of overall steric bulk on solid-state properties in a promising class of semiconducting 

polymers.   

 

The thieno[3,4-c]pyrrole-4,6-dione (TPD) unit is a commonly used N-alkylated acceptor building block in 

semiconducting polymers. The electron-deficient nature of the TPD unit lowers the HOMO levels of D-A copolymers 

and promotes intramolecular charge transfer, while the thiophene-maleimide structure takes a quinoidal form in the 

exicted state, lowering the band gap. In addition, the planarity and ability to hydrogen-bond encourages intermolecular 

interactions such as π-π stacking.  The relatively low cost of TPD further increases its potential for commercial use.  

 

When copolymerised with electronically-coupled electron-rich bithiophene (2T) - which also features rigid, aromatic 

rings with a coplanar structure - crystalline morphologies and enhanced charge transport are achieved. Use of a 

bi(alkyl)thiophene aids solubility, though the tail-to-tail configuration of the alkyl chains is vital in preserving 

crystallinity.242 Such alkylated TPD-2T polymers have achieved efficiencies as high as 7.3% in bulk heterojunction 

photovoltaic cells and field-effect transistors exhibit hole mobilities as high as 0.6 cm2/Vs.243–248 In addition, these 

polymers have recently been reported with both economic and ‘green’ syntheses.65 

 

Here we report a novel and efficient synthesis of the TPD unit facilitating late-stage alkylation by haloalkanes and 

direct C-H activation polymerisation. Four novel TPD-2T polymers with different branching points in the N-alkyl side-

chain are prepared (Figure 144) and their optical (UV-Vis) and thermal (DSC) properties, molecular models and X-ray 

diffraction data presented. The impact on solid-state (thin film) morphology is then analysed to derive a structure-

property relationship.  
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Figure 144. Structures of the four thieno[3,4-c]pyrrole-4,6-dione copolymers with alkylated bithiophene (TPD-2T) showing the different N-alkyl side-

chains.  

 

Results & Discussion 

Synthesis 
The dibromo-TPD monomers were prepared in four simple steps from 3,4-thiophene dicarboxylic acid with late-stage 

alkylation and bromination (Figure 145). Initially thiophene anhydride (16) is prepared from the dicarboxylic acid 

according to the literature procedure.249 Typically a ring-opening condensation with an alkyl amine and subsequent 

ring-closure then furnishes the N-alkylated TPD heterocycle. Whilst Leclerc et al. have recently reported an efficient 

one-step synthesis of TPD this requires the use of primary alkyl amines (RNH2), which are not readily available.250 We 

were interested in removing the necessity of alkyl amines from the synthesis of TPD. This would allow access to a 

greater number of alkyl chains which have been shown to have a significant effect on device performance. To this end 

we subjected the thiophene anhydride to refluxing formamide, isolating the unalkylated TPD heterocycle (17) from a 

one-pot reaction in good yield.251 This novel route does not require prior bromination, which means that alternative 

polymerisation conditions, such as direct heteroarylations can also be performed. Here we proceeded with 

bromination, albeit non-facile, and subsequent alkylation of the amide (18) using sodium hydride and haloalkanes to 

afford the dibrominated monomers (M7a and M7b). The use of a C1-branched alkyl chain (from 3-bromopentane) 

results in a lower yield, most likely as a result of increased steric hindrance on alkylation. The C3-branched alkyl chain 

was installed from 3-ethyl-iodoheptane (Figure 146), the key step in preparation of which was the one-pot formation of 

a Grignard reagent from 2-ethyl-1-bromohexane and subsequent addition to formaldehyde, the latter being prepared 

in situ by decomposition of paraformaldehyde. 

  

 
Figure 145. Synthesis of the TPD-2T copolymers. 
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Figure 146. Synthesis of 3-ethyl-1-iodoheptane. 

 

The four TPD-2T polymers were synthesised under standard microwave Stille coupling conditions in chlorobenzene. 

The polymers were purified by precipitation from methanol followed by Soxhlet extraction using acetone, hexane and 

finally chloroform. The latter fraction was heated and stirred vigorously with aqueous sodium diethyldithiocarbamate to 

remove residual catalytic metal impurities. Stille polymerisation, whilst versatile and reliable, affords number-average 

molecular weights (Mn) below 10 kDa (Table 27), as has been observed for similar copolymers.8(e), 9(b) It may be 

possible to achieve higher molecular weights by direct heteroarylation polymerisations.9(a)  

 
Table 27. Properties of the N-R-TPD-2T(C10) copolymers. 

Polymer Mn (kDa)a Mw (kDa)a PDIa 
λmax

abs (nm) 
Eg

opt (eV) 
Energy Levels (eV)d 

Solutionb Filmc EHOMO ELUMO 

N-3-Ethylheptyl-TPD-2T(C10) 7 9 1.3 471 543 1.77 -5.2 -3.4 
N-2-Ethylhexyl-TPD-2T(C10) 6 9 1.4 469 541 1.81 -5.2 -3.4 
N-1-Ethylpentyl-TPD-2T(C10) 8 11 1.4 470 563 1.72 -5.2 -3.5 

N-n-Octyl-TPD-2T(C10) 5 7 1.4 472 535 1.77 -5.2 -3.4 
a Determined by gel permeation chromatography (GPC) using polystyrene standards and PhCl as the eluent at 80 °C. b Solutions in dilute PhCl. c Thin films 

spin-coated from ~5 mg/mL PhCl solutions on glass substrates. d EHOMO found by AC2 (PESA) measurement; ELUMO = EHOMO + Eg
opt.   

 

Thermal Properties  
The DSC thermograms exhibit well-defined melting and crystallisation peaks (Figure 147) (under a nitrogen 

atmosphere with a heating rate of 10 °C/min). There is a steady increase in melt and crystallisation temperatures as 

the branch-point of the alkyl side-chain is moved from C3 to C2 to C1. While this could be attributed in part to 

molecular weight effects, the higher melting points are more indicative of better stability in the crystals as alkyl side-

chain bulk is reduced. As expected, N-n-Octyl-TPD-2T(C10) which has a linear octyl side-chain - being isomeric with 

the branched side-chain of N-2-Ethylhexyl-TPD-2T(C10), and containing one more carbon than that of N-1-
Ethylpentyl-TPD-2T(C10) - sits between the two, demonstrating the presence of both side-chain size and shape 

effect on polymer properties.  
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Figure 147. Differential scanning calorimetry (DSC) scans of the N-R-TPD-2T(C10) polymers exhibit an increase in crystallisation and melt 
temperatures with a reduction in steric bulk of the alkyl side-chain; (0 - 350 °C temperature range; heating at 10 °C/min under a nitrogen 

atmosphere).  

 

Morphology 
Thin films of the TPD-2T copolymers were investigated using XRD (Figure 148 and Table 28). Thin films were drop-

cast from polymer solution (10 mg/mL hot chlorobenzene) onto Si substrates and allowed to dry in air. While the N-3-
Ethylheptyl-TPD-2T(C10) and N-2-Ethylhexyl-TPD-2T(C10) films exhibited an out-of-plane primary reflection peak 

at 2θ = ~3.7°, the angle was slightly larger for N-1-Ethylpentyl-TPD-2T(C10) being ~4.1°. The low angle diffraction 

peaks are characteristic of lamellar-type crystallinity in π stacked conjugated polymers, being associable with the 

interlayer d-spacing distance, calculated to be ~24 Å for N-3-Ethylheptyl-TPD-2T(C10) and N-2-Ethylhexyl-TPD-
2T(C10) and ~22 Å for N-1-Ethylpentyl-TPD-2T(C10). The reduced lamellar spacing (~2 Å) for N-1-Ethylpentyl-
TPD-2T(C10) may be attributed to the reduction in steric bulk of the alky side-chains allowing the polymer chains to 

pack closer together. In addition, N-1-Ethylpentyl-TPD-2T(C10) appears to exhibit increased crystallinity with higher 

intensities of the reflection peaks and a discernible quaternary reflection peak, while the tertiary is the highest order 

reflection peak readily observed for N-3-Ethylheptyl-TPD-2T(C10) and N-2-Ethylhexyl-TPD-2T(C10). In common 

with previous studies in this thesis, the (100), (200) and (300) diffraction peaks dominate the spectra making indefinite 

any (010) peak, associable with facial π-π stacking between polymeric backbones.9(b) The difference in the x-ray 

diffraction patterns means that the polymers are organized differently in the solid-state and as such the differences in 

optical absorption spectra and DSC thermograms are unlikely to be attributed to variations in molecular weight, though 

this may be a contributory factor. 
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Figure 148. X-ray diffraction (XRD) diagrams of the N-R-TPD-2T(C10) polymers exhibit a higher degree of crystallinity with a reduction in steric bulk 

of the alkyl side-chain (polymers as drop cast thin films on Si substrates from 10 mg/mL hot chlorobenzene solutions). 

 
Table 28. X-ray diffraction data for the N-R-TPD-2T(C10) polymers. 

Polymer 
2θ (°) d-spacing (Å) 2θ (°) d-spacing (Å) 2θ (°) d-spacing (Å) 2θ (°) d-spacing (Å) 

n = 1 n = 2 n = 3 n = 4 

N-3-Ethylheptyl-TPD-2T(C10) 3.71 23.8 7.26 24.3 10.54 25.2 - - 

N-2-Ethylhexyl-TPD-2T(C10) 3.68 24.0 7.46 23.7 10.87 24.4 - - 

N-1-Ethylpentyl-TPD-2T(C10) 4.08 21.6 8.07 21.9 11.82 22.4 16.25 21.8 

Polymer thin films were drop-cast on silicon substrates from 10 mg/mL hot chlorobenzene solutions and allowed to dry in air.  

 

The increase in solid-state crystallinity for N-1-Ethylpentyl-TPD-2T(C10) may be attributed to a reduction in side-

chain steric bulk (as opposed to length), promoting crystallisation of the polymer. This has been shown to improve 

current in devices by strengthening polymer/PCBM interactions and as such the synthesis and device performance of 

high molecular weight N-1-ethypentyl TPD-2T will be of interest.4(a), 5(a) 

 

Optical Properties 
The UV-Vis absorption spectra of the N-R-TPD-2T(C10) polymers are shown in Figure 149 and some key properties 

are summarised in Table 27. Dilute solutions were in chlorobenzene and thin films spin-coated from ~5 mg/mL 

chlorobenzene solutions on glass substrates. The polymers all exhibited absorption maxima over 530 nm in thin films, 

which are assigned to internal charge transfer between the TPD and bithiophene units, while the vibronic shoulders at 

~630 nm imply an ordered arrangement exists in the solid-state. The thin film maxima are red-shifted by ~70 nm in 

comparison to their solutions due to increased π orbital overlap in the planar, conjugated polymers, which reduces the 

band gap. The small difference in each of the UV-Vis spectra could be explained by a different morphology in the 

solid-state and/or the different molecular weights. However, the red-shift of the N-1-Ethylpentyl-TPD-2T(C10) thin film 
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absoption maximum could be attributed to the reduction in steric bulk of the overall shorter alkyl chain, reducing any 

distortion of bonds in the pyrrolidone moiety and enhancing any planarising interaction between the carbonyls and 

neighbouring sulfur atoms of the bithiophene (2T) units.  
 

 
Figure 149. Normalized UV-Vis absorption spectra of the four thieno[3,4-c]pyrrole-4,6-dione-based (N-R-TPD-2T(C10)) polymers as (left) solutions 

in dilute chlorobenzene and (right) thin films spin-coated on glass substrates from 5 mg/mL hot chlorobenzene solutions. 

 

Energy levels 
Ionisation potentials of the N-R-TPD-2T(C10) polymers are summarised in Table 27, having been measured using 

Photo-Electron Spectroscopy in Air, using the same polymer thin film samples as for optical (UV-Vis) analysis. The N-
R-TPD-2T(C10) polymers all exhibited Highest Occupied Molecular Orbital (HOMO) energy levels of -5.2 eV, 

confirming the minimal impact of the alkyl side-chain on ionization potential. In addition, these reasonably low HOMO 

energy levels (below -5 eV) could lead to a high open-circuit voltage (Voc) in devices and indicate good stability 

towards unintentional doping by atmospheric oxidants. The N-R-TPD-2T(C10) polymers all exhibited optical band 

gaps of 1.8 eV, with the exception of N-1-Ethylpentyl-TPD-2T(C10) which was 0.1 eV lower (1.7 eV), attributable to 

the reduction in overall steric bulk aiding planarisation, as aforementioned, resulting in increased π orbital overlap and 

delocalisation of electrons stabilizing the LUMO; the LUMO levels were found by adding the optical band gap to the 

PESA-determined HOMO of the same sample. An optimised structure of the TPD-2T polymer backbone reveals this 

to be effectively fully planar, possibly as a result of planarising intra-molecular interactions between the carbonyl on 

the pyrroledione and sulfur on the thiophene moieties252 (Figure 150) (modelled at the B3LYP/6-31G* level, for an N-

methyl substituted tetramer). Notably the HOMO and LUMO densities are extensively delocalised along the polymer 

chain, as opposed to being localised on the donor and acceptor parts, respectively, which could facilitate enhanced 

charge transport. 
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Figure 150. A structurally optimised computational model of the TPD-2T polymer (modeled at the B3LYP/6-31G* level, for an N-methyl substituted 

tetramer) showing the calculated HOMO and LUMO densities. 

 

Conclusion 
We have described a novel and efficient route to thieno[3,4-c]pyrrole-4,6-dione (TPD) allowing for late-stage alkylation 

and direct C-H polymerisation. Four copolymers with alkylated bithiophene were synthesised, in this case by Stille 

polymerisation, with different TPD N-alkyl side-chain branching points. The nature of the alkyl side-chain has a 

minimal effect on the energetics of the polymer (e.g. the HOMO and LUMO energy levels), instead exhibiting influence 

over the morphology. The exact position of a side-chain branch-point (if any) and the length of the chain appear to be 

two independent factors, with the overall steric bulk induced at the side-chain being responsible for changes in the 

properties of a polymer series. The use of a C1-branched side-chain promotes increased crystallinity and solid-state 

packing effects in TPD-2T polymers.  

 

High molecular weight N-1-ethylpentyl TPD-2T polymers may exhibit enhanced device performance in organic field-

effect transistors and bulk heterojunction solar cells, demonstrating the importance of molecular design and structure 

on material properties.       
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P3EPT: The Fruit Fly Analogue  

Introduction 
One of the most studied solution-processed polymer donor-fullerene acceptor OPV systems is the combination of 

P3HT and PC70BM, which, as aforementioned, has now exceeded 5% efficiency, with numerous in-depth studies on 

material properties, photoactive layer microstructure and stability, amongst other areas such as scaled-up synthesis 

and device fabrication.31,32,253 An important determinant of the PCE is open-circuit voltage (Voc),73 which has often 

been raised by increasing the energetic distance between the highest occupied molecular orbital (HOMO) of the donor 

material and lowest unoccupied molecular orbital (LUMO) of the acceptor.254 However, the recombination of free 

charge carriers is also an important factor in determining Voc,255,256 with recent progress using microstructural 

manipulation at the donor:acceptor interface to mitigate this loss mechanism,257–259 such as reducing the interfacial 

area.260 The polymer morphology and thermal properties are to a large extent affected by the nature of the alkyl side-

chains that extend perpendicular to the conjugated polymer backbone, the basis of this often being attributed to steric 

factors.102,261 However, whilst historically used for their solubilizing properties, recent studies have shown that the 

chemical composition of the side-chain can have important consequences for optoelectronics and device 

performance.262  

 

Here we further explore the relationship between side-chain functionality, polymer morphology, blend microstructure, 

and performance. We compare the material properties and device performance of poly(3-(ethyl-5-

pentanoate)thiophene-2,5-diyl) (P3EPT), to P3HT (see Figure 151 for structures). Although similar to previously 

prepared ester-functionalized polythiophenes,263,264 this P3HT analogue has not been studied to-date to the best of 

our knowledge. We demonstrate that polymer side chain functionality can significantly affect PCBM intermixing, 

resultant photoactive layer microstructure and OPV performance, through the open-circuit voltage achieved.  

 

 
Figure 151. The regioregular structures of (left) poly(3-(ethyl-5-pentanoate)thiophene-2,5-diyl) (P3EPT) and (right) poly(3-hexylthiophene-2,5-diyl) 

(P3HT). 

 

Results & Discussion 
P3EPT was used as supplied by Rieke Metals, with a specified regioregularity of 80-90% and average Mw of 55-65 

kDa. The P3EPT polymer, like P3HT, is soluble in common organic solvents and the chemical structure readily 

confirmed by proton NMR spectroscopy in deuterated chloroform solution (Figure 152). The polymer was also 

analyzed by gel permeation chromatography (Figure 153), the molecular weight (Mn and Mw) and polydispersity index 

higher is given with that of P3HT used for comparison in Table 29.  
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Figure 152. 1H NMR (400 MHz, CDCl3) spectrum and assignment for P3EPT. 

 

  
Figure 153. GPC traces of (left) P3EPT, Mn = 25 kDa, Mw = 56 kDa, PDI = 2.28; and (right), P3HT, Mn = 79 kDa, Mw = 112 kDa, PDI = 1.42. 

 
Table 29. Properties of the P3EPT and P3HT polythiophene–based polymers. 

Polymer 
Mn 

(kDa)a 

Mw 

(kDa)a 
PDIa 

T95% Tmelt Crystallinityd λmax
abs (nm) 

Eg
opt 

(eV)f 

Energy Levels (eV)g 

(°C)b (°C)c  Solutione Filme EHOMO ELUMO 

P3EPT 25 56 2.28 375 180 Yes 456 519 1.9 -4.8 -2.9 
P3HT 79 112 1.42 451 224 Yes - 552 1.9 -5.1 -3.3 

a Determined by GPC using polystyrene standards and PhCl as the eluent at 80 °C. b Determined by thermogravimetric analysis (TGA). c As observed by 
differential scanning calorimetry (DSC). d Out-of-plane reflections observed by X-ray diffraction for drop-cast films (from 10 mg/mL chlorobenzene solution) on 

Si substrates dried in air. e Solutions (dilute) in PhCl; thin films drop-cast from 10 mg/mL PhCl solutions on glass substrates. f Determined from the absorption 

onset of the thin film.g EHOMO found by AC2 (PESA) measurement; ELUMO = EHOMO + Eg
opt.  

 

Thermal properties were investigated using thermogravimetric analysis (TGA) and differential scanning calorimetry 

(DSC) (Figure 154 and Table 29). The decomposition temperature (5% weight loss) is 375 °C for P3EPT, being ~75 

°C lower than for P3HT, which occurs at 451 °C, attributable to thermal cleavage of the ester group to afford the bare 

carboxylic acid, the ester functional group being less thermally stable than the hydrocarbon chain. By DSC both 
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Table 31. Organic photovoltaic performance of the P3EPT and P3HT polymers in fine BHJ blends and two-step coarse BHJ blends with PC60BM. 

Device Fabrication Polymer V
oc

 (V) J
sc

 (mAcm-2) FF PCE (%) 

Fine Blend 
P3HT 0.61 10.24 0.66 4.1 

P3EPT 0.53 6.96 0.55 2.0 
Coarse Bilayer 

P3HT 0.60 2.68 0.39 0.6 
P3EPT 0.83 5.76 0.46 2.2 

Devices had a conventional device architecture, see experimental for full details. 

 

P3HT exhibited the highest PCE of 4.1% for the blend in comparison to 2.0% for the comparative P3EPT blend. The 

lower performance of P3EPT is due to the Voc being 0.08 V lower, the fill factor being reduced from 66% to 55% and 

the Jsc being reduced from 10.24 to 6.96 mA/cm2. The reduced Voc may be attributed, as aforementioned, to the higher 

lying HOMO of P3EPT and thus reduced potential difference to the LUMO of PC60BM. In addition, the reduced Jsc 

may be attributed to the wider optical band gap (observed in the polymer:fullerene blend) reducing charge generation, 

with more disordered polymer domains possibly manifesting in increased charge recombination and a higher density 

of trap states, concurrent with the reduced fill factor. However, it is noteworthy to mention that the P3EPT BHJ has not 

been optimized; instead, the optimized P3HT protocol was employed for direct comparison. 

 

In the two-step coarse BHJs a reduced Jsc is observed for both polymers, as expected due to the severely limited 

interfacial area between donor and acceptor phases in a coarse BHJ limiting charge separation and increasing exciton 

decay. In addition, with the frontier molecular orbital energy levels unchanged, the P3HT two-step coarse BHJ exhibits 

the same Voc of 0.6 V as the single step BHJ blend. However, P3EPT exhibits an unexpected increase of over 0.2 V 

from a Voc of 0.6 to 0.8 V, which manifests in a competitive device PCE of 2.2% for the coarse BHJ, compared to 2.0% 

for the P3EPT single step BHJ blend and 0.6% for the P3HT. Given that the frontier molecular orbital energies should 

be the same as for P3EPT in the BHJ, the charge recombination rates, which also affect Voc, would appear to be 

strongly influenced by the photoactive layer microstructure. This is concurrent with our UV-Vis and GIXS data that 

showed strong microstructural perturbation for the P3EPT:PCBM blend compared to that of P3HT. Since the 

crystalline P3HT:PCBM BHJ afforded on annealing is well documented to be beneficial for OPV performance, it can 

be inferred that depositing P3EPT in the absence of PCBM affords less well-mixed and instead more ordered polymer 

and fullerene morphologies, as evidenced in the improved device performance (increased Voc and PCE of the P3EPT 

coarse BHJ compared to the fine BHJ blend). The difference in Voc is then likely attributable to a reduction in interfacial 

area and charge carrier recombination.260 

 

To further investigate the high Voc observed in P3EPT-based two-step coarse BHJ devices two further device 

processing conditions were studied: (1) pre-annealing (prior to fullerene spin-coating) only; (2) pre- and post-fullerene 

deposition annealing; and (3) both annealing stages with an additional step of ‘washing’ after pre-annealing. Washing 

was achieved by dropping neat chlorobenzene onto the polymer layer and then spinning off at high speed (4000 rpm); 

the chlorobenzene may dissolve and remove the low molecular weight or surface fractions of the polymer, yielding a 

potentially finer polymer network. The resultant device properties are summarized in Table 32.  
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Table 32. OPV performance of P3EPT-based two-step coarse BHJ devices under different processing conditions. 

Processing Condition V
oc

 (V) J
sc

 (mAcm-2) FF PCE (%) 
Pre-Annealed 0.75 4.52 0.31 1.1 

Pre- & Post-Annealed 0.83 5.76 0.46 2.2 
Pre-Annealed, Washed & Post-Annealed 0.82 4.82 0.50 2.0 

Pre-annealing: 10 mins at 140 °C; post-annealing: 7 mins at 160 °C; washing: spin-washing the partially completed OPV cell substrate with chlorobenzene on 

the chuck; all conditions achieved in a nitrogen glove box. 

 

Omission of the post-annealing step results in a reduced PCE of 1.1%, principally caused by a drop in fill factor (from 

0.46 to 0.31) as well as a drop in Voc and Jsc compared to the pre- and secondary-annealed device. This is consistent 

with the secondary thermal annealing affording greater diffusion of the fullerenes into the polymer layer, and yielding a 

higher degree of charge extraction at the electrodes. Interestingly the high Voc of 0.8 V is preserved for the device with 

the additional washing step. The Jsc is slightly reduced (to 4.82 mA/cm2 compared to 5.76 mA/cm2 for the unwashed 

comparison), which is consistent with a thinner photoactive layer absorbing less light, leading to reduced charge 

generation. However, the fill factor improves (from 0.46 to 0.51), giving a similar PCE of ~2%. The higher fill factor is 

consistent with fullerene diffusion into a polymer network, giving a more optimal morphology and reduced loss 

pathways such as exciton decay. In summary the washing step affords a high Voc consistent with the coarse BHJ 

devices and a fill factor competitive with the blend, but at the compromise of Jsc. 

 

Conclusion 
The polymer poly(3-(ethyl-5-pentanoate)thiophene-2,5-diyl) (P3EPT), an analogue of P3HT, was characterized in 

terms of molecular weight, thermal properties and morphology, optical and electronic properties. The polymer has the 

same conjugated backbone structure as P3HT but with a sterically bulkier and functional group at the terminus of the 

alkyl side-chain. The P3EPT ester moiety reduces the crystallinity of the polymer, lowering its melting temperature and 

increasing the lamellar d-spacing distance, relative to P3HT. In blends with PCBM, the morphology of both species is 

perturbed, P3EPT exhibiting a wider band gap and PCBM remaining in the amorphous phase on annealing, unlike 

common P3HT:PCBM blends. As a result the power conversion efficiency of organic photovoltaic devices is reduced 

for P3EPT:PCBM bulk heterojunction blends as compared to P3HT. However, a markedly high Voc and competitive 

efficiency is achieved when fabricating P3EPT devices as two-step coarse BHJs, likely due to mitigation of the strong 

interactions with PCBM. As the frontier molecular orbital energetics remain unchanged, this increase in Voc is likely 

due to reduced charge recombination rates in the coarse BHJ,260 at least near the anode, which may be attributed to 

improved charge extraction through more ordered polymer regions in the photoactive layer when casting the P3EPT 
polymer in the absence of PCBM.269 This shows that the often overlooked chemical functionality of the solubilizing 

side-chains can significantly affect polymer properties, blend microstructure and OPV device performance. 
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Summary, Conclusions & Further Work 
Organic – or plastic – electronics promises inexpensive devices with diverse applications, ranging from grid-scale 

power generation to disposable packaging, made possible by a combination of solution-processed manufacturing, 

such as printing, with large-scale, flexible and light-weight substrates, and abundant, inexpensive input materials. 

Moreover, high-performance need not be forgone, with organic field-effect transistors (OFETs) exhibiting mobilities 

competitive with amorphous silicon. Meanwhile, organic solar cells offer an underexploited, potential renewable 

energy solution to increasing energy demand and global warming. However, for organic photovoltaic (OPV) cells the 

new goal is to stabilise commercially viable efficiencies of >10%, which have now been surpassed at research level, 

for >10 years. This will be achieved through multidisciplinary research at the interface of chemistry, physics and 

materials science. More specifically, as exemplified in this thesis, a structure-properties-fabrication-performance 

paradigm exists, necessitating judicious molecular design alongside tailored and optimised device manufacturing 

processes.  

 

A number of rational design rules are exemplified by benzodipyrrolidone-derived materials, which enjoy both OPV and 

OFET applications. These units afford N-alkylation, with branched side-chains conveying solubility and bringing 

sufficient molecular weight; the conjugated backbone includes fused heterocycles, being rigid and - when avoiding 

phenyl-phenyl couplings - planar. The bis-lactam motif gives these units an electron-poor acceptor nature, resulting in 

deep HOMO energy levels and low band gaps, which largely manifest in ambipolar charge transport and satisfactory 

charge carrier mobility. However, whilst a low bandgap affords extended overlap with the more intense region of the 

solar spectrum, low LUMO levels hinder charge separation in OPV devices, due to a poor LUMO-LUMO offset with 

common fullerene-based acceptor materials. The investigation of dihydropyrroloindoledione-based materials, both 

with varied aromatics flanking the dihydropyrroloindoledione core, varied comonomers and linear alkyl chains for 

transistor applications, will be of interest as fine-tuning of the frontier molecular orbital energy levels may further 

enhance device performance, with unencumbered performance when processing with more environmentally benign 

non-chlorinated solvents being of interest.270  

 

Structure-property relationships are further illustrated in a systematic series of TPD-2T–based copolymers. The nature 

of the alkyl side-chain branching point has a minimal effect on the energetics of the polymer, exhibiting greater 

influence over the morphology, with a C1-branched side-chain promoting increased crystallinity and solid-state 

packing effects, demonstrating the importance of molecular design and structure on material properties.      

 

However, by introducing different processing conditions into photovoltaic cell fabrication, performance can be 

drastically altered, which is exemplified with two poly(thiophene) materials. In particular, P3EPT exhibits a higher Voc 

in coarse BHJ blends compared to P3HT, most likely due to adopting a different morphology on casting in the 

absence of PCBM, highlighting that Voc is governed not just by a structure-properties relationship, but also by the 

photoactive layer microstructure which is itself affected by the fabrication process.  

 

Looking beyond initial device performance, photocrosslinking has emerged as a scalable technique for “locking” bulk 

heterojunction blend microstructure, conveying thermal stability, typically through the frustration of fullerene 

aggregation on the formation of a crosslinked polymer network. Small molecule crosslinkers can be added into a 

blend, removing the need for additional functionalisation of polymers and thus reducing cost. In particular use of our 

DAZH and PDCF3-based additives allows versatility, as they exhibit sufficient shelf-life, are solution-processed, and 
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the azide and diazirine functionality, respectively, result in emission only of inert nitrogen gas, with non-invasive and 

scalable UV light activation. Moreover, our DAZH additive affords an increase in as-cast device efficiency, attributed to 

its aliphatic and non-sterically hindered design, thus being a dual function additive. This is echoed by 2PDCF3, being 

the closest bis-diazirine crosslinker in size to bis-azide DAZH, and showing the most promise, likely attributable to 

reduced steric hindrance and increased propensity to intimate mixing with the alkyl side-chains of the polymer, giving 

desired C-H carbene insertion on activation. However, for the bis-diazirine crosslinkers, a low loading is found to be 

beneficial, as these do not exhibit the same positive additive effect on as-cast device efficiency as DAZH does. For 

the bis-diazirines higher loadings likely lead to associated phases of the crosslinker and less mixing with the polymer 

and fullerenes, with reduced as-cast PCE, not due to any curing process or a change in energetics of the polymer or 

phase-separation in the blends, but more likely due to subtle changes in morphology and charge dynamics. 

 

Further work will both optimise device fabrication and crosslinker design to improve the as-cast efficiency of devices 

with bis-diazirine based crosslinkers present, for example by use of an all-aliphatic molecule (Figure 161) akin to 

DAZH.  

 

 
Figure 161. Towards the synthesis of di-diazirine-isopropryl-octane (DDiPrOC) 
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Experimental 

General Experimental 

Instrumental 
Measurements were performed as described below unless stated otherwise. 

 

Microwave chemistry was performed in a Biotage initiator v.2.3.  

 

NMR spectra were obtained using a Bruker DPX0 400 MHz spectrometer using an internal deuterium lock at ambient 

probe temperatures unless stated otherwise. Chemical shifts (δ) are quoted in ppm relative to the tetramethylsilane 

solvent peak (0.00), with peak multiplicity (bs, broad singlet; s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet), 

integration and coupling constants (J) quoted in Hz (uncorrected) as appropriate. Proton solvent residual peaks are 

taken as: 7.26 for CDCl3, 7.15 for C6D6 and 2.52 for DMSO-d6; and carbon solvent residual peaks as: 77.16 for CDCl3, 

128.6 for C6D6 and 39.7 for DMSO-d6.  

 

Mass spectra were obtained using a Micromass Platform II or AutoSpec-Q spectrometer.  Low resolution and high 

resolution mass spectra (HRMS) were obtained using positive or negative electrospray (ES) or chemical (CI) 

ionisation or matrix-assisted laser desorption/ionisation (MALDI).  

 

Infrared spectra were obtained using a Perkin-Elmer Lambda FTIR spectrometer as evaporated films or either neat or 

in nujol mulls using sodium chloride or potassium bromide windows.  

 

Melting points were obtained using on Stanford Research Systems MPA100 melting point apparatus and are quoted 

uncorrected.  

 

Molecular weights (number-average [Mn] and weight-average [Mw]) were obtained using an Agilent Technologies 1200 

series GPC in chlorobenzene at 80 °C, using two PL mixed B columns in series, calibrated against narrow 

polydispersity polystyrene standards.  

 

Thermal gravimetric analysis (TGA) plots were obtained using a Perkin Elmer Pyris 1 TGA. 

 

Differential scanning calorimetry (DSC) plots were obtained using a TA Instruments DSC Tzero Q20 instrument. All 

cooling rates were the same as the stated heating rates.  

 

X-ray diffraction (XRD) data was obtained using a PANALYTICAL X’PERT-PRO MRD diffractometer equipped with a 

nickel-filtered Cu K α 1 beam and a X’ CELERATOR detector, using a current of 40 mA and an accelerating voltage of 

40 kV; films were drop-cast from polymer solution (10 mg/mL in hot chlorobenzene, unless stated otherwise) onto an 

Si substrate and allowed to dry in air for 24 h.  

 

Atomic force microscopy (AFM) was performed using an Agilent 5500 instrument in tapping mode. 
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UV-Vis spectra were obtained using a UV-1601 Shimadzu UV-Vis spectrometer; solutions were dilute in 

chlorobenzene and thin films prepared by spin-coating from 10 mg/mL hot chlorobenzene solutions on glass 

substrates.  

 

UV-Vis-NIR spectra were obtained using a Perkin Elmer Lambda 950 UV/VIS Spectrometer; polymer thin films were 

prepared as for UV-Vis. 

 

Ionisation potentials were obtained using Photo-electron Spectroscopy in Air (PESA) performed on a Riken Keiki AC-2 

PESA spectrometer. PESA samples were prepared by spin-coating polymer thin films on glass substrates from 10 

mg/mL solutions in hot chlorobenzene and were run with a light intensity of 5 nW and data processed with a power 

number of 0.5.  

 

Cyclic voltammetry (CV) was performed under an argon atmosphere in a three-electrode electrochemical cell at a 

potential scan rate of 50 mV/s. Thin films of the polymers were spin-coated (from chlorobenzene solution, 10 mg/mL) 

on conducting indium tin oxide (ITO) glass substrates and used with a platinum mesh counter electrode, Ag/Ag+ 

reference calibrated against ferrocene and nBu4NPF6 as the electrolyte in anhydrous acetonitrile solution (0.1M). 

 

Computational modelling was performed using density functional theory (DFT) calculations in Gaussian 09 software. 

Unless stated otherwise, the B3LYP/6-31G* basis set level of theory was used for methyl-substituted (instead of 

longer alkyl side-chain) tetramers, due to the weak influence of the alkyl side-chains on the energetics of frontier 

molecular orbitals and to minimise the size of the system and so computational power required to process the job. In 

the first instance energy minimised structures were confirmed by checking the calculations had converged, secondly 

that they did not exhibit negative frequencies (by frequency analysis) and thirdly by comparing the energy difference to 

variations in the orientation of the conjugated units in the structure. Structures were visualised and analysed with 

GaussView 05 software.   

 

Procedures, Conventions & Reagents 
Detailed experimental procedures are described below. General procedures, conventions and reagents were as 

described below unless stated otherwise. 

 

Novel compounds are reported in sequential order as described in the thesis (above). Literature compounds have 

been referenced in the text, their preparation and the data obtained being consistent with reported literature. In cases 

where diastereomeric/isomeric compounds were observed, judgement was used to either report signals for either the 

target or major isomer, the entire mixture of isomers or each isomer separately, depending upon the ease of analysis. 

Compounds are characterised in their pure form. 

 

All solvents, reagents and other chemicals were used as received from commercial sources, or purified using standard 

procedures.  

 

The use of anhydrous [dry] chemicals infers anhydrous conditions (under an argon or nitrogen atmosphere). 

Glassware for anhydrous conditions was oven dried and cooled under a flow of nitrogen.  
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All temperatures – other than room temperature – are recorded as bath temperatures of the reaction.  

 

Merck aluminium backed precoated silica gel (50 F254) plates were used for thin-layer chromatography (TLC). 

Visualisation was by ultraviolet light (254 nm) and/or either potassium permanganate(VII), vanillin, iodine or Molybdate 

staining with heating as appropriate. Column chromatography was performed on Merck silia gel (Merck 9385 Kieselgel 

60, 230-400 mesh) under a positive air pressure using reagent or GR (guaranteed reagent) grade solvent as received.  

 

Samarium diiodide was prepared by a modification of the literature procedure of Imamoto and Ono.271 Samarium 

powder (2.00g, 13.8 mmol, 1.2 eq.) was added to an oven-dried round-bottomed flask and the flask was sealed and 

flushed with nitrogen gas for 20 min. THF (110 mL) was added and the resulting suspension was bubbled with 

nitrogen gas for 15 min. Finally, iodine (2.80 g, 10.8 mmol, 1.0 eq.) was added and the flask flushed again with 

nitrogen gas for 10 min. The flask was covered in aluminium foil and heated at 60 °C for 18 h. The ~0.1 M solution 

was allowed to cool to room temperature and then used directly. 

 

Polymer purification typically encompassed precipitating the crude polymer in room temperature methanol (100 mL), 

filtering through a glass Soxhlet thimble and then purifying by Soxhlet extraction under argon gas flow with acetone 

(90 °C), hexane (110 °C) and chloroform (100 °C) (200 mL of each solvent was used (not dry) with a minimum reflux 

time of 6 hours); the entire set-up was wrapped with aluminium foil to keep the polymer dark. If the polymer is not 

sufficiently soluble in chloroform then a final extraction in chlorobenzene follows (180 °C). Remaining palladium 

residues were removed by vigorously stirring the concentrated (in vacuo) latter fraction (to approximately 100 mL) with 

aqueous sodium diethyldithiocarbamate (approximately one spatula of the salt was dissolved in 100 mL of DI water) 

for 3 h at 55 °C under argon gas flow, the set-up again being wrapped in aluminium foil. The organic phase was then 

separated, washed (water: 3 x 250 mL), concentrated in vacuo and again precipitated in methanol (100 mL), filtered 

off (under vacuum) and dried under high vacuum to afford the pure polymer as a dry solid. The polymers were stored 

at room temperature in the dark under ambient atmosphere. 

 

Organic Field-Effect Transistors (OFETs) 
Top-gate bottom-contact devices were fabricated on 2 x 2 cm glass substrates. All the device fabrication was 

performed under a nitrogen atmosphere. Glass slides were cleaned in a DECON90 DI-Water solution in an ultrasonic 

bath twice for 10 minutes and then rinsed with DI-Water. Source and drain contacts were made by evaporating Au (30 

nm) through a shadow mask. Polymer films were spin-coated at 2000 rpm (30–60 s) from hot chlorobenzene solution 

(~5 mg/mL, 80 °C) and annealed at 120 °C for 30 min to remove residual solvent. Further annealing followed at 180 

°C for 10 min if stated. Subsequently 630 nm of PMMA dielectric layer (Ci = 5 nF/cm2) was spin-coated on the polymer 

film and annealed at 120 °C for 30 min. A 50 nm Al gate electrode was evaporated on the dielectric layer through a 

shadow mask. Electrical characterization was performed under high vacuum conditions with a Keithley 2636 

measuring unit; VG was typically scanned from 40 to -80 V; VD was set at -5 V for linear mobility and -60 V or -80 V for 

saturation mobility calculation.  

 

BPT-Based polymer field-effect transistor (FET) device fabrication: top-gate devices: top-gate, bottom-contact 

devices were fabricated on 2x2 cm glass substrates under an inert atmosphere. Glass slides were cleaned in a 

DECON90 DI-Water solution in an ultrasonic bath twice for 10 minutes and then rinsed with DI-Water. Chlorobenzene 

solution and substrates were heated to processing temperature. To help with the adhesion of the gold electrodes 2 nm 
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of chromium are evaporated first. Source and drain contacts were made by evaporating Au (25 nm) through a shadow 

mask. Polymer thin films (5 mg/mL) were spin-coated at 2000 rpm for 30-60 s then dried at 150 °C for 10 min to 

remove residual solvent and then further annealed at 175 °C. A perfluorinated polymer (commercial name CYTOP 

from Ashani Glass) was used as the gate dielectric and applied via spin-coating at 2000 rpm for 60 s and curing at 

100 °C for 30 min. A 50 nm Al gate electrode was evaporated on the dielectric layer through a shadow mask. Bottom-
gate devices: standard silicon bottom-gate, bottom-contact (400 nm SiO2 over Si++) substrates with gold electrodes 

were used.  The substrates were cleaned in an ultrasonic bath (acetone 10 min, isopropanol 10 min) and then treated 

with an OTS SAM before contact evaporation. The devices were spun from the same solution, with identical 

processing parameters as above. 

 

Organic Photovoltaic Cells (OPVs)  
All organic photovoltaic devices had a conventional device architecture, ITO/PEDOT:PSS/polymer:acceptor/Ca/Al. 

The pre-coated ITO glass substrates were cleaned with acetone and isopropyl alcohol under sonification, followed by 

drying and oxygen plasma treatment for seven minutes. A 30 nm layer of PEDOT:PSS was spin-coated onto the 

plasma-treated ITO substrate and baked at 150 °C for 20 minutes. An 80 nm active layer consisting of a 1:2 wt blend 

of polymer:acceptor dissolved in ODCB (stirred at 80 °C for a minimum of 2 hours in the dark) was spin-coated on the 

PEDOT:PSS layer and then a Ca (30 nm)/Al (100 nm) cathode was finally deposited by thermal evaporation under 

high vacuum (10 − 6 mbar) through a shadow mask. The pixel size, defined by the spatial overlap of the ITO anode 

and Ca/Al cathode, was 0.045 cm2. The device characteristics were obtained using a xenon lamp at AM1.5 solar 

illumination (Oriel Instruments). Short circuit currents under AM1.5G conditions were obtained from the spectral 

response and convolution with the solar spectrum, measured with a Keithley source meter. Spectral response was 

measured under operation conditions using bias light from a 532 nm solid-state laser (Edmund Optics). 

Monochromatic light from a 100 W tungsten halogen lamp in combination with monochromator (Oriel, Cornerstone 

130) was modulated with a mechanical chopper. The response was recorded as the voltage over a 50 ohm 

resistance, using a lock-in amplifier (Stanford research Systems SR830). A calibrated Si cell was used as reference. 

All the device measurements were carried out behind a quartz window in a nitrogen filled container.  

 

Photocrosslinking and ageing: DAZH bis-azide study: the photoactive layer was spin-coated (preliminary: 2000 

rpm; reoptimised: 1500 rpm) from a 1:3.5 wt blend of polymer:acceptor dissolved in ODCB. Photocrosslinking was 

performed using a low intensity hand-held (8W) UV lamp, set to emit 254 nm light, the bulb positioned ~1 cm from the 

substrates, followed by thermal curing (preliminary: 140 °C; reoptimised: 70 °C; both 10 mins) in the glove box. Ageing 

was performed in the glove box (inert nitrogen atmosphere) at 85 °C in ambient light (devices not encapsulated). 

PDCF3-based bis-diazirine study: the UV lamp was set to emit 365 nm light. 

 

P3EPT study: (one-step fine BHJ blends): the photoactive layer consisted of a 1:0.7 blend of polymer:acceptor 

(PC60BM) dissolved in ODCB (total 21 mg/mL filtered + 1.5% v/v CN) spin-coated on top of the PEDOT:PSS layer in 

a nitrogen glove box (1300 rpm, 1300 acc for 30 s then 2000 rpm, 2000 acc, 1 s) (typically 0.045 – 0.065 mL) followed 

by thermal annealing at 160 °C for 7 minutes under nitrogen atmosphere and then the cathode (Ca 15 nm / Al 80 nm) 

was deposited. 
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Detailed Synthetic Procedures 

Phenyl-Flanked Benzodipyrrolidone (BPP)-Based Polymers 

1,4-Bis(α-hydroxy(4-bromophenyl)acetylamino)benzene (1) 
The title compound (1) was prepared according to the literature.201 A mixture of p-phenylenediamine (3.12 g, 28.85 

mmol) and 4-bromo-DL-mandelic acid (20.00 g, 86.56 mmol) in chlorobenzene (100 mL) was stirred at 130 °C for 18 

h. On cooling to room temperature the resulting precipitate was filtered off, washed with ethanol (100 mL) and dried 

under high vacuum to afford the title compound (1) as a white solid, which was used without further purification (13.00 

g, 85%). The spectra were in agreement with those previously reported for the compound. 1H NMR (400 MHz, DMSO-

d6),  (ppm): 5.08 (d, J = 4.8 Hz, OH, 2H), 6.50 (d, J = 4.8 Hz, CH, 2H), 7.45 (d, J = 8.4 Hz, BrArH, 4H), 7.56 (d, J = 

8.4 Hz, BrArH, 4H), 7.60 (s, ArH, 4H), 9.87 (s, NH, 2H).  

 

3,7-Di(4-bromophenyl)-2,6-dioxo-1,2,3,4,5,6,7-hexahydrobenzo[1,2-b:4,5-b’]dipyrrole (2) 
The title compound (2) was prepared according to the literature.201 To 1,4-bis(α-hydroxy(4-

bromophenyl)acetylamino)benzene (1) (13.00 g, 24.40 mmol) was added concentrated sulfuric acid (125 mL) and the 

mixture stirred at room temperature for 16 h, then carefully poured into ice water (500 mL). The resulting precipitate 

was filtered off, washed with water (100 mL) and dried in air to afford the title compound (2) as a light brown solid, 

which was used without further purification (11.62 g, 96%). The spectra were in agreement with those previously 

reported for the compound. 1H NMR (400 MHz, DMSO-d6),  (ppm) [more than one isomer]: 4.00 (s, 0.4H), 4.57 (s, 

0.4H), 4.78 (s, 0.8H), 4.80 (s, 0.4H), 6.54 (d, J = 7.8 Hz, 0.8H), 6.59 (s, 1.2H), 6.75 (d, J = 8.4 Hz, 0.8H), 6.81 (s, 

0.8H), 7.04 (d, J = 8.0 Hz, 0.8H), 7.10-7.17 (m, 2.4H), 7.47 (d, J = 7.9 Hz, 0.8H), 7.56 (d, J = 7.8 Hz, 2.4H), 10.38-

10.40 (m, 1.6H), 10.46 (s, 0.4H). 

3,7-Di(4-bromophenyl)-2,6-dioxo-1,2,5,6-tetrahydrobenzo[1,2-b:4,5-b’]dipyrrole (3) 
The title compound (3) was prepared according to the literature.201 Aqueous sodium hydroxide solution (5M) (8.40 mL, 

42.01 mmol) was added dropwise to a suspension of 3,7-di(4-bromophenyl)-2,6-dioxo-1,2,3,4,5,6,7-

hexahydrobenzo[1,2-b:4,5-b’]dipyrrole (2) (11.57 g, 23.34 mmol) in ethanol (100 mL). Then potassium persulfate 

(16.97 g, 62.78 mmol) in water (56 mL) was added and the mixture heated at reflux for 2 h. On cooling to room 

temperature, the resulting precipitate was filtered off, washed with water (50 mL), ethanol (50 mL) and acetone (50 

mL) and dried under high vacuum to afford the title compound (3) as a brown solid, which was used without further 

purification (11.53 g, quant.). The spectra were in agreement with those previously reported for the compound. 1H 

NMR (400 MHz, DMSO-d6),  (ppm): 6.36 (s, ArH, 2H), 7.61 (d, J = 8.6 Hz, BrArH, 4H), 7.71 (d, J = 8.7 Hz, BrArH, 

4H), 10.37 (s, NH, 2H). 

N,N’-Di(2-decyltetradecanyl)-3,7-di(4-bromophenyl)-2,6-dioxo-1,2,5,6-tetrahydrobenzo[1,2-b:4,5-b’]dipyrrole 
(M1) 
To a mixture of 3,7-di(4-bromophenyl)-2,6-dioxo-1,2,5,6-tetrahydrobenzo[1,2-b:4,5-b’]dipyrrole (3) (5.00 g, 10.12 

mmol) and potassium carbonate (5.60 g, 40.49 mmol) in anhydrous DMF (90 mL) was added 2-decyltetradecyl 

bromide (18.81 g, 40.49 mmol). After stirring at 80 °C for 16 h, the mixture was poured into water (1 L) and extracted 

with dichloromethane (500 mL). The organic layer was washed with brine (500 mL), dried (MgSO4), filtered and 

concentrated in vacuo. The residue was purified by column chromatography on silica gel eluting in 1:2 Hex/DCM to 

afford the title compound (M1) as a dark red-brown solid (5.02 g, 43%). 1H NMR (400 MHz, CDCl3),  (ppm): 0.83-0.91 
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(m, CH3, 12H), 1.14-1.37 (m, CH2, 80H), 1.76 (m, CH, 2H), 3.50 (d, J = 7.1 Hz, NCH2, 4H), 6.29 (s, C=CH, 2H), 7.55-

7.64 (m, ArH, 8H). 13C NMR (400 MHz, CDCl3),  (ppm): 14.28, 22.85, 26.83, 29.51, 29.82, 30.15, 31.89, 32.07, 

37.25, 44.16, 97.31, 123.74, 126.48, 130.17, 131.08, 132.20, 134.63, 144.45, 169.71. HRMS m/z (MALDI TOF LD+):  

C70H108Br2N2O2 calculated 1169.68 ([M+H]+), found 1169.86.  

BPP-T 
A microwave vial was charged with M1 (250 mg, 0.21 mmol), 2,5-bis(trimethylstannyl)thiophene (88 mg, 0.21 mmol) 

and 2 mol% of tetrakis(triphenylphosphine)palladium(0). The vial was then sealed, o-xylene (0.50 mL) added, the 

mixture degassed for 30 minutes and submitted to the microwave reactor for: 2 minutes at 120 and 150 °C then 40 

minutes at 170 °C. The crude polymer was precipitated in methanol and then purified by Soxhlet extraction with 

methanol, acetone, hexane and chloroform. Remaining palladium residues were removed by vigorously stirring the 

latter fraction with aqueous sodium diethyldithiocarbamate for 3 h at 55 °C. The organic phase was then separated, 

washed (water), concentrated in vacuo and again precipitated in methanol, filtered off and dried under high vacuum to 

afford the title compound (BPP-T) as a dark blue solid (99 mg, 41 %, chloroform fraction). Mn = 25 kDa, Mw = 41 kDa, 

PDI = 1.64. 

 

BPP-2T 
A microwave vial was charged with M1 (250 mg, 0.21 mmol), 2,5-5,5’-bis(trimethylstannyl)-2,2’-bithiophene (105 mg, 

0.21 mmol) and 2 mol% of tetrakis(triphenylphosphine)palladium(0). The vial was then sealed, o-xylene (0.50 mL) 

added, the mixture degassed for 30 minutes and submitted to the microwave reactor for: 2 minutes at 120 and 150 °C 

then 40 minutes at 170 °C. The crude polymer was precipitated in methanol and then purified by Soxhlet extraction 

with methanol, acetone, hexane, chloroform and chlorobenzene. Remaining palladium residues were removed by 

vigorously stirring the latter fraction with aqueous sodium diethyldithiocarbamate for 3 h at 55 °C. The organic phase 

was then separated, washed (water), concentrated in vacuo and again precipitated in methanol, filtered off and dried 

under high vacuum to afford the title compound (BPP-2T) as a dark blue solid (39 mg, 15 %, chlorobenzene fraction). 

Mn = 17 kDa, Mw = 42 kDa, PDI = 2.47. 

 

BPP-TT 
A microwave vial was charged with M1 (250 mg, 0.21 mmol), 2,5-bis(trimethylstannyl)thieno[3,2-b]thiophene (100 mg, 

0.21 mmol) and 2 mol% of tetrakis(triphenylphosphine)palladium(0). The vial was then sealed, o-xylene (0.50 mL) 

added, the mixture degassed for 30 minutes and submitted to the microwave reactor for: 2 minutes at 120 and 150 °C 

then 40 minutes at 170 °C. The crude polymer was precipitated in methanol and then purified by Soxhlet extraction 

with methanol, acetone, hexane, chloroform and chlorobenzene. Remaining palladium residues were removed by 

vigorously stirring the latter fraction with aqueous sodium diethyldithiocarbamate for 3 hours at 55 °C. The organic 

phase was then separated, washed (water), concentrated in vacuo and again precipitated in methanol, filtered off and 

dried under high vacuum to afford the title compound (BPP-TT) as a dark blue solid (123 mg, 49 %, chloroform 

fraction). Mn = 15 kDa, Mw = 51 kDa, PDI = 3.41. 

 

BPP-TVT 
A microwave vial was charged with M1 (200 mg, 0.17 mmol), (E)-1,2-bis(5-trimethylstannyl)thiophen-2-yl-ethene (89 

mg, 0.17 mmol), 2 mol% of tris(dibenzylideneacetone)dipalladium(0) and 8 mol% of triphenylphosphine. The vial was 
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then sealed, toluene/DMF (10:1) (3.30 mL) added, the mixture degassed for 30 minutes, sealed under argon and 

stirred vigorously for 16 h at 110 °C in the dark. The crude polymer was precipitated in methanol and then purified by 

Soxhlet extraction with acetone, hexane and chloroform. Remaining palladium residues were removed by vigorously 

stirring the latter fraction with aqueous sodium diethyldithiocarbamate for 3 hours at 55 °C. The organic phase was 

then separated, washed (water), concentrated in vacuo and again precipitated in methanol, filtered off and dried under 

high vacuum to afford the title compound (BPP-TVT) as a dark blue solid (32 mg, 16 %, chloroform fraction). Mn = 20 

kDa, Mw = 46 kDa, PDI = 2.28. 

 

BPP-CPDT 
A microwave vial was charged with M1 (156 mg, 0.13 mmol), 4,4-bis(2-ethylhexyl)-2,6-bis(trimethylstannyl)-4H-

cyclopenta[2,1-b:3,4-b']dithiophene (264 mg, 0.38 mmol), 4 mol% of tris(dibenzylideneacetone)dipalladium(0) and 16 

mol% of triphenylphosphine. The vial was then sealed, toluene/DMF (10:1) (10 mL) added, the mixture degassed for 

30 minutes, sealed under argon and stirred vigorously for 5 days at 110 °C in the dark. The crude polymer was 

precipitated in methanol and then purified by Soxhlet extraction with methanol, acetone, hexane and chloroform. 

Remaining palladium residues were removed by vigorously stirring the latter fraction with aqueous sodium 

diethyldithiocarbamate for 3 h at 55 °C. The organic phase was then separated, washed (water), concentrated in 

vacuo and again precipitated in methanol, filtered off and dried under high vacuum to afford the title compound (BPP-
CPDT) as a dark black solid (66 mg, 36 %, chloroform fraction). Mn = 21 kDa, Mw = 41 kDa, PDI = 1.96. 

 

BPP-BT 
A microwave vial was charged with M1 (116 mg, 0.10 mmol), 2,1,3-benzothiadiazole-4,7-bis(boronic acid 

pinacol ester) (38 mg, 0.10 mmol), 5 mol% of tris(dibenzylideneacetone)dipalladium and 10 mol% of 

triphenylphosphine and sealed. A degassed solution of Aliquat 336 (two drops) in toluene (1.50 mL) was then added, 

followed by a degassed aqueous solution (0.30 mL) of potassium phosphate tribasic (90 mg, 0.42 mmol). After 

degassing for a further 30 minutes the sealed mixture was stirred vigorously at 115 °C for 3 days in the dark under 

argon. The crude polymer was precipitated in methanol and then purified by Soxhlet extraction with acetone, hexane 

and chloroform. Remaining palladium residues were removed by vigorously stirring the latter fraction with aqueous 

sodium diethyldithiocarbamate for 3 h at 55 °C. The organic phase was then separated, washed (water), concentrated 

in vacuo and again precipitated in methanol, filtered off and dried under high vacuum to afford the title compound 

(BPP-BT) as a dark purple solid (85 mg, 75%, chloroform fraction). Mn = 54 kDa, Mw = 66 kDa, PDI = 1.23. 

 

BPP-CN: A Benzodipyrrolidone-Based Small Molecule 

BPP-CN (2,2'-((1,5-Bis(2-decyltetradecyl)-2,6-dioxo-1,2,5,6-tetrahydropyrrolo[2,3-f]indole-3,7-
diylidene)bis(cyclohexa-2,5-diene-4,1-diylidene))dimalononitrile) 

To a solution of sodium hydride (60% dispersion in mineral oil) (83 mg, 3.44 mmol) in dry DMF (10 mL) at 0 °C was 

added malonitrile (68 mg, 1.03 mmol), the cooling bath removed and the mixture stirred at room temperature for 0.5 h. 

M1 (500 mg, 0.43 mmol) was added followed by tetrakis(triphenylphosphine)palladium(0) (46 mg, 0.04 mmol) and the 

mixture refluxed for 4 h. The mixture was then cooled to 0 °C and dilute HCl (2M) (50 mL) added and the mixture 

allowed to warm to room temperature stirring over 4 h. The mixture was again cooled to 0 °C and a saturated solution 

of bromine water (25 mL) added slowly and the mixture stirred at this temperature for 0.5 h then a further 2.5 h at 
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room temperature. The mixture was then extracted with DCM (3 x 50 mL), the combined organic extracts were 

washed with brine (150 mL), dried (MgSO4), filtered and concentrated in vacuo. Column chromatography on silica 

eluting in 1:1 EtOAc/DCM afforded the title compound (BPP-CN) as a shiny green-brown solid (110 mg, 22%). 1H 

NMR (400 MHz, CDCl3),  (ppm): 0.77-0.87 (m, CH3, 12H), 0.92-1.41 (m, CH2, 80H) 1.74-1.82 (m, CH, 2H), 3.52 (d, J 

= 7.3 Hz, NCH2, 4H), 6.29 (s, ArH, 2H), 7.63 (d, J = 8.4 Hz, C=CH, 4H), 7.83 (d, J = 8.4 Hz, C=CH, 4H). 13C NMR 

(400 MHz, CDCl3),  (ppm): 14.26, 22.83, 26.77, 28.13, 29.77, 29.85, 30.14, 31.83, 32.06, 37.24, 111.49, 127.81, 

131.14, 133.47, 135.69. HRMS m/z (TOF ES-): C76H108N6O2 calculated 1137.86 ([M+H]+), found 1137.87. 

Thiophene-Flanked Benzodipyrrolidone (BPT)-Based Polymers (First Generation) 

2-Octyldodecanoic acid 
To MeCN (850 mL) was added H5IO6 (53.5 g, 0.235 mol) and the mixture stirred vigorously at room temperature for 15 

min. 2-Octyldodecanol (31.8 g, 0.107 mol) was then added at 0 °C followed by the addition of pyridinium 

chlorochromate (PCC) (460 mg, 2 mol%) in MeCN (2 × 50 mL) and the mixture stirred overnight. The mixture was 

then diluted with EtOAc (400 mL) and washed with NaHCO3 sat. aq. (2 x 400 mL) and brine (500 mL), dried (MgSO4) 

and concentrated in vacuo to afford the title compound (2-octyldodecanoic acid), which was used without further 

purification (33.3 g, 99 %). 1H NMR (400 MHz, CDCl3),  (ppm): 0.89 (t, J = 6.8 Hz, CH3, 6H), 1.26- 1.32 (m, CH2, 

28H), 1.49 (m, CHCH2, 2H), 1.62 (m, CHCH2, 2H), 2.35 (m, CH, 1H).  13C NMR (100 MHz, CDCl3),  (ppm): 14.1, 

22.68, 22.70, 27.4, 29.28, 29.36, 29.44, 29.59, 29.63, 31.88, 31.93, 32.18, 45.6, 183.2 (C=O). IR (ATR): νmax/cm-1: 

2954, 2913, 2850, 1696, 1471, 1229, 1220, 953, 716. HRMS m/z (ES+): C20H40O2Na calculated 335.2921 ([M+Na]+), 

found 335.2917. 

 

N,N'-(1,4-phenylene)bis(2-octyldodecanamide) (4) 
To a solution of 2-octyldodecanoic acid (33.3 g, 0.108 mol) in dry DCM (200 mL) was added dry SOCl2 (14.0 g, 

0.117 mol) slowly at 0 °C and the mixture stirred at room temperature overnight. The mixture was then concentrated in 

vacuo to afford 2-octyldodecanoyl chloride which was used without further purification (crude = 35.3 g).  

 

To a stirring solution of p-phenylenediamine (5.24 g, 48.5 mmol) and dry triethylamine (11.7 g, 0.116 mol) in dry DCM 

(600 ml) was added 2-octyldodecanoyl chloride (35.3 g, 106.7 mmol) dropwise at 0 °C.  The resulting mixture was 

then allowed to warm to room temperature and was stirred for 16 h. After this time the reaction mixture was filtered 

and washed with water (50 mL), followed by ethanol (50 mL), and dried in vacuo to afford the title compound (4) as a 

poorly soluble yellow solid, which was used without further purification (crude = 35.5 g). 1H NMR (400 MHz, CDCl3),  

(ppm): 0.79-1.01 (m, CH3, 12H), 1.19-1.43 (m, CH2, 56H), 1.44-1.58 (m, CH2, 4H), 1.63-1.79 (m, CH2, 4H), 2.10–2.25 

(m, CH, 2H), 7.15 (s, NH, 2H), 7.45 (s, ArCH, 4H).  13C NMR (100 MHz, CDCl3),  (ppm): 13.98, 14.0, 22.62, 22.64, 

27.7, 29.25, 29.30, 29.47, 29.52, 29.59, 29.62, 29.8, 31.86, 31.91, 33.2, 49.1, 120.8 (ArCH), 134.3 (ArC), 174.4 

(C=O). HRMS m/z (ES+): C46H84O2N2 calculated 696.6527 ([M]+), found 696.6506. 

 

N1,N4-bis(2-octyldodecyl)benzene-1,4-diamine (5) 
To a stirring solution of 4 (35.5 g, 51.0 mmol) in THF (500 mL) was added LiAlH4 (7.74 g, 0.20 mol). The mixture was 

reflux for 72 h before being quenched with NaOH aq. (15N) at 0 °C. The salt was filtered from the mixture and the 

mixture then extracted with ether (2 x 200 mL). The combined organic fractions were dried (MgSO4) and concentrated 
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in vacuo to afford the unstable title compound (5) as a brown oil (32.3 g, 99 % for 3 steps). 1H NMR (500 MHz, C6D6), 

 (ppm): 0.93 (t, J = 6.9 Hz, CH3, 12H), 1.30-1.36 (m, CH2, 64H), 1.57 (m, CH, 2H), 2.98 (d, J = 6.3 Hz, NCH2, 4H), 

6.62 (s, ArH, 4H).  13C NMR (125 MHz, C6D6),  (ppm): 14.8, 23.5, 27.6, 30.22, 30.57, 32.73, 32.99, 38.7, 49.6 

(NCH2), 115.3 (ArCH), 141.9 (ArC). HRMS m/z (ES+): C46H89N2 calculated 669.7021 ([M]+), found 669.7032.  

 

N,N'-(1,4-phenylene)bis(2-hydroxy-N-(2-octyldodecyl)acetamide) (6) 
To a stirring solution of 5 (32.3 g, 48.3 mmol) and triethylamine (10.8 g, 0.106 mol) in DCM (480 mL) was added 

acetoxyacetyl chloride (14.5 g, 0.106 mol) dropwise at 0 °C.  The resulting mixture was then allowed to warm to room 

temperature and was stirred for 16 h. After this time NaHCO3 sat. aq. was added (400 mL) and the aqueous layer 

extracted with DCM (300 mL) and the combined organic fractions dried (MgSO4) and concentrated in vacuo to yield 

intermediate acetoxy amide as a pale yellow solid, which was used without further purification (crude = 47.1 g). 

 

A mixture of intermediate acetoxy amide (47.1 g, 48.3 mmol) and K2CO3 (65.0 g, 0.48 mol) in MeOH / water (9:1, 

300 mL) and THF (300 mL) was stirred for 18 h at room temperature. The K2CO3 was then filtered and washed by 

EtOAc (500 mL). Water was then added (600 mL) and the organic layer was separated and washed with brine (500 

mL), dried (MgSO4) and concentrated in vacuo to give the crude product. Purification by flash column chromatography 

on silica gel eluting with 30 % EtOAc in hexane afforded the title compound (6) as a pale yellow oil (31.3 g, 83 % for 2 

steps). 1H NMR (400 MHz, CDCl3),  (ppm): 0.85 (t, J = 7.3 Hz, CH3, 12H), 1.17-1.28 (m, CH2, 64H), 1.44 (m, CH, 

2H), 3.68 (d, J = 7.3 Hz, NCH2, 4H), 3.86 (s, CH2(C=O), 4H), 7.22 (s, ArCH, 4H).  13C NMR (100 MHz, CDCl3),  

(ppm): 14.0, 22.5, 26.1, 29.24, 29.16, 29.21, 29.53, 29.84, 30.96, 31.74, 31.79, 35.9, 53.2 (CH), 60.5 (CH2(C=O)), 

129.4 (ArCH), 140.1 (ArC), 171.7 (C=O). HRMS m/z (ES+): C50H93N2O4 calculated 785.7130 ([M+Na]+), found 

785.7125.  

 

1,5-Bis(2-octyldodecyl)-3,7-bis-phenylsulfanyl-5,7-dihydro-1H,3H-pyrrolo[2,3-f]indole-2,6-dione (7) 
To a stirred solution of oxalyl chloride (0.54 g, 4.26 mmol) in dry DCM (5 mL) at -78°C was added dropwise a solution 

of DMSO (0.61 g, 7.76 mmol) in dry DCM (5 mL) via a cannula, the resulting solution then stirred for 30 min before a 

solution of 6 (1.52 g, 1.94 mmol) in DCM (7.4 mL) was also added dropwise.  The solution was stirred for a further 1 h, 

then triethylamine (1.96 g, 19.4 mmol) added at -78 °C and the solution allowed to warm to 20 °C.  The resulting 

suspension was then stirred for a further 1.5 h.  DCM (75 mL) and NaHCO3 sat. aq. (100 mL) were then added, the 

organic layer separated and washed with further NaHCO3 sat. aq. (2 x 100 mL), dried (MgSO4) and concentrated in 

vacuo to yield the intermediate glyoxamide as a green oil, which was used immediately without further purification.   

 

To a solution of the intermediate glyoxamide in DCM (20 mL) at 20 °C was added thiophenol (1.68 g, 3.49 mmol) 

and the resulting mixture stirred at this temperature for 15 h.  TFAA (4.67 ml, 34.9 mmol) was then added, the solution 

stirred for 1 h, then BF3.OEt2 (2.42 ml, 19.4 mmol) was added and stirring continued.  After 2 h the solution was cooled 

to 0 °C and carefully quenched with NaHCO3 sat. aq. (100 mL), then washed with further NaHCO3 sat. aq. (3 × 25 

mL), dried (MgSO4) and concentrated in vacuo to afford the title compound (7) as a deep red oil, which was used 

without further purification (crude = 1.73 g). 1H NMR (400 MHz, CDCl3),  (ppm): 0.92 (m, CH3, 12H), 1.33 (m, CH2, 

64H), 1.77 (m, CH, 2H), 3.48 (m, NCH2, 4H), 4.61 (s, CHS, 2H, one diastereoisomer), 4.63 (s, CHS, 2H, one 

diastereoisomer), 6.74 (s, ArH, 2H), 7.26 (m, ArH, 4H), 7.33 (m, ArH, 2H), 7.46 (m, ArH, 4H).  13C NMR (100 MHz, 

CDCl3),  (ppm): 14.0, 22.5, 26.1, 29.2, 31.8, 36.0 (CH), 44.8 (NCH2), 49.3 (CHS), 106.3 (ArCH), 126.6 (ArC), 128.6 
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(ArCH), 131.1 (ArC), 133.9 (ArCH), 139.1 (ArC), 173.4 (C=O). HRMS m/z (ES+): C62H95N2O2S2 calculated 963.6840 

([M]+), found 963.6825. 

1,5-Bis(2-octyldodecyl)pyrrolo[2,3-f]indole-2,3,6,7(1H,5H)-tetraone (8) 
To a portion of crude 7 (1.66 g) was added THF (44 mL) and water (7.4 mL), followed by CAN (7.53 g, 13.7 mmol).  

The solution was stirred for 24 h at room temperature then concentrated in vacuo.  Purification by flash column 

chromatography on silica gel eluting with 10% EtOAc in hexane afforded the title compound (8) as a pure blue oil 

(0.96 g, 69 % for 3 steps). 1H NMR (400 MHz, CDCl3),  (ppm): 0.79-0.95 (m, CH3, 12H), 1.15-1.45 (m, CH and CH2, 

62H), 1.55-2.17 (m, CH2, 4H), 3.62 (d, J = 7.6 Hz, NCH2, 4H), 7.13 (s, ArCH, 2H). 13C NMR (100 MHz, CDCl3),  

(ppm): 14.1, 22.6, 22.7, 26.2, 29.2, 29.3, 29.5, 29.6, 29.9, 31.3, 31.8, 31.9, 35.9, 45.3 (NCH2), 106.9 (ArCH), 123.1 

(ArC), 147.7 (ArC), 157.0 (C=O), 183.2 (C=O). MS m/z (CI+): C50H84N2O4 calculated 778 ([M+H]+), found 778. 

 

1,5-Bis(2-octyldodecyl)-3,7-di(thiophen-2-yl)pyrrolo[2,3-f]indole-2,6(1H,5H)-dione (9) 

To a solution of 8 (0.96 g, 1.23 mmol) in dry THF (26 mL) at -78 °C was added dropwise thienyl magnesium bromide 

(3.69 mL, 1 M, 3.69 mmol).  The resulting solution was stirred at -78 °C for 5 h, and quenched with water (10 mL).  

The mixture was then allowed to warm to room temperature and hexane (50 mL) added.  The resulting mixture was 

washed with NaHCO3 sat. aq. (3 x 20 mL), dried (Na2SO4), and concentrated in vacuo.  To a suspension of the 

resulting crude intermediate (1.05 g) in AcOH (100 mL) was added NaI (2.34 g, 15.6 mmol), and NaPO2H2 (1.65 g, 

15.6 mmol), the resulting suspension then being refluxed for 3 h under N2 in the absence of light.  The solution was 

then cooled to room temperature and hexane (100 mL) added.  The solution was washed with water (5 × 100 mL), 

dried (Na2SO4) and concentrated in vacuo.  To a solution of the crude intermediate (1.09 g) in DCM (20 mL), was 

added DDQ (0.30 g, 1.3 mmol), followed by stirring at room temperature for 2 h.  Hexane (100 mL) was then added 

and the solution washed with NaHCO3 sat. aq. (3 × 40 mL), dried (Na2SO4), and concentrated in vacuo to yield the 

crude product.  Purification by flash column chromatography on silica gel eluting with 40 % toluene in hexane afforded 

the title compound (9) as a pure amorphous magenta solid (0.39 g, 35 %). 1H NMR (400 MHz, C6D6),  (ppm):  0.84-

1.01 (m, CH3, 12H), 1.21-1.56 (m, CH2, 64H), 1.87-2.07 (m, CH, 2H), 3.53 (d, J = 7.0 Hz, NCH2, 4H), 6.61 (s, C=CH, 

2H), 6.82 (dd, J = 5.1, 3.8 Hz, ArH, 2H), 7.01 (dd, J = 5.1, 1.0 Hz, ArH, 2H), 8.40 (dd, J = 3.8, 1.0 Hz, ArH, 2H). 13C 

NMR (125 MHz, CDCl3),  (ppm): 14.1, 22.7, 26.8, 29.3, 29.3, 29.6, 29.7, 29.7, 30.0, 31.8, 31.9, 37.2, 44.1 (NCH2), 

98.4 (C=CH), 121.0 (C=C), 128.3 (C=CH), 128.9 (C=CH), 129.8 (C=CH), 129.9 (C=C), 134.5 (C=C), 143.6 (C=C), 

169.1 (C=O). MS (CI+): C58H90N2O2S2 calculated 912 ([M+H]+), found 912. 
 

3,7-Bis(5-bromothiophen-2-yl)-1,5-bis(2-octyldodecyl)pyrrolo[2,3-f]indole-2,6(1H,5H)-dione (M2) 
To a solution of 9 (0.152 g, 0.167 mmol) in THF (2 mL) at 0 °C, in the absence of light, was added NBS (0.065 g, 

0.367 mmol).  After stirring for 16 h at room temperature, the solvent was removed in vacuo.  Purification by flash 

column chromatography on silica gel eluting with 30-50 % toluene in hexane afforded the title compound (M2)  (0.170 

g, 95 %) as an amorphous waxy purple solid. 1H NMR (400 MHz, C6D6),  (ppm): 0.90-0.94 (m, CH3, 12H), 1.36 (m, 

CH2, 64H), 1.90 (m, CH, 2H), 3.48 (d, J = 7.3 Hz, NCH2, 4H), 6.37 (s, C=CH, 2H), 6.75 (d, J = 4.2 Hz, ArH, 2H), 7.92 

(d, J = 4.2 Hz, ArH, 2H). 13C NMR (100 MHz, C6D6),  (ppm): 14.8, 23.5, 27.6, 30.2, 30.46, 30.51, 30.52, 30.6, 30.9, 

32.70, 32.73, 38.0, 44.2 (NCH2), 98.4 (C=CH), 118.1 (C=C), 120.4 (C=C), 130.6 (C=CH), 131.1 (C=CH), 132.0 (C=C), 

137.5 (C=C), 144.6 (C=C), 169.1 (C=O). IR (ATR): νmax/cm-1: 2922, 2852, 1694 (C=O), 1411.  
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BPT-T 
A microwave vial was charged with M2 (217 mg, 0.20 mmol), 2,5-bis(trimethylstannyl)thiophene (83 mg, 0.20 mmol), 

2.2 mol% of tris(dibenzylideneacetone)dipalladium and 8.8 mol% of tri(o-tolyl)phosphine. The vial was then sealed, 

chlorobenzene added (2 mL), the mixture degassed for approximately 40 minutes and submitted to the microwave 

reactor for: 3 minutes at each of 100 °C, 120 °C, 140 °C, 160 °C and finally 50 minutes at 180 °C. The crude polymer 

was precipitated in methanol and then purified by Soxhlet extraction with acetone, hexane, chloroform and 

chlorobenzene. Remaining palladium residues were removed by vigorously stirring the latter fraction with aqueous 

sodium diethyldithiocarbamate for 3 h at 55 °C. The organic phase was then separated, washed (water), concentrated 

in vacuo and again precipitated in methanol, filtered off and dried under high vacuum to afford the title compound 

(BPT-T) as a dark purple solid (118 mg, 56 %; chloroform and chlorobenzene fractions). Mn = 34 kDa, Mw = 57 kDa, 

PDI = 1.67 (chloroform fraction). 
 

BPT-2T 
A microwave vial was charged with M2 (139 mg, 0.13 mmol), 5,5’-bis(trimethylstannyl)-2,2’-bithiophene (64 mg, 0.13 

mmol), 2.2 mol% of tris(dibenzylideneacetone)dipalladium and 8.8 mol% of tri(o-tolyl)phosphine. The vial was then 

sealed, chlorobenzene added (2mL), the mixture degassed for approximately 40 minutes and submitted to the 

microwave reactor for: 3 minutes at each of 100 °C, 120 °C, 140 °C, 160 °C and finally 50 minutes at 180 °C. The 

crude polymer was precipitated in methanol and then purified by Soxhlet extraction with acetone, hexane, chloroform 

and chlorobenzene. Remaining palladium residues were removed by vigorously stirring the latter fraction with 

aqueous sodium diethyldithiocarbamate for 3 h at 55 °C. The organic phase was then separated, washed (water), 

concentrated in vacuo and again precipitated in methanol, filtered off and dried under high vacuum to afford the title 

compound (BPT-2T) as a dark purple solid (49 mg, 35 %; chloroform and chlorobenzene fractions). Mn = 5 kDa, Mw = 

17 kDa, PDI = 3.30 (chloroform fraction). 

 

BPT-TT 
A microwave vial was charged with M2 (138 mg, 0.13 mmol), 2,5-bis(trimethylstannyl)thieno[3,2-b]thiophene (60 mg, 

0.13 mmol), 2.2 mol% of tris(dibenzylideneacetone)dipalladium and 8.8 mol% of tri(o-tolyl)phosphine. The vial was 

then sealed, chlorobenzene added (2 mL), the mixture degassed for approximately 40 minutes and submitted to the 

microwave reactor for: 3 minutes at each of 100 °C, 120 °C, 140 °C, 160 °C and finally 50 minutes at 180 °C. The 

crude polymer was precipitated in methanol and then purified by Soxhlet extraction with acetone, hexane, chloroform 

and chlorobenzene. Remaining palladium residues were removed by vigorously stirring the latter fractions separately 

with aqueous sodium diethyldithiocarbamate for 3 h at 55 °C. The organic phase was then separated, washed (water), 

concentrated in vacuo and again precipitated in methanol, filtered off and dried under high vacuum to afford the title 

compound (BPT-TT) as a black solid in each case (11 mg, chloroform fraction; 17 mg, chlorobenzene fraction; 57 mg, 

residue; 60% overall yield). Mn = 4 kDa, Mw = 21 kDa, PDI = 5.77 (chloroform fraction). 
 

Thiophene-Flanked Benzodipyrrolidone (BPT)-Based Polymers (Second Generation) 

2-Decyltetradecanoic acid 
To MeCN (420 mL) was added H5IO6 (21.4 g, 93.9 mmol) and the mixture stirred vigorously at room temperature for 

15 min, then cooled to 0 °C and 2-decyltetradecanol (15.13 g, 42.7 mmol) added, followed by PCC (184 mg, 2 mol%) 
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in MeCN (2 × 20 mL) and the mixture allowed to warm to rt stirring overnight. The mixture was then diluted with EtOAc 

(200 mL), washed successively with NaHCO3 sat. aq. (2 x 200 mL) and brine (300 mL), dried (MgSO4), filtered and 

concentrated in vacuo to afford the title compound (2-decyltetradecanoic acid) as a pale brown solid (15.3 g, 97%). 

The spectra were in agreement with those previously reported for the compound:272 1H NMR (400 MHz, CDCl3),  

(ppm): 0.88 (t, J = 6.8 Hz, CH3, 6H), 1.17-1.35 (m, CH2, 36H), 1.41-1.52 (m, CHCH2, 2H), 1.56-1.68 (m, CHCH2, 2H), 

2.35 (tt, J = 8.6, 5.4 Hz, CH, 1H). 13C NMR (400 MHz, CDCl3),  (ppm): 14.28, 22.85, 27.53, 29.62, 29.75, 29.80, 

32.07, 32.37, 45.39 (CH), 180.83 (C=O). IR (KBr thin film) νmax/cm-1:  1707 (C=O).  
 

N,N'-(1,4-phenylene)bis(2-decyltetradecanamide) (10)  
To a solution of 2-decyltetradecanoic acid (15.3 g, 41.3 mmol) in dry DCM (100 mL) at 0 °C was added slowly dry 

SOCl2 (5.43 g, 45.7 mmol) and the mixture allowed to warm to rt stirring overnight. The mixture was concentrated in 

vacuo to afford 2-decyltetradecanoyl chloride as a translucent orange oil which was used without further purification 

(crude: 15.6 g).  
 

To a stirring solution of p-phenylenediamine (1.98 g, 18.3 mmol) and dry triethylamine (4.44 g, 43.9 mmol) in dry DCM 

(300 mL) at 0 °C was added dropwise 2-decyltetradecanoyl chloride (15.6 g, 40.3 mmol) and the mixture allowed to 

warm to room temperature stirring overnight. The reaction mixture was then filtered, the filter cake being washed 

successively with water (100 mL) and ethanol (100 mL), and dried in vacuo to afford the title compound (10) as a pale 

yellow-brown solid, which was used without further purification (crude: 14.1 g, 95%). 1H NMR (400 MHz, CDCl3),  

(ppm): 0.79-0.94 (m, CH3, 12H), 1.13-1.37 (m, CH2, 72H), 1.38-1.52 (m, CH2, 4H), 1.58-1.74 (m, CH2, 4H), 2.03-2.16 

(m, CH, 2H), 7.09 (s, NH, 2H), 7.50 (s, ArH, 4H). IR (nujol mull) νmax/cm-1:  3278 (NH), 1662 (C=O stretch). 
 

N1,N4-bis(2-decyltetradecyl)benzene-1,4-diamine (11)  
To a solution of N,N'-(1,4-phenylene)bis(2-decyltetradecanamide) (10) (14.0 g, 17.3 mmol) in THF (300 mL) at rt was 

cautiously added portionwise solid LiAlH4 (5.00 g, 132 mmol) and the mixture refluxed for 72 h under argon in the 

dark. On cooling to 0 °C the mixture was quenched with NaOH aq. (15 N), the precipitated salts filtered off and the 

filtrate twice extracted with diethyl ether (200 mL), dried (MgSO4), filtered and concentrated in vacuo afford the 

(unstable) title compound (11) as a translucent red oil, which was used without further purification (crude: 8.52 g, 

63%). 1H NMR (400 MHz, CDCl3),  (ppm): 0.88 (t, J = 5.6 Hz, CH3, 12H), 1.14-1.43 (m, CH2, 80H), 1.50-1.62 (m, CH, 

2H), 2.94 (d, J = 4.4 Hz, NCH2, 4H), 6.54 (s, ArH, 4H).  
 

N,N'-(1,4-phenylene)bis(2-hydroxy-N-(2-decyltetradecyl)acetamide) (12)  
To a solution of N1,N4-bis(2-decyltetradecyl)benzene-1,4-diamine (11) (8.52 g, 10.9 mmol) in DCM (60 mL) at 0 °C 

was added triethylamine (2.43 g, 24.0 mmol) and then dropwise acetoxyacetyl chloride (3.27 g, 24.0 mmol).  The 

resulting mixture was allowed to warm to room temperature stirring overnight. The mixture was then quenched with 

NaHCO3 sat. aq. (200 mL) and extracted with DCM (2 x 100 mL), dried (MgSO4), filtered and concentrated in vacuo to 

yield intermediate acetoxy amide as a brown oil,  which was used without further purification (crude: 10.7 g). 

 
To a solution of intermediate acetoxy amide (10.7 g, 10.9 mmol) in 9:1 MeOH/water (total: 70 mL) and THF (70 mL) 

was added K2CO3 (15.1 g, 109 mmol) and the mixture stirred at rt overnight. The mixture was then filtered (to remove 

K2CO3 solids), the filter cake washed with EtOAc (200 mL) and the filtrate poured into water. The organic layer was 
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then separated, washed with brine (200 mL), dried (MgSO4), filtered and concentrated in vacuo to afford the crude 

product. Purification by flash column chromatography on silica gel eluting with 30% EtOAc in hexane afforded the title 

compound (12) as a golden brown oil (7.20 g, 74%). 1H NMR (400 MHz, CDCl3),  (ppm): 0.88 (t, J = 6.4 Hz, CH3, 

12H), 1.08-1.37 (m, CH2, 80H), 1.55-1.65 (m, CH, 2H), 3.71 (d, J = 6.8 Hz, NCH2, 4H), 3.77 (s, CH2(C=O), 4H), 7.25 

(s, ArCH, 4H).  

 

1,5-Bis(2-decyltetradecyl)pyrrolo[2,3-f]indole-2,3,6,7(1H,5H)-tetraone (14) 

To a solution of oxalyl chloride (1.50 mL, 17.6 mmol) in DCM (20 mL) at -78 C was added dropwise DMSO (2.30 mL, 

17.8 mmol) in DCM (20 mL).  After stirring for 0.5 h a solution of N,N'-(1,4-phenylene)bis(2-hydroxy-N-(2-

decyltetradecyl)acetamide) (13) (7.20 g, 8.02 mmol) in DCM (35 mL) was added dropwise and the mixture stirred for 

0.5 h.  Then triethylamine (11.2 mL, 80.2 mmol) was added and the solution allowed to warm to room temperature and 

stirred for a further 1.5 h.  The mixture was then diluted with DCM (300 mL), washed with NaHCO3 sat. aq. (2 x 150 

mL), dried (MgSO4), filtered and partially concentrated in vacuo to yield the intermediate glyoxamide as a green-

brown solution in DCM (20 mL), which was used immediately.  

 

To the intermediate glyoxamide solution in DCM (30 mL) was added dropwise thiophenol (1.77 g, 16.0 mmol) and 

the mixture stirred at rt overnight. TFAA (15.2 g, 72.2 mmol) was then added cautiously, the mixture stirred for 1 h and 

then BF3OEt2 (5.69 g, 40.1 mmol) added. After stirring for 4 h, the mixture was cooled to 0 °C and carefully quenched 

with a NaHCO3 sat. aq. (100 mL), separated and the organic layer further washed with NaHCO3 sat. aq. (3 × 100 mL), 

dried (MgSO4), filtered and concentrated in vacuo to yield the intermediate tricyclic (13) as a red solid, which was 

used without further purification (crude: 6.98 g, 81%). 1H NMR (400 MHz, CDCl3): 0.87 (t, J = 6.4 Hz, CH3, 12H), 1.18-

1.35 (m, CH2, 80H), 1.66-1.75 (m, CH, 2H), 3.37-3.47 (m, NCH2, 4H), 4.56 (s, CHS, 2H), 6.66 (s, ArCH, 2H), 7.19-

7.25 (m, ArH, 6H), 7.35-7.43 (m, ArH, 4H).  

 

To a portion of the crude intermediate tricycle (13) (2.53 g, 2.35 mmol) was added THF (44 mL) and water (7.4 mL), 

followed by CAN (10.38 g, 18.9 mmol) and the mixture stirred at rt overnight, then concentrated in vacuo.  Purification 

by flash column chromatography on silica gel eluting with 10% EtOAc in hexane afforded the title compound (14) as a 

blue semi-solid (1.60 g, 97%). 1H NMR (400 MHz, CDCl3),  (ppm): 0.82-0.92 (m, CH3, 12H), 1.14-1.43 (m, CH2, 80H), 

1.78-1.90 (m, CH, 2H), 3.61 (d, J = 7.5 Hz, NCH2, 4H), 7.12 (s, ArCH, 2H).  

 

1,5-Bis(2-octyldodecyl)-3,7-di(thiophen-2-yl)pyrrolo[2,3-f]indole-2,6(1H,5H)-dione (15)  
To a solution of 1,5-bis(2-Decyltetradecyl)pyrrolo[2,3-f]indole-2,3,6,7(1H,5H)-tetraone (14) (1.436 g, 1.62 mmol) in 

THF (30 ml) at -78 °C was added dropwise thienyl magnesium bromide (1M) (4.85 mL, 4.85 mmol), the resulting 

mixture stirred at this temperature for 5 h and then quenched with water (10 mL) and allowed to warm to rt stirring 

overnight. Hexane (50 mL) was added, the mixture washed with NaHCO3 sat. aq. (3 x 20 mL), dried (Na2SO4), filtered 

and concentrated in vacuo to afford the first intermediate (Grignard substitution product). 

 

The first intermediate was then taken up in AcOH (130 mL) and NaI (3.08 g, 20.6 mmol) and NaPO2H2 (1.81 g, 20.6 

mmol) added and the suspension refluxed for 3 h in the dark under argon.  The mixture was cooled to room 

temperature and diluted with hexane (100 mL), washed with water (5 x 150 mL), dried (Na2SO4), filtered and 

concentrated in vacuo to afford the second intermediate (dehydroxylation product).  
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To a solution of the second intermediate in DCM (20 mL) was added DDQ (405 mg, 1.78 mmol) and the  mixture 

stirred at room temperature for 2 h in the dark.  Hexane (100 mL) was then added and the mixture washed with 

NaHCO3 sat. aq. (3 × 40 mL), dried (Na2SO4), filtered and concentrated in vacuo to afford the crude product.  

Purification by flash column chromatography on silica gel eluting with 40% toluene in hexane afforded the title 

compound (15) as a magenta solid (251 mg, 15% over three steps). 1H NMR (400 MHz, C6D6),  (ppm): 0.92 (t, J = 

6.5 Hz, CH3, 12H), 1.19-1.54 (m, CH2, 80H), 1.97 (m, CH, 2H), 3.52 (d, J = 7.2 Hz, NCH2, 4H), 6.63 (s, C=CH, 2H), 

6.86-6.81 (m, ArCH, 2H), 7.02 (d, J = 5.1 Hz, ArCH, 2H), 8.41 (d, J = 3.7 Hz, ArCH, 2H). MS m/z (TOF ESI+): 

C66H106N2O2S2 calculated 1023.7920 ([M+H]+), found 1023.7952. 
 

3,7-Bis(5-bromothiophen-2-yl)-1,5-bis(2-decyltetradecyl)pyrrolo[2,3-f]indole-2,6(1H,5H)-dione (M3) 
To a solution of 1,5-bis(2-Octyldodecyl)-3,7-di(thiophen-2-yl)pyrrolo[2,3-f]indole-2,6(1H,5H)-dione (15) (250 mg, 0.24 

mmol) in THF (10 mL) at 0 °C, in the absence of light, was added portion-wise NBS (96 mg, 0.54 mmol) and the 

mixture stirred at rt overnight in the dark, then concentrated in vacuo.  Purification by flash column chromatography on 

silica gel eluting with 30% toluene in hexane afforded the pure title compound (M3) as an amorphous waxy magenta 

solid (235 mg, 83%). 1H NMR (400 MHz, CDCl3),  (ppm): 0.83-0.90 (m, CH3, 12H), 1.17-1.42 (m, CH2, 80H), 1.75-

1.83 (m, CH, 2H), 3.53 (d, J = 7.2 Hz, NCH2, 4H), 6.42 (s, C=CH, 2H), 7.11 (d, J = 4.0 Hz, ArCH, 2H), 7.69 (d, J = 4.0 

Hz, ArCH, 2H). 13C NMR (400 MHz, CDCl3),  (ppm): 14.28, 22.85, 26.99, 29.52, 29.82, 30.16, 32.08, 37.35, 44.07 

(NCH2), 98.29 (C=CH), 117.97 (C=C), 122.01 (C=C), 129.99 (C=CH), 131.25 (C=CH), 132.05 (C=C), 143.18 (C=C), 

145.08 (C=C), 159.95 (C=O). MS m/z (TOF LD+): C66H104Br2N2O2S2 calculated 1181.6 ([M+H]+), found 1181.2. 

 

BPT-2T* 
A microwave vial was charged with M3 (93 mg, 0.08 mmol), 2,5-5,5’-bis(trimethylstannyl)-2,2’-bithiophene (39 mg, 

0.08 mmol), 2 mol% of tris(dibenzylideneacetone)dipalladium(0) and 8 mol% of triphenylphosphine. The vial was then 

sealed, toluene/DMF (10:1) (2.20 mL) added, the mixture degassed for 30 minutes, sealed under argon and stirred 

vigorously for 16 h at 110 °C in the dark. The crude polymer was precipitated in methanol and then purified by Soxhlet 

extraction with acetone, hexane, chloroform and chlorobenzene to afford the title compound (BPT-2T*) as a black 

solid residue in the thimble (50 mg, 54%). Due to the insolubility of the polymer in room temperature chlorobenzene 

analysis by gel permeation chromatography could not be performed. 
 

BPT-TVT 
A microwave vial was charged with M3 (55 mg, 0.05 mmol), (E)-1,2-bis(5-trimethylstannyl)thiophen-2-yl-ethene (24 

mg, 0.05 mmol), 2 mol% of tris(dibenzylideneacetone)dipalladium(0) and 8 mol% of triphenylphosphine. The vial was 

then sealed, toluene/DMF (10:1) (2.20 mL) added, the mixture degassed for 30 minutes, sealed under argon and 

stirred vigorously for 16 h at 110 °C in the dark. The crude polymer was precipitated in methanol and then purified by 

Soxhlet extraction with acetone, hexane and chloroform. Remaining palladium residues were removed by vigorously 

stirring the latter fraction with aqueous sodium diethyldithiocarbamate for 3 hours at 55 °C. The organic phase was 

then separated, washed (water), concentrated in vacuo and again precipitated in methanol, filtered off and dried under 

high vacuum to afford the title compound (BPT-TVT) as a dark purple solid (25 mg, 45 %, chloroform fraction). Mn = 8 

kDa, Mw = 28 kDa, PDI = 3.72. 
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BPT-DTG 
A microwave vial was charged with M3 (116 mg, 0.10 mmol), 4,4’-bis(2-ethylhexyl)-5,5’-bis(trimethyltin)dithieno[3,2-

b:2',3'-d]germole (75 mg, 0.10 mmol), 2 mol% of tris(dibenzylideneacetone)dipalladium(0) and 8 mol% of 

triphenylphosphine. The vial was then sealed, toluene/DMF (10:1) (2.20 mL) added, the mixture degassed for 30 

minutes, sealed under argon and stirred vigorously for 16 h at 110 °C in the dark. The crude polymer was precipitated 

in methanol and then purified by Soxhlet extraction with acetone, hexane, chloroform and chlorobenzene to afford the 

title compound (BPT-DTG) as a black solid residue in the thimble (129 mg, 90%). Due to the insolubility of the polymer 

in room temperature chlorobenzene analysis by gel permeation chromatography could not be performed. 

 

Thiophene-Vinyl-Thiophene (TVT)-Based Polymers 

(E)-1,2-bis(5-trimethylstannyl)thiophen-2-yl-ethene (M4) 
The compound was prepared according to the literature.273 To a stirred solution of trans-1,2-di(2-thienyl)-ethylene in 

THF/hexane (2:1) (15 mL) at – 50 °C was added dropwise N,N,N′,N′-tetramethylethylenediamine (0.81 mL, 5.41 

mmol) and n-butyllithium solution (2M in cyclohexane) (2.96 mL, 5.91 mmol) and the mixture refluxed at 100 °C for 1 

h. On cooling to -78 °C trimethyltin chloride solution (1M in hexane) was added dropwise in the dark (5.90 mL, 5.90 

mmol) and the mixture allowed to warm to rt with stirring overnight. The mixture was then poured into water (150 mL), 

extracted with diethyl ether (200 mL), dried (MgSO4), filtered and concentrated in vacuo. The crude product was 

washed with ethanol (20 mL), recrystallised from hot ethanol (10 mL) and further washed with ethanol (10 mL) and 

methanol (10 mL) then dried under high vacuum to afford the title compound (M4) as a pale brown solid (533 mg, 

42%). The spectra were in agreement with those previously reported for the compound. 1H NMR (400 MHz, CDCl3),  

(ppm): 0.37 (s, CH3, 18H), 7.07 (d, J = 3.2 Hz, ArH, 2H), 7.09 (s, C=CH, 2H), 7.12 (d, J = 3.2 Hz, ArH, 2H).  

 
C16-IIT-TVT 

A microwave vial was charged with (E)-2,2'-dibromo-4,4'-bis(hexadecyl)-[6,6'-bithieno[3,2-b]pyrrolylidene]-

5,5'(4H,4'H)-dione (100 mg, 0.11 mmol), (E)-1,2-bis(5-trimethylstannyl)thiophen-2-yl-ethene (59 mg, 0.11 mmol), 2 

mol% of tris(dibenzylideneacetone)dipalladium(0) and 8 mol% of triphenylphosphine. The vial was then sealed, 

toluene/DMF (10:1) (1.98 mL) added, the mixture degassed for 30 minutes, sealed under argon and stirred vigorously 

for 16 h at 110 °C in the dark. The crude polymer was precipitated in methanol and then purified by Soxhlet extraction 

with acetone, hexane, chloroform and chlorobenzene. Remaining palladium residues were removed by vigorously 

stirring the latter fraction with aqueous sodium diethyldithiocarbamate for 3 hours at 55 °C. The organic phase was 

then separated, washed (water), concentrated in vacuo and again precipitated in methanol, filtered off and dried under 

high vacuum to afford the title (C16-IIT-TVT) compound as a black solid (23 mg, 22 %, chlorobenzene fraction). Due 

to the insolubility of the polymer in room temperature chlorobenzene analysis by gel permeation chromatography 

could not be performed.   

 

C8C10-IIT-TVT 
A microwave vial was charged with (E)-2,2'-dibromo-4,4'-bis(2-octyldodecyl)-[6,6'-bithieno[3,2-b]pyrrolylidene]-

5,5'(4H,4'H)-dione (61 mg, 0.06 mmol), (E)-1,2-bis(5-trimethylstannyl)thiophen-2-yl-ethene (32 mg, 0.06 mmol), 2 

mol% of tris(dibenzylideneacetone)dipalladium(0) and 8 mol% of triphenylphosphine. The vial was then sealed, 

toluene/DMF (10:1) (3.30 mL) added, the mixture degassed for 30 minutes, sealed under argon and stirred vigorously 
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for 16 h at 110 °C in the dark. The crude polymer was precipitated in methanol and then purified by Soxhlet extraction 

with acetone, hexane, chloroform and chlorobenzene. Remaining palladium residues were removed by vigorously 

stirring the latter fractions separately with aqueous sodium diethyldithiocarbamate for 3 h at 55 °C. The organic phase 

was then separated, washed (water), concentrated in vacuo and again precipitated in methanol, filtered off and dried 

under high vacuum to afford the title compound (C8C10-IIT-TVT) in each case as a black solid (4 mg, chloroform 

fraction; 40 mg, chlorobenzene fraction; 79% combined yield). Mn = 9 kDa, Mw = 20 kDa, PDI = 2.24 (chloroform 

fraction). 

  

C8C10-DPPT-TVT 
A microwave vial was charged with 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-octyldodecyl)-pyrrolo[3,4-c]pyrrole-

1,4(2H,5H)-dione (159 mg, 0.16 mmol), (E)-1,2-bis(5-trimethylstannyl)thiophen-2-yl-ethene (81 mg, 0.16 mmol), 2 

mol% of tris(dibenzylideneacetone)dipalladium(0) and 8 mol% of triphenylphosphine. The vial was then sealed, 

toluene/DMF (10:1) (3.30 mL) added, the mixture degassed for 30 minutes, sealed under argon and stirred vigorously 

for 16 h at 110 °C in the dark. The crude polymer was precipitated in methanol and then purified by Soxhlet extraction 

with acetone, hexane, chloroform and chlorobenzene. Remaining palladium residues were removed by vigorously 

stirring the latter fractions separately with aqueous sodium diethyldithiocarbamate for 3 h at 55 °C. The organic phase 

was then separated, washed (water), concentrated in vacuo and again precipitated in methanol, filtered off and dried 

under high vacuum to afford the title compound (C8C10-DPPT-TVT) in each case as a dark blue solid (20 mg, 

chloroform fraction; 11 mg, chlorobenzene fraction; 19% combined yield). Mn = 20 kDa, Mw = 46 kDa, PDI = 2.28 

(chloroform fraction).  

 

Dihydropyrroloindoledione (DPID)-Based Polymers  

1,5-Bis(2-octyldodecyl)-5,7-dihydro-1H,3H-pyrrolo[2,3-f]indole-2,6-dione (DPID) 
To a stirred solution of 5 (1.73 g, 1.80 mmol) in dry THF (30 mL) was added SmI2 (89.8 mL, 0.1 M solution in dry THF) 

at room temperature. After 14 h, the reaction mixture was quenched with NaHCO3 sat. aq. (250 mL) and the aqueous 

layer extracted with EtOAc (3 x 100 mL), the combined organic extracts dried (Mg2SO4) and concentrated in vacuo. 

Purification by column chromatography using 10 % EtOAc in petroleum ether as eluant afforded the title compound (6) 

as a deep green oil (738 mg, 51 % for 3 steps). 1H NMR (400 MHz, CDCl3),  (ppm): 0.84 (t, J = 7.1 Hz, CH3, 12H), 

1.21-1.36 (m, CH2, 64H), 1.82 (m, CH, 2H), 3.52 (d, J = 7.6 Hz, NCH2, 4H), 3.55 (s, CH2(C=O), 4H), 6.71 (s, ArH, 2H).  

13C NMR (100 MHz, CDCl3),  (ppm): 14.0, 22. 5, 26.3, 29.15, 29.88, 31.7, 35.9 (NCH2), 36.1 (CH), 44.5 (CH2(C=O)), 

105.7 (ArCH), 123.6 (ArC), 139.9 (ArCN), 174.5 (C=O). IR (ATR): νmax/cm-1: 2920, 2852, 1702 (C=O), 1473, 1376, 

1344, 1160, 1125. HRMS m/z (ES+): C50H88N2O2 calculated 771.6729 ([M+Na]+), found 771.6739. 

 

(3Z)-(7Z)-1,5-bis(2-octyldodecyl)-3,7-bis-[(5-bromothiophen-2-yl)-5,7-dihydro-1H,3H-pyrrolo[2,3-f]indole-2,6-
dione (M5) 
To a solution of DPID (97.6 mg, 0.13 mmol) in THF (2 mL) was added 2-thiophene-carboxaldehyde (55 mg, 0.29 

mmol), pyridine (41 mg, 0.52 mmol) and Ti(OiPr)4 (222 mg, 0.78 mmol) and the mixture stirred at room temperature for 

3 h. The mixture was then diluted with ethyl acetate (25 mL), washed with water (25 mL), NaHCO3 sat. aq. (25 mL) 

and brine (25 mL), dried (MgSO4) and concentrated in vacuo to yield the crude product. Purification by flash column 

chromatography on silica gel eluting with 30 % DCM in hexane afforded the title compound (M5) as a black solid (93.7 
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mg, 66 %). 1H NMR (400 MHz, C6D6),  (ppm): 0.92 (t, J = 6.6 Hz, CH3, 12H), 1.27-1.47 (m, CH2, 64H), 2.10 (m, CH, 

2H), 3.77 (d, J = 7.3 Hz, NCH2, 4H), 6.73 (d, J = 4.0 Hz, BrC=CH, 2H), 6.86 (s, C=CH, 2H), 6.89 (d, J = 4.3 Hz, 

SC=CH, 2H), 7.31 (s, ArCH, 2H). 13C NMR (100 MHz, CDCl3),  (ppm): 14.8, 23.5, 27.2, 30.21, 30.9, 32.7, 37.3, 44.9 

(NCH2), 100.1 (C=CH), 122.5 (CBr), 123.4 (ArC), 124.8 (C=CH), 127.3 (ArCH), 130.4 (BrC=CH), 137.8 (SC=CH), 

138.4 (SC=CH), 140.2 (ArCN), 166.9 (2  C=O). IR (ATR): νmax/cm-1: 2920, 2850, 1684, 1604, 1478, 1414, 1381, 

1121, 785, 662. MS m/z (MALDI-dithranol): C60H90Br2N2O2S2 calculated 1095 ([M]+), found 1095. 

 

DPIDT-P 
A microwave vial was charged with M5 (76 mg, 0.07 mmol), 1,4-benzenediboronic acid bis(pinacol) ester (37 mg, 0.09 

mmol), 5 mol% of tris(dibenzylideneacetone)dipalladium and 10 mol% of triphenylphosphine and sealed. A degassed 

solution of Aliquat 336 (two drops) in toluene (1.5 mL) was then added, followed by a degassed (40 mins) aqueous 

solution (0.3 mL) of potassium phosphate tribasic (63 mg, 0.30 mmol) and the mixture refluxed with vigorous stirring 

for 3 days at 115 °C. The crude polymer was precipitated in methanol and then purified by Soxhlet extraction with 

acetone, hexane and chloroform. Remaining palladium residues were removed by vigorously stirring the latter fraction 

with aqueous sodium diethyldithiocarbamate for 3 h at 55 °C. The organic phase was then separated, washed (water), 

concentrated in vacuo and again precipitated in methanol, filtered off and dried under high vacuum to afford the title 

compound (DPIDT-P) as a dark purple solid (26 mg, 37%, chloroform fraction). Mn = 106 kDa, Mw = 186 kDa, PDI = 

1.75. 
 

DPIDT-T 
A microwave vial was charged with M5 (98 mg, 0.09 mmol), 2,5-bis(trimethylstannyl)thiophene (37 mg, 0.09 mmol), 

2.2 mol% of tris(dibenzylideneacetone)dipalladium and 8.8 mol% of tri(o-tolyl)phosphine. The vial was then sealed, 

chlorobenzene added, the mixture degassed and submitted to the microwave reactor for: 3 minutes at each of 100 °C, 

120 °C, 140 °C, 160 °C and finally 50 minutes at 180 °C. The crude polymer was precipitated in methanol and then 

purified by Soxhlet extraction with acetone, hexane and chloroform. Remaining palladium residues were removed by 

vigorously stirring the latter fraction with aqueous sodium diethyldithiocarbamate for 3 h at 55 °C. The organic phase 

was then separated, washed (water), concentrated in vacuo and again precipitated in methanol, filtered off and dried 

under high vacuum to afford the title compound (DPIDT-T) as a dark purple solid (52 mg, 57 %, chloroform fraction). 

Mn = 25 kDa, Mw = 41 kDa, PDI = 1.60. 

 

DPIDT-2T 
A microwave vial was charged with M5 (251 mg, 0.23 mmol), 5,5’-bis(trimethylstannyl)-2,2’-bithiophene (113 mg, 023 

mmol), 2.2 mol% of tris(dibenzylideneacetone)dipalladium and 8.8 mol% of tri(o-tolyl)phosphine. The vial was then 

sealed, chlorobenzene added, the mixture degassed and submitted to the microwave reactor for: 3 minutes at each of 

100 °C, 120 °C, 140 °C, 160 °C and finally 50 minutes at 180 °C. The crude polymer was precipitated in methanol and 

then purified by Soxhlet extraction with acetone, hexane and chloroform. Remaining palladium residues were removed 

by vigorously stirring the latter fraction with aqueous sodium diethyldithiocarbamate for 3 h at 55 °C. The organic 

phase was then separated, washed (water), concentrated in vacuo and again precipitated in methanol, filtered off and 

dried under high vacuum to afford the title compound (DPIDT-2T) as a dark purple solid (187 mg, 74 %, chloroform 

fraction). Mn = 10 kDa, Mw = 19 kDa, PDI = 1.9. 
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(3Z,7Z)-3,7-bis((5-bromothieno[3,2-b]thiophen-2-yl)methylene)-1,5-bis(2-octyldodecyl)-5,7-dihydropyrrolo[2,3-
f]indole-2,6(1H,3H)-dione (M6) 
To a solution of DPID (104 mg, 0.14 mmol) in ethanol (3 mL) was added 5-bromo-2-thieno[3,2-

b]thiophenecarboxaldehyde (82 mg, 0.33 mmol) followed by 2 drops of piperidine and the mixture stirred for 16 h at 46 

°C. The resulting precipitate was filtered off and washed thoroughly with MeCN (10 mL). Purification by flash column 

chromatography on silica gel eluting with 30 % EtOAc in hexane afforded the title compound (M6) as a black 

amorphous solid (47.2 mg, 28 %). 1H NMR (500 MHz, benzene-d6),  (ppm): 0.85-0.96 (m, CH3, 12H), 1.18-1.64 (m, 

CH2, 64H), 2.13-2.22 (m, CH, 2H), 3.90 (d, J = 7.6 Hz, NCH2, 4H), 6.62 (s, BrC=CH, 2H), 6.88 (s, C=CH, 2H), 7.30 (s, 

SC=CH, 2H), 7.46 (s, ArH, 2H). 13C NMR (125 MHz, benzene-d6),  (ppm): 14.8, 23.5, 27.39, 27.42, 30.2, 30.3, 30.6, 

30.7, 31.01, 31.03, 32.65, 32.72, 32.74, 37.5, 45.0 (NCH2), 99.8 (C=CH), 118.7, 122.9, 123.4 (C=CH), 125.0, 127.9 

(C=CH), 128.7 (C=CH), 138.2, 140.2, 140.4, 146.3, 166.8 (C=O). IR (ATR): νmax/cm-1: 2923, 2852, 1684 (C=O), 1600, 

1478, 1414, 1296, 1122. MS m/z (MALDI-dithranol): C64H90Br2N2O2S4 calculated 1206 ([M]+), found 1206.  

 

DPIDTT-T 
A microwave vial was charged with M6 (98 mg, 0.09 mmol), 2,5-bis(trimethylstannyl)thiophene (37 mg, 0.09 mmol), 

2.2 mol% of tris(dibenzylideneacetone)dipalladium and 8.8 mol% of tri(o-tolyl)phosphine. The vial was then sealed, 

chlorobenzene added, the mixture degassed and submitted to the microwave reactor for: 3 minutes at each of 100 °C, 

120 °C, 140 °C, 160 °C and finally 50 minutes at 180 °C. The crude polymer was precipitated in methanol and then 

purified by Soxhlet extraction with acetone, hexane, chloroform and chlorobenzene. Remaining palladium residues 

were removed by vigorously stirring the latter two fractions each with aqueous sodium diethyldithiocarbamate for 3 h 

at 55 °C. The organic phases were then separated, washed (water), concentrated in vacuo and again precipitated in 

methanol, filtered off and dried under high vacuum to afford the title compound (DPIDTT-T) as a dark blue solid (49 

mg, 42 %, combined chloroform and chlorobenzene fractions).  
 

Crosslinkers 

DAZH (1,6-diazidohexane) 
Caution: take care when handling azides. To a solution of 1,6-dibromohexane (4.76 g, 19.5 mmol) in 9:1 (v/v) 

DMF/water (total 100 mL) was added sodium azide (3.80 g, 58.5 mmol) and the mixture stirred under air at 80 °C for 

16 h. The mixture was allowed to cool to room temperature, extracted with diethyl ether (3 x 50 mL), the combined 

organic extracts dried (MgSO4), filtered and concentrated in vacuo to afford the title compound (DAZH) as a clear 

colourless oil (3.24 g, 99%). The spectra were in agreement with those previously reported for the compound.274 1H 

NMR (400 MHz, CDCl3),  (ppm): 1.35-1.49 (m, CH2, 4H), 1.55-1.67 (m, CH2, 4H), 3.28 (t, J = 6.8 Hz, N3CH2, 4H). 13C 

NMR (400 MHz, CDCl3),  (ppm): 26.4, 28.8, 51.4. IR (KBr thin film): νmax/cm-1: 2940, 2862, 2100 (N3), 1454, 1350, 

1260. 

 

2PDCF3 (Bis(4-(1-diazo-2,2,2-trifluoroethyl)benzyl) oxalate) 
In the absence of light throughout (glassware wrapped in aluminium foil): to a solution of 4-[3-(trifluoromethyl)-3H-

diazirin-3-yl]benzyl alcohol (318 mg, 1.47 mmol) in dry DCM (10 mL) was added dry triethylamine (0.20 mL, 1.47 

mmol) and the mixture stirred for 30 mins at rt. A solution of oxalyl chloride (0.06 mL, 0.74 mmol) in dry DCM (2 mL) 

was added dropwise and the mixture stirred at rt overnight. The mixture was diluted with DCM (50 mL), poured into 
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brine (100 mL), separated and the organic extract dried (MgSO4), filtered via dry flash chromatography on silica and 

evaporated in vacuo to afford the title compound (2PDCF3) as a pale yellow powder solid (305 mg, 85%). 1H NMR 

(400 MHz, CDCl3),  (ppm): 5.29 (s, 4H; CH2), 7.20 (d, J = 8.1 Hz, 4H; ArH), 7.43 (d, J = 8.3 Hz, 4H; ArH). 13C NMR 

(100 MHz, CDCl3),  (ppm): 31.09, 67.86, 77.16, 120.77, 123.50, 127.02, 129.14, 129.99, 135.78, 157.21. 19F NMR 

(400 MHz, CDCl3),  (ppm): -65.12. IR (ATR): νmax/cm-1: 1750 (C=O). UV–Vis (chlorobenzene): λmax = 354 nm. HRMS 

m/z (CI+): C20H12F6N4O4 calculated 504.1106 ([M+NH4]+), found 504.1120. 

 

C8PDCF3 (Octane-1,8-diyl bis(4-(1-diazo-2,2,2-trifluoroethyl)benzoate)) 
In the absence of light throughout (glassware wrapped in aluminium foil): to a solution of 4-[3-(trifluoromethyl)-3H-

diazirin-3-yl]benzoic acid (197 mg, 0.86 mmol) in dry DCM (10 mL) at 0 °C was added 1,8-octanediol (62 mg, 0.43 

mmol), 4-dimethylaminopyridine (125 mg, 1.03 mmol) and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (197 mg, 

1.03 mmol) and the mixture stirred as a clear solution warming to rt overnight. The mixture was quenched with 1M 

HCl, extracted with DCM (50 mL) and washed with NaHCO3 sat. aq. (100 mL) and brine (100 mL), dried (MgSO4), 

filtered via dry flash chromatography on silica and evaporated in vacuo to afford the crude product which was 

recrystallised from PE (10 mL) to afford the title compound (C8PDCF3) as a white crystalline solid (60 mg, 25%). 1H 

NMR (400 MHz, CDCl3),  (ppm): 1.33-1.49 (m, CH2, 8H), 1.70-1.82 (m, CH2, 4H), 4.32 (t, J = 6.6 Hz, C(=O)CH2, 4H), 

7.24 (d, J = 8.4 Hz, ArH, 4H), 8.05 (d, J = 8.6 Hz, ArH, 4H). 13C NMR (100 MHz, CDCl3),  (ppm): 26.05, 28.76, 29.27, 

65.58, 120.65, 123.38, 126.46, 130.01, 131.68, 133.80, 165.74. 19F NMR (400 MHz, CDCl3),  (ppm): -64.87. IR 

(ATR): νmax/cm-1: 1725, 1716 (C=O). UV–Vis (chlorobenzene): λmax = 349 nm. HRMS m/z (CI+): C26H24F6N4O4 

calculated 588.2045 ([M+NH4]+), found 588.2062. 

 

PPDCF3 (1,4-Phenylene bis(4-(1-diazo-2,2,2-trifluoroethyl)benzoate)) 
In the absence of light throughout (glassware wrapped in aluminium foil): to a solution of 4-[3-(trifluoromethyl)-3H-

diazirin-3-yl]benzoic acid (197 mg, 0.86 mmol) in dry DCM (10 mL) at 0 °C was added hydroquinone (47 mg, 0.43 

mmol), 4-dimethylaminopyridine (125 mg, 1.03 mmol) and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (197 mg, 

1.03 mmol) and the mixture stirred as a clear solution warming to rt overnight. The mixture was quenched with 1M 

HCl, extracted with DCM (50 mL) and washed with NaHCO3 sat. aq. (100 mL) and brine (100 mL), dried (MgSO4), 

filtered via dry flash chromatography on silica and evaporated in vacuo to afford the title compound (PPDCF3) as an 

off-white powder solid (109 mg, 48%). 1H NMR (400 MHz, CDCl3),  (ppm): 7.28 (s, ArH, 4H), 7.33 (d, J = 8.2 Hz, ArH, 

4H), 8.23 (d, J = 8.6 Hz, ArH, 4H). 13C NMR (100 MHz, CDCl3),  (ppm): 77.16, 120.62, 122.79, 126.73, 130.53, 

130.67, 134.78, 148.11, 164.15. 19F NMR (400 MHz, CDCl3),  (ppm): -64.77. IR (ATR): νmax/cm-1: 1734 (C=O). UV–

Vis (chlorobenzene): λmax = 347 nm. HRMS m/z (ES-): C24H12F6N4O4 calculated 533.0678 ([M]+), found 533.0684. 

 

Thieno[3,4-c]pyrrole-4,6-dione (TPD)-Based Polymers 

Thieno[3,4-c]pyrrole-4,6-dione (17)  
A mixture of thiophene-3,4-dicarboxylic anhydride (4.00 g, 26.0 mmol) and formamide (10 mL, 77.9 mmol) was 

refluxed at 210 °C overnight in the dark. The reaction mixture was allowed to cool to room temperature and the brown 

residue suspended in hot water (25 mL). Filtration and recrystallisation from ethanol (25 mL) afforded the title 

compound (17) as colourless needles (2.87 g, 72%, m.p. 292-295 °C, lit.275 293-294 °C). 1H NMR (400 MHz, DMSO-
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d6),  (ppm): 8.27 (s, SCH, 2H), 11.26 (s, NH, 1H). 13C NMR (400 MHz, DMSO-d6),  (ppm): 127.79, 132.55, 137.62, 

163.76. 

 

1,3-Dibromo-thieno[3,4-c]pyrrole-4,6-dione (18)  
To a solution of thieno[3,4-c]pyrrole-4,6-dione (150 mg, 0.98 mmol) in dry DMF (2 mL) was added N-

bromosuccinimide (1.05 g, 5.88 mmol) and the mixture heated at 100 °C overnight in the dark. The reaction was 

allowed to cool to room temperature, hot water added (20 mL) and the precipitate filtered off and washed with acetone 

(25 mL) to give afford the title compound (18) as a crystalline white solid, which was used without further purification 

(130 mg, 42%). The spectra were in agreement with those previously reported for the compound.124 1H NMR (400 

MHz, DMSO-d6),  (ppm): 11.56 (s, NH, 1H). 13C NMR (400 MHz, DMSO-d6),  (ppm): 112.69, 136.26, 161.18. 

 

1,3-Dibromo-5-(3-ethylheptyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (M7a)  
To a solution of 1,3-dibromo-thieno[3,4-c]pyrrole-4,6-dione (300 mg, 0.97 mmol) in dry DMF (2 mL) was added sodium 

hydride (50 mg, 1.25 mmol) and the mixture stirred at room temperature for 1 h. The mixture was then added 

dropwise to a solution of 2-ethyl-iodoheptane (736 mg, 2.89 mmol) in dry DMF (3 mL) at 50 °C. This mixture was 

stirred for 12 h at room temperature and the crude product then extracted with petroleum ether (25 mL), washed with 

water (100 mL), dried (MgSO4), filtered and concentrated in vacuo. The crude product was purified via column 

chromatography on silica gel eluting in 8:2 chloroform/hexane. The colourless residue was further purified by 

recrystallisation from methanol/chloroform to afford the title compound (M7a) as a white crystalline solid (85 mg, 20%). 
1H NMR (400 MHz, CDCl3),  (ppm): 0.80-0.93 (m, CH3, 6H), 1.15-1.40 (m, CH2, 9H), 1.52-1.62 (m, NCH2CH2, 2H), 

3.85 (t, J = 7.6 Hz, NCH2, 2H). 13C NMR (400 MHz, CDCl3),  (ppm): 10.73, 14.26, 23.19, 25.74, 28.80, 31.64, 32.66, 

36.86, 37.08, 113.02, 134.98, 160.48. HRMS m/z (CI+): C15H19Br2NO2S calculated 452.9839 ([M+NH4]+), found 

452.9847. 

 

1,3-Dibromo-5-(1-ethylpentyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (M7b)  
To a solution of 1,3-dibromo-thieno[3,4-c]pyrrole-4,6-dione (300 mg, 0.97 mmol) in dry DMF (2 mL) was added sodium 

hydride (50 mg, 1.25 mmol) and the mixture stirred at room temperature for 1 h. The mixture was then added 

dropwise to a solution of 3-bromoheptane (518 mg, 2.89 mmol) in dry DMF (3 mL) at 50 °C. This mixture was stirred 

for 12 h at room temperature and the crude product then extracted with petroleum ether (25 mL), washed with water 

(100 mL), dried (MgSO4), filtered and concentrated in vacuo. The crude product was purified via column 

chromatography on silica gel eluting in 8:2 chloroform/hexane. The colourless residue was further purified by 

recrystallisation from methanol/chloroform to afford the title compound (M7b) as a white crystalline solid (88 mg, 24%). 
1H NMR (400 MHz, CDCl3),  (ppm): 0.91 (t, J = 7.3 Hz, CH3, 6H), 1.16-1.39 (m, CH2, 4H), 1.61-1.79 (m, NCHCH2 

CH2, 2H), 1.93-2.06 (m, NCHCH2CH3, 2H), 4.01 (tt, J = 8.0, 8.0 Hz, NCH, 1H). 13C NMR (400 MHz, CDCl3),  (ppm): 

11.31, 14.12, 22.52, 25.38, 28.97, 31.78, 55.07 (NCH), 112.97, 134.59, 160.98. HRMS m/z (CI+): C12H13Br2NO2S 

calculated 424.9519 ([M+NH4]+), found 424.9534. 

 

3-Ethyl-1-iodoheptane  
To a solution of 2-ethylhexylbromide (10.86 g, 56.2 mmol) in dry THF (50 mL) at rt was added finely ground 

magnesium (1.78 g, 73.1 mmol) and the mixture heated to 50 °C. A spatula of iodine was added and the mixture 
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spontaneously refluxed until the magnesium solids had been fully consumed, indicating formation of the Grignard 

reagent. Paraformaldehyde (2.40 g, 78.7 mmol) was added in one portion and the mixture heated at reflux overnight. 

The mixture was allowed to cool to rt, diluted with EtOAc (200 mL), quenched with dilute HCl, separated and extracted 

with further EtOAc (2 x 100 mL), the combined organic extracts being subsequently washed with dilute HCl (400 mL) 

then brine (400 mL); dried (MgSO4), filtered and concentrated in vacuo. The residue was purified by dry flash 

chromatography on silica eluting in 1:1 PE/chloroform to afford 3-ethyl-1-heptanol as a clear pale yellow oil, which 

was used without further purification (4.78 g, 59%). 1H NMR (400 MHz, CDCl3),  (ppm): 0.79-0.93 (m, CH3, 6H), 1.20-

1.40 (m, CH & CH2, 9H), 1.52 (td, J = 6.8, 6.8 Hz, HOCH2CH2, 2H), 3.66 (t, J = 7.1 Hz, HOCH2, 2H). 

 

To a solution of 3-ethyl-1-heptanol (4.78 g, 33.1 mmol) in DCM (100 mL) at 0 °C was added triphenyl phosphine 

(7.27 g, 27.7 mmol) and imidazole (2.36 g, 34.6 mmol) followed by portion-wise iodine (7.70 g, 30.0 mmol) and the 

mixture allowed to warm to rt stirring over 3 h to give an opaque dark red-brown suspension. The mixture was 

quenched with Na2SO3 sat. aq. (100 mL), separated, washed with brine (2 x 100 mL), dried (MgSO4), filtered and 

evaporated. The residue was taken up in hexane and purified by dry flash chromatography on silica to afford the title 

compound (3-ethyl-1-iodoheptane) as a clear, colourless oil (4.44 g, 53%). 1H NMR (400 MHz, CDCl3),  (ppm): 

0.79-0.93 (m, CH3, 6H) 1.15-1.40 (m, CH & CH2, 9H), 1.80 (td, J = 7.6, 6.1 Hz, ICH2CH2, 2H), 3.19 (t, J = 7.6 Hz, ICH2, 

2H). 13C NMR (400 MHz, CDCl3),  (ppm): 5.49, 10.71, 14.24, 23.18, 25.25, 28.78, 32.14, 37.9, 40.1. MS (EI+): C9H19I 

calculated 253 ([M-H]+), found 253. 

 

N-3-Ethylheptyl-TPD-2T(C10) 
A microwave vial was charged with 1,3-dibromo-5-(3-ethylheptyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (85 mg, 0.19 

mmol), 4,4’-didecyl-5,5’-bis(trimethylstannyl)-2,2’-bithiophene (150 mg, 0.19 mmol), 2.2 mol% of 

tris(dibenzylideneacetone)dipalladium and 8.8 mol% of tri(o-tolyl)phosphine. The vial was then sealed, chlorobenzene 

added (2 mL), the mixture degassed for approximately 40 minutes and submitted to the microwave reactor for: 3 

minutes at each of 100 °C, 120 °C, 140 °C, 160 °C and finally 50 minutes at 180 °C. The crude polymer was 

precipitated in methanol and then purified by Soxhlet extraction with acetone, hexane and chloroform. Remaining 

palladium residues were removed by vigorously stirring the latter fraction with aqueous sodium diethyldithiocarbamate 

for 3 h at 55 °C. The organic phase was then separated, washed (water), concentrated in vacuo and again 

precipitated in methanol, filtered off and dried under high vacuum to afford the title compound (N-3-ethylheptyl-TPD-
2T(C10)) as a black solid (141 mg, 64%). Mn = 7 kDa, Mw = 9 kDa, PDI = 1.31. 

 

N-2-Ethylhexyl-TPD-2T(C10) 
A microwave vial was charged with 1,3-dibromo-5-(2-ethylhexyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (219 mg, 0.52 

mmol), 4,4’-didecyl-5,5’-bis(trimethylstannyl)-2,2’-bithiophene (254 mg, 0.52 mmol), 2.2 mol% of 

tris(dibenzylideneacetone)dipalladium and 8.8 mol% of tri(o-tolyl)phosphine. The vial was then sealed, chlorobenzene 

added (2 mL), the mixture degassed for approximately 40 minutes and submitted to the microwave reactor for: 3 

minutes at each of 100 °C, 120 °C, 140 °C, 160 °C and finally 50 minutes at 180 °C. The crude polymer was 

precipitated in methanol and then purified by Soxhlet extraction with acetone, hexane and chloroform. Remaining 

palladium residues were removed by vigorously stirring the latter fraction with aqueous sodium diethyldithiocarbamate 

for 3 h at 55 °C. The organic phase was then separated, washed (water), concentrated in vacuo and again 
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precipitated in methanol, filtered off and dried under high vacuum to afford the title compound (N-3-ethylhexyl-TPD-
2T(C10)) as a black solid (141 mg, 27%). Mn = 6 kDa, Mw = 9 kDa, PDI = 1.44. 
 

N-1-Ethylpentyl-TPD-2T(C10) 
A microwave vial was charged with 1,3-dibromo-5-(1-ethylpentyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (36 mg, 0.09 

mmol), 4,4’-didecyl-5,5’-bis(trimethylstannyl)-2,2’-bithiophene (68 mg, 0.09 mmol), 2.2 mol% of 

tris(dibenzylideneacetone)dipalladium and 8.8 mol% of tri(o-tolyl)phosphine. The vial was then sealed, chlorobenzene 

added (2 mL), the mixture degassed for approximately 40 minutes and submitted to the microwave reactor for: 3 

minutes at each of 100 °C, 120 °C, 140 °C, 160 °C and finally 50 minutes at 180 °C. The crude polymer was 

precipitated in methanol and then purified by Soxhlet extraction with acetone, hexane and chloroform. Remaining 

palladium residues were removed by vigorously stirring the latter fraction with aqueous sodium diethyldithiocarbamate 

for 3 h at 55 °C. The organic phase was then separated, washed (water), concentrated in vacuo and again 

precipitated in methanol, filtered off and dried under high vacuum to afford the title compound (N-3-ethylpentyl-TPD-
2T(C10)) as a black solid (40 mg, 64%). Mn = 8 kDa, Mw = 11 kDa, PDI = 1.42. 

 

N-nOctyl-TPD-2T(C10) 
A microwave vial was charged with 1,3-dibromo-5-(octyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (219 mg, 0.52 mmol), 

4,4’-didecyl-5,5’-bis(trimethylstannyl)-2,2’-bithiophene (254 mg, 0.52 mmol), 2.2 mol% of 

tris(dibenzylideneacetone)dipalladium and 8.8 mol% of tri(o-tolyl)phosphine. The vial was then sealed, chlorobenzene 

added (2 mL), the mixture degassed for approximately 40 minutes and submitted to the microwave reactor for: 3 

minutes at each of 100 °C, 120 °C, 140 °C, 160 °C and finally 50 minutes at 180 °C. The crude polymer was 

precipitated in methanol and then purified by Soxhlet extraction with acetone, hexane and chloroform. Remaining 

palladium residues were removed by vigorously stirring the latter fraction with aqueous sodium diethyldithiocarbamate 

for 3 h at 55 °C. The organic phase was then separated, washed (water), concentrated in vacuo and again 

precipitated in methanol, filtered off and dried under high vacuum to afford the title compound (N-noctyl-TPD-2T(C10)) 
as a black solid (116 mg, 25%). Mn = 5 kDa, Mw = 7 kDa, PDI = 1.37. 
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BPT-TVT, Mn = 8 kDa, Mw = 28 kDa, PDI = 

3.72 (chloroform soxhlet fraction). 
C8C10-IIT-TVT, Mn = 9 kDa, Mw = 20 kDa, PDI = 

2.24 (chloroform soxhlet fraction). 
C8C10-DPPT-TVT, Mn = 13 kDa, Mw = 56 

kDa, PDI = 4.97 (chloroform soxhlet 
fraction). 

   
DPIDT-P, Mn = 106 kDa, Mw = 186 kDa, PDI 

= 1.75 (chloroform soxhlet fraction). 
DPIDT-T, Mn = 25 kDa, Mw = 41 kDa, PDI = 1.60 

(chloroform soxhlet fraction). 
DPIDT-2T, Mn = 10 kDa, Mw = 19 kDa, PDI = 

1.9 (chloroform soxhlet fraction). 
 

 




