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ABSTRACT 

 
Side Chain Modifications of Conjugated Polymers  

For Bioelectronics and Biological Applications 

Weiyuan Du 
 

Organic bioelectronics is the convergence of organic electronics and biology. Motivated by the 

unique combination of both electronic and ionic conductivity, organic semiconducting 

materials have been applied in OECTs for sensing applications to translate bio-logical signals 

into a quantitative electrical reading. Due to their carbon-based structure and flexibility, CPs 

can achieve improved biocompatibility compared to inorganic devices as they are intrinsically 

“softer”, avoiding mechanical mismatch and the need for surface compatibilizing layers. These 

promising materials have broad potential to be used in applications such as biosensors, drug 

delivery, and neural interfaces. 

In the second chapter, a series of lysine-functionalized DPP3T semiconducting polymers, 

outline their synthesis, and demonstrate that these particular polymers allow neuron cells to 

adhere and grow, in comparison to unfunctionalized polymers, where cells quickly die. 

Through covalent attachment of small lysine units, the conjugated polymer backbone and cells 

can directly electrically communicate, favorable for neural signals recording/stimulating. 

In the third chapter, NDI-based semiconducting polymers are selected for lysine-

functionalization, giving protein-like surfaces for neurons to attach, grow and form a network 

without the need of an intermediate PDL coating. Most importantly, this careful choice of NDI 

backbone allows lysinated-NDI polymers to operate in OECTs with an outstanding normalized 

transconductance value of 0.25 S/cm.  

In the fourth chapter, a new technique is presented to biofunctionalize thin film surface of 

polymers. Two methods including CuAAC and thiol-ene click are demonstrated to be 

applicable to biofunctionalize surface. In particular, both of them can achieve biocompatible 

surface by attaching biomolecules at high density while maintaining electrically conductive 

film. 

In the final chapter, three series of NDI-T2 are presented synthesized via Stille coupling 

reaction using different Pd catalysts. Following electrochemical and device characterization, 

the study of the influence of spacers between backbone and EG chain for performance in OFET 

and OECT operations is carried out. It is clearly evidenced that electron mobility increases by 
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a factor of 10 with gradual increased spacers for all polymers in OFETs devices. For OECTs, 

within three series, pNDI-Cx-T2 stands out, especially pNDI-C4-T2 giving the highest reported 

transconductance at 0.479 S/cm and a low threshold voltage of 0.18 V. 
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Chapter 1: Introduction 
 
Conjugated polymers (CPs) made of aromatic, rigid repeat units were firstly discovered as 

polypyrole (PPy) in 1960s.1 However, CPs did not drawn enough interest until 1970s when 

MacDiarmid and co-workers found the electrical conductivity of polyacetylene (PA) increased 

several orders of magnitude by doping with iodine.2 This suggested CPs could reverse between 

insulator and conductor. Moreover, CPs containing alternating single and double bonds result 

in extended pi-bond formation to facilitate charge conduction. After this discovery, CPs 

emerged with dramatically considerable investigation, mainly involving polypyrrole (PPy),1 

polyaniline (PANi),3 polythiophene,4 and poly(3,4-ethylenedioxythiophene) (PEDOT),5 

shown in Figure 1. There are typically two methods for CPs synthesis: a) chemical synthesis 

and b) electrochemical synthesis. With chemical polymerization, condensation or crossing-

coupling, allows diverse synthetic approached and effective routes to obtain different kinds of 

CPs. Electrochemical synthesis is composed of working, counter and reference electrodes in a 

mixture of monomer, solvent and electrolyte. When electrical current applied CPs generated 

on working electrode. These two methods have their own advantages: Chemical synthesis 

easily tunes CPs, and electrochemical synthesis is preferred regarding the ability of 

reproducible and simplicity.  

 

 
Figure 1. Chemical structure of CPs. 

In general, CPs don’t exhibit conductivity before doping. When doping is applied a redox 

process occurs which allows electrical conductivity of CPs significantly enhanced to approach 

as metallic conductivity. For example, polyacetylene (PA) can reach a high conductivity of 103 

(Ω.cm)-1 instead of intrinsically 10-5 (Ω.cm)-1, by exposing it to redox process.6  Because π-

orbitals of CPs delocalized along polymer backbone charges can travel the length of polymer 

chain. Also with redox process (adding or removing electrons), a polaron is easily generated, 

and it will produce bipolaron between adjacent chains. Thus, electronic charges can migrate 

between different molecules. Decided by charge carriers’ density and morphology of organic 

electronics, the conductivity can be between semiconducting and even metallic. With 

N
H

H
N

n

Polypyrrole (Ppy)

H
N

n
Polyaniline (PANi)

S

Polythiophene
n S n

OO

PEDOT



 

 
 

16 

additional photoluminescence, CPs have been applied in lots of research filed, such as light 

emitting devices,7 charge transport in thin-film transistors (TFTs) and organic photovoltaic.8  

 

Due to unique electronic and ionic conducting properties of CPs, they have recently been 

explored as promising biomedical materials. With usage of CPs, organic bioelectronics can 

potentially operate as translators between bioelectric signals in biological system and electric 

signals in human-made electronic system. The signals and functions of biology can be 

selectively sensed, recorded and monitored, which will convert into electronic readout for 

better understanding of biological system.  Other advantages of organic bioelectronics can be 

found in desired flexibility, elasticity, morphology, stability and biocompatibility by tunable 

chemical functionalization.9  

 

1.1 Optical stimulation and Sensing 

Biosensors combing CPs and nanofabrication technology, are capable of sensing and 

transducing specific recognition events in life sciences (Figure 2).10 The readout, optical or 

electronic signals are generated by probe-target complex of a probe and its target biological 

analyte, for example, the electrochemical detection of glucose by following reaction:11 

β-D-glucose + O2 → D-glucose-1,5-lactone + H2O2  

Therefore, glucose can be measured indirectly on H2O2 concentration or directly on electrons 

transferred to GOx, which is a common enzyme used on electrodes. These biosensor 

applications based on CPs benefit from: operate at low voltage and optimized properties by 

chemical tailoring, allow solution-processing and minimize components.12  

 

1.2 Scaffolds for tissue engineering 

Organic bioelectronics replaces abiotic component from generally inert plastic slab (made by 

polystyrene) to CPs composition. This unique scaffold provides desired electronic and ionic 

properties, tunable architectures for controlling the adhesion and proliferation. Together, 

organic bioelectronics can effectively interface between the biotic (cells, tissue and organs) and 

the abiotic (electrodes and devices). 13 
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Figure 2. Scope of biosensing applications based on CPs. 

 

1.3 Drug delivery 

Controlled medication delivery and release to a precise location with a precise concentration is 

referred to drug delivery system. Drug delivery is preferred to be a local delivery of required 

position and time, rather than systemic medication.  However, this system typically is limited 

by not fully controllable with pre-programmed rate and the declined release rate with time. 

Using CPs as bioactive molecules to control drug release has been proven to be suitable since 

1980.14 And in the last decade, promoting by unique and interesting properties of CPs, 

researchers have developed a considerable methods for controlled release with increased 

loading level of drugs and diverse drugs.15 For example, Wallace and co-workers demonstrated 

antibiotic delivery from coreshell fibers using PEDOT:PSS and PPy as support and electrical 

conductor.16 They were capable of to release the drug ciprofloxacin with maintained antibiotic 

efficacy and inhibition of bacterial growth when it was tested against Streptococcus and E. coli 

bacteria strains.   
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1.4 Neural Interfaces 

The integration of electronic and/or optoelectronic with a complex neural network can provide 

invaluable benefits of neural signal recording to map and understand brain functions. This 

powerful tool of recording neural activity has been used in clinic for diagnosis and treatment 

of brain diseases and disorder, such as Parkinson’s, epilepsy, deafness and blindness.17-19  

However, inorganic bioelectronics faces two major challenges: 1) inorganic materials 

(platinum or silicon) conduct electrons and neurons conduct ions, which will lead to the signal 

of recording and injection only determined between electrons and ions at inorganic 

materials/neuronal systems interface.20 The signal-to-noise of inorganic electrode will become 

relatively poor, since it arises from the interfaces of electrode (inorganic materials)-electrolyte 

impedance (neurons). 2) The hard and dry inorganic materials surface, with high Young’s 

modulus surface, mismatches with soft and wet neural tissues affecting the long-term stability 

of interfaces.21   

Organic bioelectronics has offered a solution to resolve these issues.  Since CPs have carbon 

based structures, low Young’s modulus mechanical properties, ionic transport ability. These 

advantages enhance the effective communication between biology and electronics. The carbon 

based structures make CPs much more similar with biological molecules and can be performed 

as different forms. For example, the ionically conducting hydrogels share close Young’s 

moduli with neural tissues. Moreover, desired biological properties can be achieved by 

controlled tunable chemical synthesis using a diversity of functionalization methods. 

Furthermore, organic bioelectronics shows more effective transduction interfaces due to 

mechanical flexibility and biocompatibility for a variety of integration with neurons.22-23 To 

take advantage of these features, various classes of CPs have been utilized on organic 

bioelectronics. Among CPs, due to biocompatibility and excellent electrical conductivity, 

polypyrrole (PPy), polyaniline (PANi), polythiophene and its derivatives including poly(3,4-

ethylenedioxythiophene) (PEDOT) have been widely used.24-26  

 

1.5 PANi for Neural Interface 

The synthesis of PANi, achieved by polymerization of either electrochemical or chemical 

oxidative, keeps simple without requiring any special equipment or precautions (Figure 3). The 

primary state of PANi, emeraldine base, is an electrical insulator, which will turn to conducting 

form (emeraldine salt) after doped by acid or oxidative (Figure 3).  
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PANi is one of most promising CPs, giving its simple preparation, great conductivity and good 

environmental stability.27 Due to these properties, PANi has been employed the field of diverse 

biological applications, such as biosensors or scaffold for tissue engineering.28-30 However, the 

application of PANi for neural interface has drawn less attention. Even Mattiolo-Belmone and 

co-works have demonstrated the biocompatibility of PANi in vitro and in long-term animal 

studies in vivo.28  The main disadvantage of PANi for neural interface is its poor cell 

adhesion.31 

 
Figure 3. Synthesis of PNAi. 

1.6 PPy for Neural Interface 

Weiss and colleagues discovered PPy as a highly conductive conjugated polymer from 

pyrolysis of tetraiodopyrrole.32 Later, oxidative (chemical or electrochemical) polymerization 

of PPy was also obtained (Figure 4). Due to its easy synthesis, high conductivity, good 

environmental stability and biocompatibility,33-35 PPy has been one of most studied CPs for 

biomedical applications. These applications require PPy with good cell adhesion to intimately 

integrate with living cells. Conventionally, aim to achieve a good cell adhesion, physical 

adsorption of an adhesive protein (e.g., fibronectin, laminin) or polycationic layer (e.g., poly-

L-Lysine) is required.36-37 Or by tuning of pyrrole chemical structure (i.e., pyrrole derivatives) 

and different dopants (using biomolecules), physicochemical properties of PPy can be 

controlled and then enhance the interaction with cells.  

  
Figure 4. Synthesis of PPy. 

Lee and co-workers developed carboxylic acid-functionalized polypyrrole to improve its cell 

adhesion (Figure 5).38 PPyCOOH was achieved by electrochemical polymerization, then RGD 
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peptide was incorporated by chemical condensation. This acid-functionalization on PPy’s N-

position and RGD peptide grafting made itself become a bioactive platform with improved cell 

adhesion for human umbilical vein endothelial cell. 

 

 
Figure 5. Synthetic scheme of carboxylic acid-functionalized conductive polypyrrole, poly(1-

(2-carboxyethyl) pyrrole (PPyCOOH) (3), and the chemical conjugation with RGD peptide, 

RGD-grafted PPyCOOH (4). 

 

Later, Jae and co-workers discovered amine-functionalized polypyrrole (APPy).39 This amine 

modified polypyrrole (APPy) successfully achieved a more hydrophilic polymer surface. The 

improved wettability will further affect cell adhesion and proliferation. Therefore, APPy has 

proven its potential to replace the usage of conventional methods (physical adsorption) for 

promotion of cell adhesion. However, amine-functionalized polymers suffered from decrease 

in conductivity which may limit its application. For example, compared to regular PPy, amine-

functionalized polypyrrole exhibited four-orders of magnitude drop in conductivity.  

 
Figure 6. The electrochemical synthesis of APPy 

Cui and co-works reported blends of PPy and biomolecules (as dopants) to modify electrodes 

surface for neural recording.26 There are two biomolecules: laminin fragment CDPGYICSR 

and silk-like polymer (SLPF). SLPF composites majority of GAGAGS sequences and 

alternated cell-binding RGD sequences as a genetically engineered protein polymer. After 

electrochemical polymerization of pyrrole and biomolecules, laminin-derived peptides doped 

PPys were achieved. Compared to poly(styrene sulfonate) doped PPy control, these polymers 

performed a higher neuron density with compromised electrical conductivity.  
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Aforementioned studies have pointed out promising directions to improve biocompatibility 

(promoting cell adhesion, growth, and differentiation) for PPy. However, PPy is relatively 

unstable and easily over-oxidized. Moreover, it is insoluble in common organic solvents and 

forms brittle/rigid thin film. All above results suggest there is demand for more stable and 

soluble conductive polymers.  

1.7 Polythiophene and its derivatives for Neural Interface 

Polythiophene copolymers have been widely used on biomedical application, especially 

PEDOT (Figure 1).40 As there are only two highly reactive hydrogens at 2,5 position of the 

precursor EDOT for PEDOT polymerization is easy with no formation of side-products. Also, 

due to the interaction of sulfur and oxygen PEDOT can achieve a planar backbone and a lack 

of aromatic hydrogens provides improved chemical stability and enhanced packing, semi-

crystalline morphology in the solid state.41 Moreover, higher electron density on the conjugated 

backbone is contributed by two oxygen atoms, rising its charge conductivity. This relatively 

new PEDOT, possessing higher electrical conductivity, excellent chemical stability and proved 

biocompatibility in vivo, dominates the study of CPs for neural interface in the last decade.  

 

Bayer and co-workers firstly developed PEDOT in the 1980s. There are four different routes 

for synthesis of PEDOT: 1) oxidative chemical polymerization; 2) electrochemical 

polymerization; 3) vapor phase polymerization; 4) transition metal-coupling.42 Each of them 

has advantages and disadvantages summarized in Table 1.35  

Table 1. Comparison of different polymerizations for PEDOT 

Polymerization Advantages Disadvantages 

Chemical 

v Larger-scale production 

v Post-Functionalization 

v Tunable Modification 

• Complicated synthesis 

• Cannot form thin film at first 

place 

Electrochemical 

v Directly thin film formation 

v Easily handing 

v Simultaneously Doped 

• Difficult to isolate thin film 

• Post-Functionalization is hard 

• Conducting surface 

Vapor Phase 
v Highest conductivity 

v Non-conducting surface 

• Limited by dopants 

• Only big scale 

Coupling v Neutral state polymer • Low molecular weight 

PEDOT is p-type semiconducting polymer which is doped with negative ions. These dopants 

can stabilize positive charged conjugated backbone to balance the overall charge, rising 



 

 
 

22 

PEDOT conductivity. Several dopants have commonly utilized for biomedical applications, 

such as poly(styrene sulfonate) (PSS), tosylate (TOS), and perchlorate ions (ClO4
−) (Figure 

7).43 In addition, to improve the biocompatibility of PEDOT, peptides used as dopants have 

also explored.44  It has also been noted various dopant species (e.g., PSS, TOS, ClO4− and 

peptides) significantly affect surface morphology (thickness and/or roughness), electrical 

conductivity properties, biocompatibility and mechanical modulus. In general, thicker and 

rougher films are produced by smaller dopants (e.g, TOS) to give greater electrical properties 

and softer films, but reduce biological performance.45  

 

 
Figure 7. Common dopants: polymeric ion poly(styrene sulfonate), small ions tosylate and 

perchlorate. 

1.8 Chemically polymerized PEDOT:PSS 

During chemical polymerization of PEDOT:PSS, PSS acts as both a dopant and an effective 

surfactant to keep polymerized PEDOT as solvated.46 This homogenous, dark, aqueous 

solution of PEDOT:PSS is widely commercially available and with outstanding conductivity 

and easy processing, PEDOT:PSS has been widespread in biomedical applications.47 

Biomedical devices are operated in an aqueous environment such as biological media or living 

tissue.48 This biological environment will complicate long-term stability of PEDOT:PSS due 

to delamination, therefore there is need to improve biocompatibility.  

 

Glass and gold are most used transducer substrates which allow linking biomolecules to their 

surface by variety of functionalization methods. These methods often refer as silanization and 

EDC/NHS condensation (EDC: N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide/NHS: N-

hydroxysuccinimide.) This EDC/NHS condensation provides effectively way to couple amine 

and carboxyl groups which are commonly found in the biological system.49  

 

In 2014, Stavrinidou and co-workers introduced a cross-linker GOPS (3-

glycidoxypropyltrimethoxysilane) to prevent the delamination of PEDOT:PSS. However, the 
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resulting solid material of PEDOT:PSS/crosslinked GOPS blend compromised the 

conductivity.50  

 

Later, Strakosas and co-works demonstrated incorporation of the poly vinyl alcohol (PVA) is 

convenient biofuctionalization method of PEDOT:PSS.51 Blend PVA with PEDOT:PSS before 

casting, this three components film allows future biofunctionlization (Figure 8.) The PVA  has 

been reported to benefit conductivity of polydioxythiophene films instead of interfering the 

performance.52 The introduced alcohol groups of PVA blends inside PEDOT:PSS film, and 

they subsequently react with aforementioned crosslinker saline GOPS introduced by chemical 

vapor. Then an epoxy group is attached for further grafting of biomolecules by covalent bond, 

such as glucose oxidase (GOx) and poly-L-lysine. This method has provided incorporation of 

biomolecule without harsh processing conditions after film preparation. In addition, it 

maintains the biomolecules’ biofunctionality with negligibly changed conductivity.  

 

 
Figure 8. Reaction scheme for biofunctionalization of blend PEDOT:PSS with PVA. 

Moreover, the biofunctionalization strategy of PEDOT:PSS/PVA can reduce non-specific 

signals by repulsing or reducing interfering species. For example, Pappa and co-workers 

functionalized PEDOT:PSS/PVA thin film with attaching chitosan ferrocene. The ferrocene 

mediator gave a high background signal by reducing electroactive species at the gate.53  

 

1.9 Vapor phase polymerized PEDOT:TOS 

PEDOT can also been prepared by vapor phase polymerization (VPP), which has widely 

applied on synthesis of PEDOT:TOS after VPP was discovered in 1980s (Figure 9). The 

process starts with insertion of an oxidant, typically iron(III) tosylate (Fe(TOS)3), into a 
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chamber full of EDOT vapor. EDOT monomer is then oxidized by Fe3+ to generate EDOT 

radicals which will further polymerize onto substrate. To avoid over-oxidized (non-conducting 

state) formation, pyridine, a non-reactive base, coordinates with strong oxidant Fe3+ to better 

control polymerization process. And PEDOT is simultaneously doped by TOS.  In the final 

step, ethanol is necessary to purify formed polymer by removing any remained iron trace. 

PEDOT derivatives have achieved highest conducting properties by this technique.54-55 

However, this approach is limited by controlling deposition of PEDOT:TOS in micro-

fabricated devices and tosylate anion may cause toxicity issues during its doping/de-doping 

process.  

 
Figure 9. Vapor phase polymerization of PEDOT:TOS: I) the thin film of Fe(TOS)3 inserts 

inside polymerization chamber containing high pressure EDOT atmosphere at 70 oC; II) 

PEDOT:TOS forms on the substrate; III) polymer purification by rinsing with ethanol to 

remove iron species (Fe3+ and Fe2+).56 

 

Due to VPP in situ polymerization properties, it provides various ways to incorporate additives 

for biofunctionalization of formed polymers, which is referred as conductive composites.57 The 

most studied additive for improving conductivity of PEDOT:TOS is polyethylene glycol (PEG) 

which incorporates into PEDOT matrix as a surfactant during the polymerization.54 

Additionally, PEG is a biocompatible material with alcohol groups for potential 

functionalization of bioactive species. For example, PEG functionalized with a carboxylic acid 

(PEG-COOH) comprises conductive composites of PEDOT:TOS, which has been confirmed 

to be present of PEG-COOH. The carboxylic acid groups allow to incorporate biomolecules 

(e.g., fluorescent protein) by EDC/NHS chemistry. However, based on fluorescent protein 
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quantify measurement, there is limited amounts of protein covalently bound, suggesting lot 

amounts of reactive groups for binding.58  

 

Bongo and co-workers incorporated gelatin into PEDOT:TOS to achieve the conductive 

composites with maintained electrochemical properties and improved biocompatibility, for 

example good cell adhesion for endothelial cells.59 In this study, with the mixture solvents of 

water and acetic acid, they prevented the combination of oxidative Fe3+ with hydrophilic 

polymer to form a gel, which will interfere with Fe3+ coordination with active groups. 

Additionally, this weak acid will not denature biomolecules in the oxidant solution. This 

technique has been proven to be supportive for bovine capillary endothelial cells (BBCECs) 

growth, as identical as drop cast gelatin films (Figure 10).  

 

Even through incorporation of biomolecules in VPP process is straightforward without further 

chemistry modification, sensitive biomolecules are not applicable for such harsh conditions, 

such as high temperature and strong acids. To avoid this situation, an alternative way is to 

entrap biomolecules into films instead of covalent functionalization. For instance, Thomson 

and co-workers developed a VPP-PEDOT:TOS/ glucose oxidase (GOx) alloy by casting a 

droplet of GOx on unwashed PEDOT:TOS films, which then entrapped the enzyme during 

films collapse. This VPP-PDEOT:TOS films entrapped (stuffed) by glucose oxidase (GOx) 

gave significant degree of interaction, which allowed electron transfer within the appropriate 

distance between polymer and the enzyme active center.60 However, this entrapment of 

biomolecules has only been limited on applications, such as biosensing of glucose or biofuel 

cells.  
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Figure 10. Initial adhesion (1) and viability (2) of BBCECs observed 3 hours and 5 days after 

seeding on 96-well plates +/-polymer composite coating. Wells are as follows: (A) well, (B) 

PEDOT(TOS), (C) gelatin, (D) BSA, (E) PEDOT(TOS) + gelatin, (F) PEDOT(TOS) + BSA, 

(G) PEDOT(TOS):gelatin, and (H) PEDOT(TOS):BSA. For the initial adhesion study images 

were taken by phase contrast microscopy. For viability assays, the live cells are stained with 

calcein-AM (green) and dead cells are stained with propidium iodide (red). Scale bar = 50 mm. 

 

1.10 Electrochemically polymerized PEDOT 

Electrochemical polymerization provides convenient and simplistic routine for PEDOT 

synthesis and it’s derivatives.61 The formation of carbon-carbon and loss of hydrogens are from 

recombination of oxidized radical cations monomers. As reaction continuing, the 

recombination will then convert into higher molecular weight polymers which precipitate and 

form thin film onto working electrode (cathode) (Figure 11). There are three modes for 

electrochemical polymerization: potentilstatically, galvanostatically and cyclic sweeping 

modes.62 Due to excellent ability of electrochemical polymerization, a precise control of thin 

film formation on conductive surface is achievable. However, conducting substrate is 

mandatory to carry out this technique.  
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Figure 11. Electrochemical polymerization process: II) The current applied metal electrode 

oxidizes EDOT monomers to provide EDOT radical cations; III) The recombination of EDOT 

radical cations creates dimers, trimers and oligomers; IV) Increasing polymer chains make 

them insoluble to precipitate out to form thin film on metal electrode surface.56  

  

Based on early work of incorporation of biomolecules via electropolymerization for biosensing, 

improved biocompatibility has also been achieved to encourage cell adhesion of coating 

electrodes by incorporation of bioactive species into polymers. Examples including PEDOT 

have been polymerized around a neural tissue with neurons activity retained (Figure 12).  And 

even through there is no functional positions in PEDOT to further interact with biomolecules, 

biomolecule still can be incorporated as counter-ions (dopants) for PEDOT during 

electropolymerization. For example, Cui and co-workers used the functional sequence of 

laminin, DCDPGYIGSR, to incorporate into PEDOT via electropolymerization. This PEDOT/ 

DCDPGYIGSR coated electrodes provided high quality neural recording signal.26, 61 In this 

case, DCDPGYIGSR was entrapped as a dopant or co-dopant into conductive polymer film. In 

principle, introduced biomolecules should remain not only polymer conductivity but also 

biomolecules activity after electropolymerization. On the contrary, introduced biomolecules 

have disrupted electroactivity and mechanical properties.63-64  

 
Figure 12. Polymerization of PEDOT around a living cell. 
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To overcome this issue, chemically active groups are introduced to functionalize biological 

properties of conjugated polymers during polymerization. Bhagwat and co-workers 

synthesized a carboxylic acid substituted EDOT (EDOT-acid). Various compositions of EDOT 

and EDOT-acid could be polymerized to create different wetting properties on polymer surface 

via electropolymerization (Figure 13a).65 Additionally, carboxyl acid functionalized PEDOT 

strongly interacts with metal surface, like indium tin oxide (ITO), achieving excellent 

mechanical properties of films (Figure 13b).66 Most importantly, without disrupting thiophene 

backbone, carboxyl acid functionalized polymers remain their original outstanding 

conductivity (Figure 13c).66  

 
Figure 13. a) Electrodeposition of carboxylic acid substituted EDOT, b) Optical images of 

PEDOT films on ITO and modified ITO before and after ultrasonication adhesion test. PEDOT 

on ITO was tested for 5 s and PEDOT on modified ITO was tested for 2 min, c) Electrochemical 

impedance spectroscopy of bare ITO, unmodified, and modified ITO electrodeposited with 

PEDOT. 

 

 

The carboxyl acid substitution also brings another advantage of a reactive handle to easily 

attach various biofunctional molecules. For example, a peptide containing GGGRGDS has 

been functionalized into PEDOT film by Povlich and co-workers.67 GGGRGDS contains the 

sequence from the extracellular matrix protein fibronectin, known for encouraging cell 

adhesion on kinds of substrates. Notably, without RGD peptide attached, PEDOT-acid showed 

repulsive interaction with primary rat motor neurons. With high density RGD peptide 
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containing, RGD-functionalized PEDOT not only retained electrical conductivity but also 

bioactive behaviors, such as improved cell adhesion and cell differentiation.  

 

1.11 Bioelectronics devices for neural interface 

 

Numerous of literatures on CPs performance have focused on electrical interfacing with 

nervous system, involving recording and stimulation of neurons activity. The first study can be 

traced back to the outstanding experiment of Galvani in the 18th century, who achieved the 

electrical stimulation based on detached frog leg. The first implanted pacemaker in 1950s is an 

excellent example for this technology. Recently, more efforts have focused on better recording 

and stimulation between electrodes and neurons by improving electrical interfacing. Since 

researchers have difficulty to sample neurons activity by much bigger size of metal electrodes. 

Moreover, neural interfacing requires intimately interact with large area of cells, a low-

impedance to achieve high charge-capacity, and long-term stability. As a result, it is crucial to 

consider the material of electrodes and device configuration.  

 

As previous mentioned, CPs have been used as a communication bridge across the biology-

technology gap. Therefore, there is only device configuration choices remaining as a challenge.  

Inspired by CPs aforementioned fascinating advantages, the organic thin-film transistors 

(OTFTs) architecture has dramatically drawn researchers’ attention. Since OTFTs provide not 

only integrated signal transduction and field-effect amplification functionality, but also 

biocompatibility, including stability, biodegradability and mechanical flexibility.68-69 

According to different device architectures and working mechanisms, OFTTs can be divided 

into two categories: organic field-effect transistors (OFETs) and organic electrochemical 

transistors (OECTs).  

 

A typical architecture of OFETs composites of three electrodes (source, drain and gate), gate 

dielectric, and CPs thin films, in which gate voltage can modulate channel current. Furthermore, 

CPs thin films intimately contact with analytes, causing a measureable change of channel 

current (Figure 14). The potential applications of OFETs have demonstrated in wearable 

devices and bioimplantable electronics, but OTFT-based devices still suffer from higher 

operating voltage and there is only a thin layer of active material adjacent to the dielectric or 

aqueous environment for contribution of charge transport in the channel.  
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Figure 14. Scheme of a typical OFET device structure (left) and after exposure to an analyte 

(right). 
 
The first OECT based on polypyrrole was developed by Wrighton and co-workers in the 

1980s.70 OECT devices replace gate dielectric with aqueous electrolytes, which is more 

suitable for interfacing in aqueous environment (Figure 15). Micrometer channels of source 

and drain are normally metal contacts (e.g., gold), and gate electrodes are made between 

silver/silver chloride (Ag/AgCl) and Platinum (Pt). The operation mechanism of OECTs relies 

on ionic and electronic transport properties of CPs; ions from electrolyte penetrate the bulk 

organic film of CPs; modulate its doping state and conductivity.71 This makes OECT is capable 

of simultaneously transuding ions and electrons to amplify small biological signals at the 

bioelectronic interface with very low electrochemical potentials (< 1 V), leading to a better 

signal-to-noise ratio as an ideal biological sensing system.72 Additionally, due to interact with 

whole volume of active material, OECTs perform lower impedance and higher 

transconductance, giving flexibility of OECT design.73  

 
Figure 15. The device physics of OECT. 

 

 



 

 
 

31 

PEDOT:PSS, an intrinsically p-type doped semiconducting polymer, is the primary material 

used in OECTs since there discovery because of its high conductivity, however there is still 

additional treatment needed for improved substrate adhesion for neural interface. This motives 

researchers to focus on biofunctionalization of material for effective bio-recognition, which 

will better promote the interactions between OECT channels and cells/tissues.  

 

As previously mentioned, Strakosas and co-works demonstrated incorporation of the poly vinyl 

alcohol (PVA) is convenient biofuctionalization method of PEDOT:PSS. Peptides and proteins 

can be covalently attached to OECT surface by GOPS as the link, which has bonded with PVA 

(Figure 16). This method can lead to PEDOT:PSS/PVA composite with similar device 

characteristics as PEDOT:PSS. However, during the doping/de-doping process of PEDOT:PSS, 

polymeric PSS anion can get in and out of film, may generate acidy environment which is toxic 

for sensitive cells or organs, for instance, neurons.74 

 

 
Figure 16. PEDOT:PSS/PVA blend for OECT. 

 
Moreover, composites of PEDOT:Tos and PEG-COOH have been used to bind functional 

proteins through the EDC/NHS condensation of biomolecules at mild conditions (Figure 17). 

However, based on fluorescent protein quantify measurement, there is limited amounts of 

protein covalently bound, suggesting lot amounts of reactive groups for binding.58 This 

functionalization strategy has not produced an operational OECT to date.  

 

 
Figure 17. PEG:COOH has been blended with PEDOT:Tos to provide carboxyl groups needed 

to bind the amine groups of proteins through EDC:NHS coupling. 
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1.12 Motivation and polymer design, synthesis and strategies. 

Films of PANi and PPy tend to be brittle/rigid and the polymers have poor solubility in 

common organic solvents. Due to the higher electro density of conjugated backbone, PANi and 

PPy are also relatively unstable and easily over-oxidized, especially in bioelectronics aqueous 

environment. PEDOT, dioxy bridge protecting and stabilizing the aromatic thiophene ring from 

irreversible oxidation, has been used to resolve this issue. Moreover, PEDOT can be processed 

through a variety of preparation methods such as chemical polymerization, vapor phase 

polymerization (VPP) and electrochemical polymerization, leading to a wide range of 

fabrication protocols/procedures for biofunctionalization, popularizing it for bioelectronics. 

However, during the doping/de-doping process of PEDOT:PSS, polymeric PSS anion can 

move in and out of film,  generating an acid environment toxic for sensitive cells or organs. 

Additionally, the semiconductor surface requires treatment with biomolecules, e.g., the 

extracellular matrix proteins, to improve biocompatibility and promote integration with cells.75 

While coating these biomolecules on large area conducting polymer surfaces is not 

troublesome, a vast majority of bioelectronics applications utilize micrometer scale devices, 

therefore small area coatings, to communicate with living systems at a single cell level. Ideally, 

biological coatings should ensure that cell adhesion occurs on the functional parts of the 

electronic chip and thus often times they have to be patterned such that the coating is localized 

on the active area.51 The biological coating not only adds an extra step for the fabrication of 

the device, although a few nanometers thick, it acts as an insulating layer separating the living 

system from the electronic transducer.  

 

OECTs have been shown to be versatile and may be manufactured by several of fabrication 

methods, giving low-cost, flexible, large-area and wearable applications. Furthermore, due to 

advantages of outstanding transconductance, excellent stability in aqueous electrolytes, 

cytocompatibility and easy biofunctionalization, OECTs have been considered as suitable 

choice for bioelectronics. However, PEDOT:PSS fabricated OECT has been only one tested 

for clinical applications.76 Since a desired device for in vivo application requires strong 

adhesion, in which case maintains the device’s electronic properties during sterilization process. 

All materials used on OECTs, including PEDOT:PSS, are still facing above mentioned issues, 

such as limited stability, poor substrate adhesion, and immune response. Therefore, there is a 

need to develop a new material to resolve aforementioned issues and facilitate device 

miniaturization. 
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Biofunctionalization of bioelectronics falls into a basic principle: a biomolecule is stably linked 

to the surface, giving improved biocompatibility (promoting cell adhesion, growth and 

differentiation), maintained biofunctionality (biological interaction with targeted cells) and 

excellent stability of interface properties in aqueous environment. Biofunctionalization 

methods normally divide into two categories: a) physical absorption of adhesive proteins or 

polycationic layer (Figure 18a); b) covalently attached biomolecules to CPs (Figure 18b,c).  

The first method is always selected to modify CPs surface with biomolecules from extracellular 

matrix (laminin, fibronectin or gelatins), leading to improved adhesion of CPs and living cells 

or organs.77-81 While coating these biomolecules on large area conducting polymer surfaces is 

not troublesome, a vast majority of bioelectronics applications utilize micrometer scale devices, 

therefore small area coatings, to communicate with living systems at a single cell level. Ideally, 

biological coatings should ensure that cell adhesion occurs on the functional parts of the 

electronic chip and thus often times they have to be patterned such that the coating is localized 

on the active area.51, 82 Moreover, the biological coating not only adds an extra step for the 

fabrication of the device, although a few nanometers thick, it acts as an insulating layer 

separating the living system from the electronic transducer. From device perspective, this 

biofunctionalization method will alter or hinder the device performance.83-84 Therefore, based 

on tunable properties of CPs,  chemical modification is used to overcome this issue. Chemical 

modification generally refers as side chain modification with biomolecules (Figure 18b) and 

attach biomolecules on CPs surface by NHS/EDC or click strategy (Figure 18c).  By tuning 

side chain composition from normally hydrophobic alkylated chains to biomolecule chains, 

CPs should be able to maintain the solubility and encourage the interaction between CPs and 

living cells. Or surface attachment of biomolecules to CP is another ideal method, in which 

case improve cell adhesion without compromising CPs properties, for example, conductivity.  

 

 
Figure 18. Biofunctionalization strategies for CPs: a) Biomolecules physical absorption to 

active surface of CPs; b) Biofunctionalization for CPs by side chain modification; c) 

Biofunctionalization for CPs by surface modification. 
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Inspired by physical absorption strategy, poly-L-lysine (PLL), a polycationc layer, is selected 

for chemical modification of CPs. Since, Poly-L-lysine (PLL) is commonly used as a coating 

material in bioelectronics devices, coated on glass or silicone substrates to improve adhesion 

of cells (typically, neurons). PLL’s protonated amino groups increase electrostatic bond 

formation between the negative charges of the cell membrane and the polycationic layer 

(Figure 19).75 Moreover, PLL is controllable with a range of molecular weights, full of reactive 

groups for further potential modification and a various of amino-groups as potential positive 

charge source. Overall, lysine, a monomer of PLL, will be a good candidate for chemical 

modification of CPs to improve theirs biofunction.  

 

 
Figure 19.  a) Poly-L-lysine structure, b) PLL mechanism for improved cell adhesion. 

 

CPs, especially based on diketopyrrolopyrrole (DPP), have made considerable progress in 

application of field-effect transistor (FET).85 Due to outstanding aggregating properties of DPP 

moieties, DPP based CPs have been developed to display some of highest mobilities, including 

p-type mobilities of 8.2 cm2/Vs and n-type mobilities of 1.56 cm2/Vs.86-87 Among all DPP 

based polymers, DPP3T has drawn our interest (Figure 20). There is an unsubstituted 

terthiophene unit between each part of DPP units along the backbone of DPP3T, leading to 

more extended and complex conjugated segments and carry solubilizing chains. Moreover, 

terthiophene enhances the planarity of backbone to achieve higher charge carrier mobility with 

improved packing.88 Therefore, DPP3T has displayed almost balanced ambipolar transport 

properties.89 Additionally, DPP3T allows easily to functionalize with extended side chains, 

giving excellent solubility of DPP3T. These favorable characteristics allow DPP3T to 

incorporate with lysine side chains to build the construction of lysinated-DPP3T (Figure 20). 
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Figure 20. Chemical structure of DPP3T (red) and lysinated-DPP3T (green). 

 

Palladium-catalyzed Stille cross-coupling reaction between stannanes and aryl halides to form 

new C-C bonds has become a versatile synthetic methodology and  been widely used to build 

conjugated block polymers.90 Unlike oxygen and moisture sensitive organometallic 

compounds, including Grignard and organometallic reagents, conveniently prepared organotin 

and organohalide compounds are much more stable without extra protecting requirement.  

Advantages of Stille polycondensation also include excellent yield with stereospecific and 

regioselective. Therefore, among a variety of different cross-coupling reactions, Stille reaction 

represents one of most versatile protocol for conjugated block polymers with outstanding 

results, including mild reaction conditions, excellent solubility of facilely prepared monomers, 

reproducibility and good tolerance for a large variety of functional groups.91 

 

As well as the other organic metal reactions, Stille reaction crosses through a catalytic cycle 

mechanism involving steps of oxidative addition, transmetalation and reductive elimination, in 

which yields the product and regenerates the catalyst (Scheme 1). Oxidative addition, the first 

step in the catalytic cycle, occurs when the Pd(II) intermediate [R1Pd(II)L2X] (R1 = aryl; L = 

ligand; X = Br, I) is generated by oxidative addition of organohalide (mostly Br, I) with Pd(0), 

in which case tetrakis-palladium(0) [Pd (PPh3)4] and tris(dibenzylideneacetone)dipalladium(0) 

[Pd2(dba)3] are commonly used. Especially, the combination of Pd2(dba)3 with 

triphenylphosphine (PPh3) or tri(o-tolyl) phosphine (P(o-tolyl)3) in ratio 1:4 has been reported 

to result regioregular polythiophene with higher yield and molecular weight.92 Transmetalation, 

the second step of catalytic cycle, is generally considered as the rate-determining step.90, 93 

During this step, electrophilic Pd(II) complex will cleavage Sn-C bond to form  [R1Pd(II)L2 

R2] (R1 and R2 = aryl; L = ligand), which will generate the desired product (R1-R2)and 

regenerate the Pd(0)L2 for next catalytic cycle in the final step of reductive elimination.  
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Scheme 1. Mechanism of the Still coupling. 

 

My work has been mainly focused on designing and synthesizing new biofunctionalized 

conjugated polymers by side chain modification of attached lysine for biological applications. 

A specific chapter has been dedicated to incorporation of lysine for improved biocompatibility 

of semiconducting polymers.  
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Chapter 2.  
 

In this section, blending and bilayer forming strategies of non-lysinated analogue DPP3T 

polymer and poly-L-lysine (PLL) are shown to not improve biological compatibility. Various 

side chain modifications of lysine covalently attached to diketopyrrolopyrrole-based 

semiconducting polymers are presented, producing biofunctionalized polymers to 

record/stimulate neural signals more effectively as the cells adhere to the protein-like surfaces. 

 

2.1 Improving the Compatibility of Diketopyrrolopyrrole (DPP) Semiconducting 

Polymers for Biological Interfacing by Lysine Attachment 

 

2.1.1 Result and Discussion 

 

Diketopyrrolopyrrole (DPP)-based polymers have been demonstrated as excellent 

semiconducting candidates for charge transport.94-96 The copolymer of dithienyl-

diketopyrrolopyrrole and thiophene (DPP3T) was therefore selected as the semiconducting 

backbone due to its high charge carrier mobility and facile chemical functionalization. In order 

to demonstrate the necessity of covalent coupling of the lysine units at the peripheral positions 

of the polymer sidechain, we followed two typical routes to functionalize the polymer with 

lysine units.  

 

The first one, fabrication of a DPP3T-C8,12 and PLL bilayer, was not possible, either by spin 

coating or drop-casting of a PLL solution on top of a thin film of DPP3T-C8,12 (Figure 21). 

Drop-casting of PLL caused DPP3T-C8,12 film delamination, whereas for spin coating, as can 

be seen in the x-ray photoelectron spectroscopy (XPS) depth profiling in Figure 21c, sulphur 

(only present in DPP3T) was observed uniformly throughout the surface of the film indicating 

the absence of a defined interface between the two polymers. For this reason, the bilayer 

approach was concluded to be not suitable.   
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Figure 21. a) The molecular structures of alkyl DPP3T-C8,12 and polylysine. b) The 

configuration of bilayers. c) XPS Depth Profiling for sequentially coated of DPP3T-C8,12 and 

Poly-lysine. 

The second one, is simply blending of these two components, whereas the first approach 

involved sequential coating of PLL on top of an unfunctionalized polymer to form a bilayer. 

The unfunctionalized DPP polymer that was used to make the blend and bilayer films was a 

branched long chain alkyl analogue, DPP3T-C8,12. It was, however, not possible to fabricate a 

blended film with appropriate homogeneous microstructure from a solution comprising aa 

mixture of PLL with DPP3T-C8,12, mainly due to the differences in polarity of the two polymers 

resulting in de-mixing occurring at the micrometer length-scale, as was observed in the electron 

energy loss spectroscopy (EELS) images shown in Figure 22b.  In contrast, a homogeneous 

distribution of carbon and sulfur was achieved (Figure 22a) for the neat DPP3T-C8,12 polymer. 

We suspect that the lack of a common solvent for dissolution of the two polymers at the 

required solution concentration for thin film coating contributed to film reticulation on coating 

and incoherent substrate coverage, which could not be improved via protocols for the 

optimization of processing conditions. Such phase separation and poor film quality are 

extremely detrimental to electrical transport and can also lead to inhomogeneous surface 

adhesion. Consequently, the blending approach was also concluded to be unsuitable for 

biocompatibility of DPP3T-C8,12.  
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Figure 22. ELLS images of: a) DPP3T-C8,12; b) Blend of DPP3T-C8,12 and PLL. Carbon is 

red, sulfur is green. 

Preparation of a lysine containing semiconducting DPP polymer therefore required a covalent 

bond attachment approach with lysine groups directly attached to the semiconducting polymer 

along the backbone as graft units on the periphery of the side chains.  Good quality thin films 

with a high lysine to DPP volume fraction can be readily prepared from such lysinated-DPP3T 

polymers. However, the strong hydrogen bonding properties of lysine gave rise to strong 

intermolecular aggregation which insolubilizes polymers that contain these units on their side 

chains. We, therefore, synthesized tert-Butyloxycarbonyl (BOC) protected side chain DPP 

polymers (Figure 23), which suppresses these interactions and improves the polymer solubility 

(Figure 23). BOC protection was also found to be necessary in order to facilitate Stille 

polymerization by deactivating the amine, which can react under palladium cross coupling 

conditions by the Buchwald reaction.  Lysine has both an e-amino and a-amino group, which, 

when coupled, afford two isomers. In this synthesis, both a and e-amino positions were chosen 

as linker. Polymers containing multiple lysine units (from 1 to 3) on the terminal position of 

the side chains, and different alkylated chain length as linkers, were successfully synthesized 

to evaluate the effect of lysine density on thin film properties (Figure 23).  
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Figure 23. The molecular structures of lysinated-DPP3T. 

The first material is DPP3T-C10,12-L-BOC, which maintains solubility with one branch alkyl 

chain and incorporates one lysine to another chain using C12 as linker (Scheme 2). To 

incorporate lysine side-chains on the conjugated polymer, a thienyl-DPP (TDPP) monomer (1f) 

containing amine functionality was synthesized by firstly obtaining the asymmetric 1c from 

TDPP and 11-(bromomethyl)tricosane by standard SN2 procedure using potassium carbonate 

base in DMF. This product was then used to alkylate TDPP with asymmetric 1b by previous 

step condition to obtain 1d. 1d was then brominated on the 5-position of both thiophenes using 

N-bromosuccinimide (NBS) in the absence of light (1e), followed by reduction of the azide to 

amine (1f) with triphenylphosphine. Lysine component was prepared to contain the reactive N-

hydroxysuccinimide (NHS) ester group were all synthesized via combinations of BOC 

protection, esterification and amidation. The NHS ester (1i) was then condensed with the amine 

containing TDPP (1f) to afford the lysine monomer. 2,5-bis(trimethylstannyl)thiophene was 

used as co-monomer for the synthesis of DPP3T-C10,12-L-BOC using Stille cross coupling 

conditions described as Pd2(dba)3 with ligand (tri-o-tolylphosphine) in a microwave reactor at 

140 0C, 160 0C, and 180 0C respectively for 2 mins, 2 mins and 20 mins. 
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Scheme 2. The synthetic route for DPP3T-C10,12-L-BOC. 

To increase lysine density on the side chain, DPP3T-C12-L-BOC was also synthesized, giving 

two lysine side chains attached using C12 as linker (Scheme 3).  According to previous synthetic 

route, TDPP monomer (2f) containing amine functionality was attempted to alkylate TDPP 

with asymmetric 1b to obtain 2c by standard SN2 procedure using potassium carbonate base in 

DMF. This product was then brominated on the 5-position of both thiophenes using N-

Bromosuccinimide (NBS) in the absence of light (2d), followed by reduction of the azide to 

amine (2f) with triphenyl phosphine, which was then condensed with NHS ester (1i) to achieve 

lysinated-TDPP monomer. The polymerization of this monomer and 2,5-

bis(trimethylstannyl)thiophene was carried out using Stille cross coupling conditions described 

as Pd2(dba)3 with ligand (tri-o-tolylphosphine) in DMF at 80 0C for 24 hours. 
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Scheme 3. The synthetic route for DPP3T-C12-L-BOC. 

Latter, DPP3T-C6-L-BOC was carried out with two lysine chains incorporating using C6 as a 

linker, leading to less hydrophobic alkylated chain (Scheme 4). Adapted from synthetic route 

of DPP3T-C12-L-BOC, asymmetric 1-azido-6-bromohexane (3b) from 1,6-dibromohexane and 

sodium azide was incorporated to TDPP to achieve 3e containing amine functionality after 

bromination of thiophene ring and reduction of azide. The intermediate 3e then reacted with 

NHS ester (1i) to form monomer TDPP-C6-BOC, which polymerized with 

bis(trimethylstannyl)thiophene using Stille cross coupling conditions described as Pd2(dba)3 

with ligand (tri-o-tolylphosphine) in DMF at 80 0C for 24 hours. 
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Scheme 4. The synthetic route for DPP3T-C6-L-BOC. 

As mentioned, lysine has both an e-amino and a-amino group that afford two isomers when 

coupled. In order to achieve oligo lysine (2 and 3 lysine units), both a and e-amino positions 

were chosen as linking position (Scheme 5).   

 
Scheme 5. The synthetic route for oligo lysine. 

a-oligo lysine and e-oligo lysine were activated as NHS ester, which then condensed with 

TDPP-Hex-Amine (3e) to form monomers TDPP-C6-a-Lx-BOC (x = 2, 3) and TDPP-C6-e-

Lx-BOC (x = 2, 3) (Scheme 6). 2,5-Bis(trimethylstannyl)thiophene was used as co-monomer 

to polymerize with these monomers to achieve targeted lysinated-DPP polymers using Stille 

cross coupling conditions described as Pd2(dba)3 with ligand (tri-o-tolylphosphine) in DMF at 

80 0C for 24 hours (Scheme 6).  
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Scheme 6. The synthetic routes for DPP3T-C6-a-Lx-BOC (x = 2, 3) and DPP3T-C6-e-Lx-

BOC (x = 2, 3). 

All these lysinated-DPP3T polymers were then studied carefully to compare their difference 

on wettability (hydrophobic or hydrophilic surface), which plays a big role in cell adhesion. 

Contact angle, conventionally and accurately reveal polymers’ wettability on thin film state, 

were performed after BOC deprotection of all lysinated-DPP polymers. Since BOC is 

thermally decomposable at 180 oC,97 BOC groups in the lysinated-DPP polymers can be 

thermally removed at around 200 oC, matching with thermogravimetric analysis (TGA) results 

(Figure 24). On the other hand, alkylated DPP (dash curve in Figure 24) remained stable until 

400 oC. Therefore, samples of lysinated-DPP polymers for contact angle measurement were 

prepared with thermal annealing at 225 oC for 15 minutes after polymers casted on substrate, 

which removed the BOC groups and reveal the lysine side chains with neutral charged amino 

groups. At same time, samples of alkylated DPP polymer and poly-lysine were also casted as 

a control.  
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Figure 24. TGA curves of lysinated-DPP polymers and alkylated-DPP polymer at a heating 

rate of 10 oC/min under N2. 

The wettability of these surfaces was then evaluated by measuring water contact angles on 

glass substrates coated with PLL, DPP3T-C8,12 and lysinated-DPP polymers (Figure 25). PLL 

is hydrophilic, with a correspondingly low contact angle of 26.2°±3.7°, whereas DPP3T-C8,12 

is hydrophobic with a contact angle of 102.3°±2.2° (Figure 25a, b). DPP3T-C10,12-L, with 

incorporation of C10,12 branch alkyl chain and one lysine unit attached with C12 linker, exhibited 

a contact angle of 104°±2.6° when spun case from a CHCl3 solution (Figure 25 c). DPP3T-

C12-L, with two lysine units attached with C12 linker, gave a slightly low contact angle of 

100°±1.6°, suggesting attachment of lysine side chain can improve the wettability of polymers 

(Figure 25 d). However, due to hydrophobicity of C12 linker, DPP3T-C12-L remained with 

hydrophobic surface. Therefore, a short linker chain is on demand, like C6 as linker for DPP3T-

C6-L, giving a reduce contact angle value of 89.1°±2.0°. Furthermore, with more lysine units 

(2) on the side chain linked by a and e positions, DPP3T-C6-a-L2 and DPP3T-C6-e-L2 achieved 

lower contact angle values of 94.6°±7.2° and 79.1°±2.6°, respectively (Figure 25f, g). This 

observation suggests that grafting more than one lysine unit on the side chain with short linker 
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does further improve polymer hydrophilicity. However, it still remains a huge gap between 

PLL and lysintaed-DPP polymers.  

 

 
Figure 25. Contact angle measurements for polymer thin films cast from CHCl3, except PLL 

cast from H2O. 

Considering the components of polar side chains, MeOH was chose as co-solvent. Interestingly, 

for example, DPP3T-C6-L-BOC spun cast from CHCl3: MeOH = 1:1 presented a contact value 

of 78.2°±2.6° (Figure 26b). Despite of DPP3T-C10,12-L-BOC insoluble in this mixture solvent, 

the rest lysinated-DPP polymers could dramatically change their wettability by applying this 

mixture solvent, except DPP3T-C6-a-L2 (Figure 26). In contrast, DPP3T-C6-e-L2 exhibited a 

much lower contact angle than DPP3T-C6-a-L2, suggesting the advantage of e-oligo lysine. 

These results indicated that we should focus on e-oligo lysine attached DPP polymers for future 

studies. 
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Figure 26. Contact angle measurements for polymer thin films cast from mixture of CHCl3: 

MeOH = 1:1. 

 

In order to understand influence of MeOH, samples of DPP3T-C6-e-L2 were spun cast from a 

mixture of CHCl3 and gradually increasing (0%-100%) MeOH. Contact angle measurements 

were then carried out after BOC deprotection using thermal annealing (Figure 27). Contact 

angle of 10% and 25 % MeOH added shared relatively similar value, suggesting no benefit for 

the surface wettability with low amount MeOH (Figure 27a, b, c). As aforementioned, 50% 

MeOH added could significantly improve surface wettability with lower contact angle value 

of 55.0°±2.2° (Figure 27d). However, with more MeOH added, it did not further improve 

polymer hydrophilicity (Figure 27e, f). Overall, gradually increasing MeOH is beneficial. It is 

hypothesized that the polar MeOH solvent promotes the lysine units to migrate to the thin film 

surface on drying.  
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Figure 27. Contact angle measurements for DPP3T-C6-e-L2 thin films cast from mixture of 

CHCl3 and gradually increasing MeOH. 

Polar solvent effect has been proven to significantly improve hydrophilicity of DPP3T-C6-e-

L2. Due to the contrasting polar/non-polar functionality of the polymer composition, the contact 

angle could be somewhat manipulated by the choice of deposition solvent. On this demand, 

different polar solvents need to be optimized. A range of polar solvents and their mixture with 

CHCl3 were then studied.  According to contact angle measurements, lower values could be 

obtained with increasing polarity of solvents (Figure 28). For instance, THF is slightly polar 

than CHCl3, giving slightly lower contact angle value (Figure 28a, b).  Notably, contact angle 

value dramatically changed from 79.1°±2.6° to 54.9°±1.9° when solvent shifted from CHCl3 

to much more polar MeOH (Figure 28a, c). However, a saturation of contact angle value was 

noted, including a similar value observed from MeOH, isopropanol (iPrOH), N-Methyl-2-

pyrrolidone (NMP) and dimethylacetamide (DMAC) (Figure 28c, d, e, f). A mixture of polar 

solvents with CHCl3 was introduced to improve solubility. Consequently, a hydrophilic 

polymer surface was still achievable with better solubility in all these mixture solvents (Figure 

28h, i, j, k).  

 

Overall, a range of solvents including single solvent from less polar to polar and mixture 

solvents of CHCl3 with different polar solvents have been applied to improve wettability of 

DPP3T-C6-e-L2. The smallest contact angle value is 47.0°±2.5°, approaching that of PLL. 

Moreover, a better solubility is given with mixture solvents of CHCl3 and polar solvents, 

leading to an easy solution process.   
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Figure 28. Contact angle measurements for DPP3T-C6-e-L2 thin films cast from a range of 

solvents. 

Good cell adhesion requires not only better wettability but also smooth topography. In general, 

good cell adhesion for cell attachment is observed at low surface roughness, as when there is 

significant microscale topographical features from crystallite texture, cell growth is inhibited.98 

In order to understand surface morphology, atomic force microscopy (AFM) measurement is 

needed. DPP3T-C6-e-L2 spun cast from a range of solvents was chose as the example (Figure 

29). DPP3T-C6-e-L2 spun cast from CHCl3 exhibited a quadratic mean roughness (Sq) of 1.39 

nm (Figure 29a). However, when cast from solutions of THF, MeOH and iPrOH, a much 

rougher surface topography was observed by AFM, indicative of large aggregates, up to 0.7 

microns (Figure 29b, c, d), caused by poor solubility in above solvents. On the contrary, with 

good solubility, NMP and DMAC exhibited respectively low surface roughness at 0.69 nm and 

0.35 nm (Figure 29e, f). However, these solvents have high boiling point, which is 

disadvantage for sample preparation by solution processing. To achieve the desired 

combination of low surface energy and a smooth surface, a blend of solvents was chosen, with 

chloroform selected to ensure good solubility and suppress aggregation in solution, thus 

lowering surface roughness, whereas polar solvents were chosen to promote the lysine groups 

migration to the top surface, thus lowering the contact angle. With a mixture ratio (1:1) of 

CHCl3 and polar solvents, smooth surface was obtained (Figure 29). Especially, with a mixture 

ratio (1:1) of CHCl3 and iPrOH, a minimized surface roughness value of 0.64 nm was achieved 
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(Figure 29h). Meanwhile, the surface roughness of PLL drop casted from H2O is 1.37 nm, 

suggesting a smoother surface obtained from DPP3T-C6-e-L2.  

 
Figure 29. Tapping mode AFM height images of polymer films cast from a range of solvents. 

According to above results of contact angle and AFM, a mixture ratio (1:1) of CHCl3 and 

iPrOH has then selected as solvent choice for all lysinated-DPP polymers, minimizing both 

surface roughness and contact angle. As shown in Figure 30, DPP3T-C6-L spun cast from a 

mixture of CHCl3 and iPrOH exhibited a reduced contact angle value of 76.5°±2.3° and a 

relatively smoother surface. Therefore, this optimized solvent is adapted for all lysinated-DPP 

polymers.  



 

 
 

51 

 
Figure 30. Contact angle and Tapping mode AFM height images of DPP3T-C6-L spun cast 

from CHCl3 and a mixture of CHCl3 and iPrOH. 

XRD measurements of drop-cast films were carried out at room temperature (as cast), 100 oC 

and 225 oC (Figure 31). The as cast film of DPP3T-C8,12 displayed edge-on and face-on 

reflections respectively at 4.50° and 24.40°. After annealing at 100 oC, the (100) peak sharped 

at 4.30°, the (010) peak intensified and remained at 24.40°. With further annealing at 225 oC, 

the (100) peak shifted to 4.46° and the face-on domain sharped at 24.50°, corresponding to 

3.63 Å. The drop-cast film of DPP3T-C6-e-L2-Boc did not exhibit any edge-on or face-on 

reflections at room temperature. After annealing at 100 oC, edge-on reflections appeared and 

intensified on annealing at 225 oC to remove the BOC groups. Meanwhile, a new peak emerged 

at 8.18° which did not belong to any edge-on reflections, we assumed this peak might belong 

to amorphous peak. The 100 oC annealed drop-cast film of DPP3T-C6-e-L2-Boc displayed 

some face-on (010) reflections at 25.23°, which corresponded to close p-p spacing of 3.51 Å.  

This pi stacking distance is considerably smaller than previous reference DPP polymer (3.63 

Å), indicating that the additional hydrogen bonding intermolecular interactions may also 

facilitate enhanced backbone interactions. After annealing at 225 oC, the corresponding face-

on (010) peak disappeared. Drop-cast film of DPP3T-C6-L-Boc also did not any reflections at 

room temperature. After annealing at 100 oC, the (100) and (200) peaks emerged at 2q = 5.57° 

and 9.33°, corresponding to d-spacing of 15.85 Å. After BOC removal at 225 oC, both the (100) 

and (200) peaks respectively sharpened and shifted 5.24°and 9.93°, and an additional (300) 

peak emerged at 14.56°. 
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Figure 31. XRD data from drop-cast DPP3T: a) DPP3T-C6-e-L2-Boc, b) DPP3T-C6-L-Boc, c) 

DPP3T-C8,12. 

Table 2. OFETs Properties of DPP3T Polymers Measured in BGBC Devices. 

DPP3T 

Polymers 

BGBC 

Annealing 
µh  

[cm2 V-1 s-1] 

µe 

 [cm2 V-1 s-1] 
Ion/Ioff 

e-L2-Boc 150 oC 1x10-2 1x10-2 ≈103 

e-L2
 225 oC - 1x10-2 ≈103 

C6-L-Boc 150 oC 5x10-3 2x10-2 ≈104 

C6-L 225 oC - 3.6x10-3 ≈106 

C8,12 150 oC 4x10-2 - ≈103 

C8,12 225 oC 2x10-2 - ≈103 
 

Bottom gate bottom contact organic field effect transistors (OFETs) were fabricated (L= 2.5 

µm and W = 2000 µm) on SiO2/Si substrates. Representative transfer characteristics are shown 

in Figure 32 and Table 2. As-cast DPP3T-e-L2-Boc film exhibited balanced hole and electron 

charge transport properties (ambipolar) (Figure. 31a). DPP3T-C6-L-Boc was also ambipolar, 
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displaying hole mobilities 4 times higher than electron mobility.  PDPP3T-C8,12 exhibited only 

p-type behavior with a mobility of 4x10-2 cm2 V-1 s-1, similar to previous reports95. The 

representative output characteristics are shown in Figure 32. On annealing at 225 oC, to remove 

the BOC protecting groups, the hole transport properties of both lysinated-DPP polymers 

reduced whereas the electron mobility remained. This behavior suggests an obvious shift in the 

energetics of the polymer films. The gate voltage dependence of mobilities is not uncommon 

and can be attributed to the presence of traps and charge injection problems at contacts. 

 
Figure 32. Transfer characteristics of OFET devices fabricated from lysinated-DPP polymers 

and DPP3T-C8,12 thin films a) DPP3T-e-L2-Boc, b) DPP3T-C6-L-Boc, c) DPP3T-C8,12. 

Output characteristics of OFET devices based on lysinated-DPP polymers and DPP3T-C8,12 

thin films d) DPP3T-e-L2-Boc, e) DPP3T-C6-L-Boc, f) DPP3T-C8,12. 

 

The biocompatibility and the cellular adhesion promotion of the lysinated polymers were 

examined by monitoring neuron cell growth on polymer films as well as on a positive control, 

i.e., poly-D-lysine (PDL) coated coverslip, over a period of 7 days (Figure 33). Initially, 

neurons either aggregate or do not adhere at all on both the reference polymer C8,12 and 

lysinated polymers at 4 days (Figure 33). Even after 7 days, the same results were obtained. 

However, using PDL as positive control, a healthy growth of neurons was available and started 

to developing connections with neighboring neurons to build a network. These results indicated 

poor cell adhesion for both non-lysinated and lysinated polymers, even through lysinated 

polymers have a hydrophilic and smooth surface. We believe this may have occurred because 
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a negatively charged surface was produced on all polymer surfaces, which could have repulsed 

the negatively charged phospholipid cell membrane. As aforementioned, neurons are 

conventionally attracted to positively charged surfaces.75, 99  

 
Figure 33. Neuron cell growth for lysinated-DPP polymers and alkylated-DPP polymer using 

PDL as control. 

One important substrate property governing cell adhesion and growth is the surface charge. A 

quantification of this surface charge is the zeta potential, summarized for all polymers in Table 

3.  The zeta potential of a bare glass is -68.83±8.69 mV. The DPP3T-C8,12 reference polymer 

exhibits a negatively charged surface of -50.87±3.97 mV, whereas a drop-cast PLL layer 

exhibits a zeta potential of (49.69±0.89 mV). However, for lysinated-DPP3T polymers, only 

less negatively charged surfaces resulted from increasing the lysine units on side chain after 

BOC deprotection, explaining the previous negative results of neuron cell growth. 1M HCl was 

then applied to protonate amino groups to increase the surface charge, however instead of 

increasing positive charge HCl treatments (5 mins) caused even more negatively charged 

surface (Table 3). Even with overnight HCl treatments, significantly negatively charged 

surfaces were obtained, except for lysinated-DPP polymer with three lysine units on side chain. 

Overall a surface with negative charge was generally created by thermal deprotection of BOC 

for lysinated-DPP polymers (Scheme 7), leading to alterative way to deprotect BOC with 

positively charged surface.  

 

Table 3. Zeta potential for all polymers. 

Entrya 

Zeta Potential (pH around 7) mV 

As-cast 
After BOC 

Dep 
HCl (1M) 5 mins HCl (1M) overnight 

Glass -68.83±8.69 - - - 
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PLL 49.69±0.89 - - - 

C8,12 -50.87±3.97 - - - 

C6-L - -38.66±4.27 -40.55±3.28 -68.47±1.35 

e-L2 - -13.02±1.54 -22.60±4.12 -74.95±2.03 

e-L3 - -21.26±0.42 -39.72±5.30 12.60±1.49 
a Measured in 10mM NaCl as electrolyte 

 

 
Scheme 7. BOC deprotection route for DPP3T-C6-e-Lx-BOC (x= 1, 2, 3) and HCl treatment. 

As indicated by contact angle results measured in a range of solvent conditions, e-position 

linked lysinated DPP3T polymers have shown to potentially improve biocompatability. 

Notably it was not possible to polymerize lysine containing DPP monomers without protecting 

the free amine groups with tert-Butyloxycarbonyl (BOC), which provides the required 

solubility in the DMF polymerization solvent. However, removing BOC for good cell adhesion 

turns out it is necessary to reveal amino groups on lysine side chains for potential positively 

charged surface. And conventional thermal annealing generated a negatively charged surface 

which would have repulsive interaction with neuron cell, causing poor cell adhesion. Therefore, 

an alternative deprotection route for BOC is on demand.  

Trifluoroacetic acid (TFA) is commonly used for BOC deprotection in common organic 

synthesis, so this method has been adapted to BOC deprotection for lysinated DPP3T polymers 

(Scheme 8). Deprotection occurred in-situ with the addition of TFA solution, protonating the 

amino groups on lysine side chains, potentially increasing surface charge to improve the cell 

adhesion. 

N

N

O

O
S

S
S

n

DPP3T-C6-ε-LX-BOC

Lx-Boc

L1 = HN

O

NHBoc

NHBoc

HN

O

NHBoc

H
N

O

NHBoc

NHBocL2 =

HN

O

NHBoc

H
N

O

NHBoc

NHBoc
2

L3 =

C6

C6

Lx

Lx

N

N

O

O
S

S
S

n

DPP3T-C6-ε-LX

Lx

L1 = HN

O

NH2

NH2

HN

O

NH2

H
N

O

NH2

NH2L2 =

HN

O

NH2

H
N

O

NH2

NH22
L3 =

C6

C6

Lx

Lx

N

N

O

O
S

S
S

n

DPP3T-C6-ε-LX-HCl

Lx-HCl

L1 = HN

O

NH3+Cl-

NH3+Cl-

HN

O

NH3+Cl-

H
N

O

NH3+Cl-

NH3+Cl-L2 =

HN

O

NH3+Cl-

H
N

O

NH2

NH3+Cl-
2

L3 =

C6

C6

Lx

Lx

BOC Dep
Thermal Annealing

HCl



 

 
 

56 

 
Scheme 8. Deprotection route for Lysinated-DPP3T polymers. 

Zeta potential was then measured to examine whether a positively charged surface is available 

after TFA deprotetcted lysinated polymer. A quantification of this surface charge is 

summarized for all polymers in Table 4. According to previous measurements, the DPP3T-

C8,12 reference polymer exhibits a negatively charged surface of -50.87±3.97 mV, whereas a 

drop-cast PLL layer exhibits a zeta potential of (49.69±0.89 mV). For TFA deprotected 

lysinated-DPP polymers, increasing the lysine units on side chain results in an increasingly 

positively charged surface, with DPP3T-C6-e-L3-TFA achieving a value of 29.73±4.63 mV, 

approaching that of PLL. This positively charged surface is one important substrate property 

governing cell adhesion and growth.  

Table 4. Zeta potential for TFA deprotected lysinated polymers and PLL. 

Entrya 
Zeta Potential (pH around 7) mV 

As-cast 

PLL 49.69±0.89 

C8,12 -50.87±3.97 

C6-L -44.17±11.49 

e-L2 +3.56±1.71 

e-L3 +29.73±4.63 
a Measured in 10mM NaCl as electrolyte 

 

For DPP3T-C6-e-Lm-BOC (m = 1, 2, 3), only low molecular weight polymer could be obtained, 

which was attributed to the poor solubility of the growing polymer and potential chelation of 
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the catalyst with the polar functionality of the lysine units. The molecular weight of all 

polymers is reported as measured by Matrix-assisted laser desorption/ionization time of flight 

spectrometry (MALDI-TOF).  It is likely that this is an underestimation of the true polymer 

molecular weight, due to limitations of longer chain lengths to “fly”.  As is common with 

aromatic polymers containing polar side chains, intermolecular aggregation in solution GPC 

measurement calibrations to greatly overestimate molecular weight values.100 Alkyl DPP3T-

C8,12 was synthesized following a literature protocol.95 Due to its good solubility in common 

organic solvents, GPC was also used to determine molecular weight and the results could be 

compared with MALDI-TOF. It was interesting to note that the molecular weight value 

determined from GPC was about twice that of MALDI-TOF, consistent with other literature 

observations.  Finally, an excess of TFA was added to the DPP3T-C6-e-Lm-BOC solution to 

deprotect the BOC groups, generating lysine units with positive charged amine as DPP3T-C6-

e-Lm-TFA (m = 1, 2, 3). 

Table 5. Properties of Polymers 

DPP3T Mwa 
Number of 

repeat units 

lmax (nm) 
Ionisation 

Potential 

(eV)d 

Electron 

Affinity 

(eV)e 
Solutionb As castc 

C8,12 12.2k 13 806/758 842/769 5.2 3.8 

L1-TFA 7.9k 6 837/793 831/781 5.0 3.7 

L2-TFA 12.6k 7 819 802 5.1 3.8 

L3-TFA 11.5k 5 770 789 5.1 3.8 
aDetermined by Matrix-assisted laser desorption/ionization time of flight spectrometry 

(MALDI-TOF) on DPP3T-C6-e-Lm-BOC, calculated as DPP3T-C6-e-Lm-TFA. 
bMeasured in dilute DMF solution at 25 oC. cSpin-coated from 3 mg/mL. dMeasured by 

PESA. eEstimated by addition of the absorption onset to the Ionisation Potential. 

The optical properties of all polymers were characterized by UV-vis absorption spectroscopy 

in solution and in thin film (Figure 34). The primary broad absorption at around 800 nm for all 

polymers is attributed to intramolecular charge transfer (ICT), with a corresponding to π–π* 

transition at 400 nm.101 In solution, DPP3T-L1-TFA displayed a maximum absorption at 837 

nm and an additional vibronic shoulder at 793 nm, attributed to aggregation (Figure 34). There 

was less aggregation observed in solution for the two longer lysine containing polymers, with 

DPP3T-L2-TFA and DPP3T-L3-TFA respectively displaying an absorption maximum at 819 
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nm and 770 nm. DPP3T-C8,12 exhibited a solution absorption maximum of 806 nm and a 

corresponding vibronic shoulder at shorter wavelength. All lysinated polymers displayed 

similar spectra in the solution and solid-state UV, indicating significant solution aggregation.  

Furthermore, DPP3T-L2-TFA exhibited a 17 nm blue shift in the solid state, in comparison to 

the solution spectra, likely originating from reduced packing, due to the presence of the bulky 

TFA counter ions. On the other hand, the solid-state spectra of DPP3T-L3-TFA, and in 

particular of DPP3T-C8,12, showed a red shift, suggesting increased solid state planarization of 

the backbone. The ionization potential of all polymers was determined by photoelectron 

spectroscopy in air (PESA). DPP3T-Lm-TFA (m=1 ,2, 3) polymers exhibited a slightly lower 

ionization potential than the branched alkyl analogue, attributed to the local ionic environment. 

In combination with thin-film optical absorption measurements, a band gap of 1.3 eV was 

calculated (Table 5). DPP3T-C8,12 exhibited an ionization potential of -5.2 eV with a band gap 

of 1.4 eV.  

 
Figure 34. UV−vis absorption spectra of DPP3T in (left) DMF solution and (right) thin films 

spun from DMF, except C8,12 from CHCl3. 

Another important factor for cell adhesion is the surface roughness, as micron-scale 

topographical features have been shown to inhibit cell growth.51 PLL (drop casted) and DPP3T-

C8,12 (Figure 35a, b) exhibited a quadratic mean roughness (Sq) of 0.90 nm,  and 3.42 nm, 

respectively. All DPP3T-Lm-TFA films were spun from a DMF solution. DPP3T-L1-TFA 

exhibits a slightly higher surface roughness (Sq = 4.69 nm) due to its low solubility in DMF 

(Figure 35c). The more soluble DPP3T-L2-TFA and DPP3T-L3-TFA films, on the other hand, 

exhibit a roughness of 1.85 nm and 0.70 nm, respectively (Figure 35d, e). In all cases however, 

it is not expected for these films that surface roughness plays an important role in cell adhesion. 
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Figure 35. Tapping mode AFM height images of polymer films cast from a range of solvents. 

 

The hydrophilicity of these surfaces was also evaluated. Water contact angles on glass 

substrates coated with PLL, DPP3T-C8,12 and lysinated-DPP polymers were measured (Figure 

36). PLL is hydrophilic, with a correspondingly low contact angle of 26.2°±3.7°, whereas 

DPP3T-C8,12 is hydrophobic with a contact angle of 102.3°±2.2° (Figure 36a, b). DPP3T-L1-

TFA, with a single lysine unit, exhibited a contact angle value of 70.7°±2.1° when spun cast 

from a DMF solution (Figure 36c). DPP3T-L2-TFA and DPP3T-L3-TFA, with more lysine 

units on the side chain, achieved slightly decreased contact angle values of 67.8°±1.7° and 

68.0°±1.6, respectively (Figure 36d, e). This observation suggests that grafting more than one 

lysine unit on the side chain does not further improve polymer hydrophilicity.   
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Figure 36. Contact angle measurements for polymer thin films cast from a range of solvents. 

 

During thermal gravimetric analysis (TGA), all DPP3T-Lm-TFA polymers exhibited mass loss 

above 100 oC due to TFA counter ions volatilisation102. The mass loss from 100 oC to 250 oC 

for both DPP3T-L1-TFA and DPP3T-L3-TFA of, 34% and 40% respectively. However, 

DPP3T-L2-TFA had an additional mass loss attributed to lysine fragmentation.  In comparison, 

DPP3T-C8,12 showed no mass reduction until around 400 oC (Figure 37).  

 
Figure 37. TGA of lysinated-DPP3T polymers and DPP3T-C8,12 with a heating rate of 10 °C/ 

min in N2. 

Table 6. OFET Properties of DPP polymers measured in BGBC Devices 
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DPP3T 
BGBC 

µh [cm2 V-1 s-1] Ion/Ioff 

C8,12 4.0x10-2 1x103 

L1-TFA 5.7x10-3 1x104 

L2-TFA 5.3x10-3 5x103 

L3-TFA 1.6x10-3 5x103 

 

Bottom gate bottom contact organic field effect transistors (OFETs) were fabricated (L= 2.5 

µm and W = 2000 µm) on n-doped SiO2/Si substrates. Representative transfer characteristics 

are shown in Figure 38. DPP3T-C8,12 exhibits p-type behavior with a charge carrier mobility 

of 4.0 x10-2 cm2 V-1 s-1 (Table 6), consistent with previous reports for bottom gate devices with 

similar molecular weight DPP polymer (Figure. 38a).95 DPP3T-Lm-TFA films exhibited poorer 

hole transport properties by comparison, about an order of magnitude lower mobility for the 

polymers with one and two lysine units attached (DPP3T-L1-TFA and DPP3T-L2-TFA), with 

a further decrease observed for DPP3T-L3-TFA.  The representative output characteristics are 

shown in Figure 38. Consequently, these results suggest a tradeoff between favorable surface 

properties for cell integration and electronic properties.  

 
Figure 38. Transfer characteristics of OFET devices fabricated from lysinated-DPP3T 

polymers and DPP3T-C8,12 thin films: a) DPP3T-C8,12, b) DPP3T-L1-TFA, c) DPP3T-L2-TFA, 

d) DPP3T-L3-TFA. Output characteristics of OFET devices based on lysinated-DPP3T 

polymers and C8,12 thin films e) DPP3T-C8,12, f) DPP3T-L1-TFA, g) DPP3T-L2-TFA, h) 

DPP3T-L3-TFA. 
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As device relevant films would be expected to perform at an aqueous interface, the 

electrochemical properties of the polymer films were characterized in a standard 0.1 M NaCl 

solution. Cyclic voltammetry (CV) and conductance characterization were performed using 

interdigitated electrodes (Figure 39a), where the polymer was spun cast between the Au coated 

contacts (working electrode 1, WE1 and working electrode 2, WE2). CV curves of the 

lysinated-DPP3T polymers and the reference DPP3T-C8,12 exhibited a common feature, i.e. a 

redox couple with a reduction potential of ca. 0 V and an oxidative potential of ca. 0.15 V, 

attributed to the conjugated backbone (Figure 39b). Introduction of lysine groups increased the 

overall capacitance, maximized for DPP3T-L3-TFA which showed a rectangular shaped curve. 

Functionalized polymers exhibited more stable electrochemical behavior, evident from the 

similarity of the curves recorded upon successive cycles (Figure 40, dashed vs. solid lines). 

 
Figure 39. Electrochemical behavior of the semiconducting films. a) Schematic of an 

interdigitated electrode and the measurement solution (b) CV curves (scan rate = 50 mV.s-1), 

c) in situ conductance (scan rate = 10 mV.s-1), and d) electrochemical impedance spectra 

(impedance magnitude vs. frequency) of C8,12 (black), L1-TFA (green), (4) L2-TFA (red) and 

(4) L3-TFA (blue) at open circuit potential (V=Voc, solid lines) as well as at an oxidation 

potential (V=0.26V vs. Voc, square symbols). The inset of c) shows the full scale of conductance 

curves. All measurements were recorded in 0.1M aqueous NaCl solution.  
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Bipotentiostat measurements complement CV to aid further evaluate the change in 

conductivity of the films triggered by the electrolyte anions injected into the film, i.e., 

electrolyte gated transistor type behavior. For all the polymers, we observe an increase in 

current, therefore conductance, associated with a change in the doping state of the polymers, 

as the applied voltage increases above 0.5 V (Figure 39c). The conductance is at its maximum 

at ca. 0.75 V, following the oxidation peak in CVs, reaching much higher values for the 

lysinated polymers, e.g. 1.5 Scm-1 for C8,12 and 55 Scm-1 for L3-TFA. We notice also a large 

hysteresis between the forward and backward scans (indicated by arrows), indicating a poor 

reversibility of the doping process. Lysine groups render the polymer more hydrophilic 

(compared to the hydrophobic DPP-alkyl backbone) and therefore more permeable to 

electrolyte ions. Access of electrolyte ions into the bulk of the polymer in turn allows for 

electrochemical doping, evident from the increase in conductance and as well as the decrease 

in the magnitude of impedance (Figure 39d) at doping potentials. Upon doping, L3-TFA shows 

the largest change in its impedance properties in agreement with its high capacitance. However, 

as the mobility of this polymer is the lowest, the conductance values remain low. 

 
Figure 40. Cyclic Voltammograms of a) C8,12, b) L1–TFA, c) L2–TFA and d) L3–TFA in 0.1M 

NaCl aqueous solution. Dotted lines correspond to the first cycle of the measurement and the 

solid lines to the average of four consecutive cycles. Scan rate is 50 mV.s-1 and the arrow 

indicates the direction of the CV scan. 



 

 
 

64 

 

 
Figure 41. Neuron cell growth and cell viability assay. Microscope observations of neural 

growth on substrates coated with C8,12, L1-TFA, L2-TFA and L3-TFA compared to a substrate 

coated with PDL (control). The images were taken at 3, 6, 11, 14 and 21 days of cell culture. 

Scale bar is 100 µm.  

The biocompatibility and the cellular adhesion promotion of the lysinated polymers were 

examined by monitoring neuron cell growth on polymer films as well as on a positive control, 

i.e., poly-D-lysine (PDL) coated coverslip, over a period of 21 days (Figure 41). Cytotoxicity 

was determined by trypan blue assay after each culture day (see Methods). Initially, neurons 

aggregate or do not adhere at all on both the reference polymer C8, 12 and L1-TFA (Figure 41). 

This is attributed to the absolute or partial lack of lysine groups on the surface. L1-TFA and L2-

TFA, however, provided a suitable surface for cells to attach and grow, similar to the PDL 

control (>80% viability). On the 3rd day of cell culture, the neuron growth is comparable on 

L2-TFA, L3-TFA and PLL substrates (Figure 41). On the 6th day, however, on L2-TFA surface, 

cells start aggregating in small clusters which interconnect over time (day 11). The growth on 

L3-TFA is on the other hand comparable to the PDL control. After 14 days of culture, a clear 
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decrease in the cell density on the lysinated polymers is observed (Figure 41) as well as a 

decrease in the general cell viability (Figure 42). Finally, after 21 days, small clusters on the 

L3-TFA surface appear, yet the network remains healthy as assessed by the relative viability 

assay (Figure 42). Moreover, the network on the L3-TFA seems more developed with a higher 

density of connections compared to other films. 

 
Figure 42. Normalized relative (NR) viability of neurons on L2-TFA and L3-TFA compared to 

PDL coating. 

 
2.1.2 Conclusion 

A series of BOC protected lysine containing DPP3T polymers was synthesized. Two BOC 

deprotection methods were attempted to achieve positively charged surface. Using thermal 

annealing method, only poor cell adhesion was achieved even with optimized condition for 

hydrophilic and smooth surface. Alternative TFA method was proven to be suitable.  Thin film 

transistors were fabricated from TFA deprotected lysinated polymer solutions and exhibited 

charge carrier mobilities about an order of magnitude lower than the analogous alkyl DPP 

polymer. Incorporation of lysine groups on the side chains improve the electrochemical 

behavior of DPP backbone. Lysine groups, enable ion penetration, thereof doping of the 

polymer by electrolyte anions. Due to the presence of lysine groups on the surface, neurons 

attach, grow and form a network without the need of an intermediate PDL coating. These initial 

results are promising to use such biofunctionalized polymers to record/stimulate neural signals 

more effectively as the cells adhere to the protein-like surfaces. However, multiple attempts of 

TFA deprotected lysinated DPP polymers on OCET turned out to be not working.  



 

 
 

66 

Chapter 3.  
 

 

In this section, lysine covalently attached to naphthalene diimide(NDI)-based n-type 

semiconducting polymers are presented. These NDI-based polymers have been demonstrated 

to be biocompatible, giving the protein like surface to improve cell adhesion for neuron cells. 

In addition, lysinated-NDI conjugated polymers have been successfully applied to OECTs, 

providing an ideal platform for biological applications.  

 

3.1 Improved adhesion of Lysinated-Naphthalene diimide (NDI) for neuron cells growth 

and biological application  

 

Naphthalene diimide (NDI) is the most important homologue of rylene diimides, processing 

high electron affinity, high electron mobility, and outstanding chemical, thermal and 

photochemical stability. Due to these advantages, NDI has been used for a variety of promising 

applications, including electronics, organic photovoltaic (OPV) and biomedicine.103-105 Overall, 

NDI is among the most versatile and fascinating class of aromatic molecules. 

 

NDI can be easily functionalized, through the anhydride position, from main precursor 1,4,5,8-

naphthalenetetracarboxylic acid dianhydride (NDA). The imide of functionalized NDI with 

aryl amino or alkyl amino groups allows easy substitution with maintained strong polarization 

of the π-systems, which thus keeps its low π-electron density. In another word, functionalized 

with a variety of groups at the imide position will not affect optical and electrochemical 

properties of NDI. In particular, NDI derivatives can be functionalized from amino acid and 

peptide. This is beneficial for biofunctionalization of NDI based polymers using for biological 

application, for instance, interfacing. In addition, Giovannitti and co-workers have reported 

donor-acceptor n-type conjugated polymer (pNDI-gT2) based on ethylene glycol substituted 

electron-rich dithiophene (gT2) and electron-deficient NDI. Due to its high electron affinity 

and low ionization potential, pNDI-gT2 facilitates ion penetration to present ambipolar 

properties, suggesting that both reduction and oxidation can be facilely achieved within 

potential window (-1 to 1V) of 0.1 M NaCl electrolyte. In this case, p-type OECT function is 

presented when a negative drain bias is applied to inject anions for compensation of positive 

charges formed upon conjugated polymer’s oxidation. OCET is thus switched from OFF to 
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ON. On the other hand, n-type OECT function is presented when a positive drain bias is applied 

to insert cations to stabilize negatively charged electrons, in which case then switches on OECT. 

Moreover, pNDI-gT2, operated on OECT, exhibited an excellent long-term stability for 2 h 

without degradation. As mentioned previously, NDI has proven to be suitable as bioelectronics 

with further potential biofunctionalization. Therefore, a series of lysinated-NDI-T2 polymers 

will be presented in this section based on previously lysinated-DPP work. NDI-T2 polymers, 

synthesized via Stille coupling, are selected as templated because of their outstanding n-type 

performance with excellent stability at ambient conditions in air. Following are NDI-T2 

polymers design rationale: 1) The electron-poor NDI core processes the large electron affinity. 

2) Equally important, due to easy isolation of pure 2,6-diastereoisomers as NDI-Br2,106 the 

synthesis of a regioregular polymeric backbone is doable, leading to a more π-conjugated 

building block to improve charge transport efficiency. 3) Proper side chain functionalization 

results in high solubility to favor solution process. In this case, incorporation of lysine units 

should not only maintain the good solubility but also improve cell adhesion. 4) In order to 

facilitate attachment of lysine units, dithiophene (T2) unit is firstly coupled to prevent 

interfering NDI back bone. Additionally, selected T2 unit  gives good stability and geometric 

characteristics, likely increasing planarity of NDI-based polymers.107  

 

3.1.1 Result and Discussion 

 

Based on DPP project study, blend and bilayer of PLL with non-functionalized semiconducting 

polymer have been proven to be not suitable for biofunctionalization. Therefore, lysinated-NDI 

polymers were straightforward carried out. The design of lysinated-NDI-T2 semiconducting 

polymers is adapted from previous study of lysinated-DPP polymers. Oligo lysine unit, coupled 

by e position, is selected to attach using C6 linker chain (Scheme 9). BOC protecting groups 

have been demonstrated to be necessary for protecting the free amino groups, which also 

provides the required solubility in the DMF polymerization solvent. The imidization of 

dibromonaphthalene dianhydride (NDA-Br2) and 6-aminohexan-1-ol was performed in acetic 

acid, giving diimide monomer 4a with terminal ester formed by condensation of alcohol and 

acetic acid. 4a was then coupled with one thiophene unit to each side by Stille reaction, leading 

to 4b. Bromination of 5-poistion on thiophene was carried out to give 4c, which thus obtained 

monomer 4d containing alcohol functionality after hydrolysis. Oligo lysine units were prepared 

as aforementioned and then condensed with monomer 4d to achieve NDI-T2-Lx-BOC (x = 1 ,2, 
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3) via Steglich esterification using 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDCI) 

and 4-dimethylaminopyridine (DMAP). Bisbutylstannyl was used as co-monomer for the 

synthesis of pNDI-T2-Lx-BOC via Stille cross coupling described as Pd2(dba)3 with ligand (tri-

o-tolylphosphine) in DMF at 80 0C for 24 hours. The obtained polymers were purified by 

successive Soxhlet extraction with hexane and acetone. After these extractions, polymers were 

precipitated into hexane, collected and dried to obtain targeted polymers, which could 

subsequently undergo deprotection by trifluoroacetic acid (TFA) to reveal protonated lysine 

units as pNDI-T2-Lx-TFA (x = 1 ,2, 3) (Scheme 9).  

 

 
Scheme 9. The synthetic route for Lysinated-NDI-T2-TFA. 

For both pNDI-T2-C8,12 and pNDI-T2-Lx-BOC (x = 1, 2, 3), only low molecular weight 

polymer could be obtained, which might be attributed to less activity of bisbutylsannyl using 

for Stille coupling. In addition, due to the polar functionality of the lysine units, palladium 

might be potentially chelated, causing termination of polymerization. As aforementioned, due 

to limitations of longer chain lengths to “fly”, the molecular weight of all polymers was 

measured by Matrix-assisted laser desorption/ionization time of flight spectrometry (MALDI-

TOF), likely understating the true polymer molecular weight.  As is common with aromatic 

polymers containing polar side chains, intermolecular aggregation in solution GPC 

measurement calibrations to greatly overestimate molecular weight values.100 Due to its good 
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solubility in common organic solvents, the number-average molecular weights (Mn) of pNDI-

T2-C8,12 was able to be determined by GPC and the result could be compared with MALDI-

TOF. Interestingly, it was to note that the molecular weight value (29.8k) determined from 

GPC was about twice that of MALDI-TOF, consistent with other literature observations. Due 

to the difficulty of ionization, TFA deprotected lysinated-NDI polymers were not able to be 

measured by MALDI. Therefore, molecular weight of pNDI-T2-LX-TFA was calculated from 

detection of pNDI-T2-LX-BOC, as shown in Table 7.  

 

Table 7. Physical Properties of pNDI-T2-Lx-TFA. 

pNDI-T2 Mwa 
Repeating 

units 

lmax (nm) Ionisation 

Potential (eV)d 

Electron 

Affinity (eV)e 
Solutionb Filmc 

C8,12 11.8k 12 650/380 700/393 5.7 4.2 

L1-TFA 11.7k 9 708/385 716/393 5.9 4.5 

L2-TFA 9.9k 6 702/385 713/395 5.9 4.5 

L3-TFA 11.0k 5 597/366 685/387 5.9 4.5 
aDetermined by Matrix-assisted laser desorption/ionization time of flight spectrometry (MALDI-

TOF) on pNDI-T2- LX-BOC, calculated as pNDI-T2-LX-TFA. bMeasured in dilute solution at 25 
oC. cSpin-coated from 10 mg/mL. dMeasured by PESA. eEstimated by addition of the absorption 

onset to the Ionisation Potential. 

 

The optical properties of all polymers were characterized by UV-vis absorption spectroscopy 

in solution and in thin film shown in Figure 43, and the optical and electrochemical data were 

summarized in Table 7. The primary broad absorption (dual-band and tri-band) at around 450-

900 nm for all polymers is typically attributed to intramolecular charge transfer (ICT) because 

of donor-acceptor properties of polymers.108 And the second absorption located at between 300 

to 450, resulted from π–π* transition. In solution, NDI-T2-C8,12 exhibited a dual-band 

absorption of 700 and 650 nm (Figure 34), caused by ICT. NDI-T2-L1-TFA and NDI-T2-L2-

TFA respectively displayed a maximum absorption at 708 nm and 702nm (Figure 34), indicting 

that there was aggregation observed in solution for lysine containing polymers. On the contrary, 

NDI-T2-L3-TFA exhibited similar spectra with a maximum absorption at 597 nm, which might 

be due to low molecular weight and suppressed aggregation.  
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NDI-T2-L1-TFA and NDI-T2-L2-TFA displayed similar spectra in the solution and solid-state 

UV, indicating significant solution aggregation. Both of them only exhibited around 10 nm red 

shift in the solid state, in comparison to the solution spectra, likely originating from improved 

packing. On the other hand, the solid-state spectra of NDI-T2-C8,12, and in particular of NDI-

T2-L3-TFA, showed a large red shift (50 nm and 88 nm), suggesting increased solid state 

planarization of the backbone. The optical band gaps of the polymers were calculated from the 

absorption edges and were found to be 1.4 eV for lysinated-NDI polymers and 1.5 eV for 

analogue NDI polymer. The ionization potential of all polymers was determined by 

photoelectron spectroscopy in air (PESA). NDI-T2-Lm-TFA (x=1 ,2, 3) polymers exhibited a 

slightly high ionization potential than the branched alkyl analogue, attributed to the local ionic 

environment. In combination with thin-film optical absorption measurements, the electron 

affinity of -4.5 eV for lysinated-NDI polymers was calculated (Table 7). NDI-T2-C8,12 

exhibited an ionization potential of -5.7 eV and electron affinity of -4.2 eV. In both cases, the 

value of electron affinity is suitable for n-channel materials and assures the stability of the 

polymers in ambient air.  

 

 
Figure 43. UV−vis absorption spectra of DPP3T in (left) DMF solution and (right) thin films 

spun from DMF, except C8,12 from chlorobenzene. 

Table 8. Zeta Potential, Surface Roughness and Contact angle of PLL and NDI-T2 polymers 

 PLL C8,12 L1-TFA L2-TFA L3-TFA 

Zeta Potential                

(mV)a +49.69±0.89 -59.07±2.94 +51.68±0.82 +40.79±2.48 NAd 

Surface 

Roughness (nm)b 0.90 2.06 0.95 1.58 2.85 
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Contact anglec 26.2°±3.7° 108.3°±2.1° 54.3°±1.1° 52.6°±2.2° NA 
a Measured in 10mM NaCl as electrolyte. b Measured by AFM. c Measured from water. d Not 

Available. 

 

As aforementioned, surface charge is crucial substrate property governing cell adhesion and 

growth. Zeta potential is generally used to quantify the value of surface charge, summarized 

for all polymers in Table 8. The NDI-T2-C8,12 reference polymer exhibited a negatively 

charged surface of -59.07±2.94 mV, whereas a drop-cast PLL layer exhibited a zeta potential 

value of 49.69±0.89 mV. For lysinated-NDI-T2 polymers, a close zeta potential value of 

+51.68±0.82 and +40.79±2.48 was respectively found for NDI-T2-L1-TFA and NDI-T2-L2-

TFA, indicating incorporation of the lysine units on side chain results in an increasingly 

positively charged surface which is comparable with PLL. Unfortunately, the measurement of 

zeta potential for NDI-T2-L3-TFA was not able to carry out due to its water solubility, caused 

by low molecular weight and high density of lysine units.  

 

Another important factor for cell adhesion is the surface roughness, as micron-scale 

topographical features have been shown to inhibit cell growth, summarized in Table 8.48 PLL 

(drop casted) and NDI-T2-C8,12 (Figure 44 a,b) exhibited a quadratic mean roughness (Sq) of 

0.90 nm,  and 2.06 nm, respectively. All NDI-T2-Lx-TFA films were spun from a methanol 

solution. Surprisingly, the solubility of the NDI-T2-Lx-TFA polymers in polar solvents such 

as DMF and MeOH, slightly decreased with gradually increased lysine units. In this case, NDI-

T2-L1-TFA exhibited a lowest surface roughness (Sq = 0.95 nm) due to its high solubility in 

MeOH (Figure 44c). The less soluble NDI-T2-L2-TFA and NDI-T2-L3-TFA films, on the other 

hand, exhibited a roughness of 1.58 nm and 2.85 nm, respectively (Figure 44 d, e). In all cases 

however, it is not expected for these films that minor difference of surface roughness plays an 

important role in cell adhesion. 
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Figure 44. Tapping mode AFM height images of polymer films cast from a range of solvents. 

In addition, the wettability of these surfaces was also evaluated. Water contact angles on glass 

substrates coated with PLL, NDI-T2-C8,12 and lysinated-NDI polymers were measured (Figure 

45 and Table 8). PLL is hydrophilic, with a correspondingly low contact angle of 26.2°±3.7°, 

whereas NDI-T2-C8,12 cast from chlorobenzene is hydrophobic with a contact angle of 

108.3°±2.1° (Figure 45 a, b). NDI-T2-L1-TFA, with a single lysine unit, exhibited a contact 

angle value of 54.3°±1.1° when spun cast from a methanol solution (Figure 45c). NDI-T2-L2-

TFA, with more lysine units on the side chain, achieved slightly decreased contact angle values 

of 52.86°±2.2° (Figure 45 d). This observation suggests that grafting more than one lysine unit 

on the side chain does not further improve polymer hydrophilicity. As previously mentioned, 

with three lysine attached to side chain, NDI-T2-L3-TFA become water soluble, in which case 

contact angle measurement is not available.  
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Figure 45. Contact angle measurements for polymer thin films cast from a range of solvents. 

All NDI-T2-Lx-TFA polymers exhibited mass loss above 150 oC. This is due to TFA counter 

ions volatilisation102. The mass loss of all lysinated polymers from 150 oC to 250 oC was 

corresponded to the theoretical mass loss of the TFA groups and degradation of lysine units. 

Above 250 oC, there was an additional mass loss for lysinated polymers attributed to backbone 

fragmentation.  In comparison, NDI-T2-C8,12 showed no mass reduction until around 400 oC 

(Figure 46).  
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Figure 46. TGA of lysinated-NDI polymers and pNDI-T2-C8,12 with a heating rate of 10 °C/ 

min in N2. 

Table 9. OFET Properties of NDI-T2 polymers measured in BGBC Devices. 

NDI-T2 
BGBC 

µe [cm2 V-1 s-1] Ion/Ioff 

C8,12 1.5x10-3 102 

L1-TFA 2.4x10-4 102 

L2-TFA 1.3x10-4 103 

L3-TFA 4.8x10-6 103 

 

Bottom gate bottom contact organic field effect transistors (OFETs) were fabricated (L= 2.5 

µm and W = 2000 µm) on n-doped SiO2/Si substrates. Representative transfer characteristics 

are shown in Figure 47. NDI-T2-C8,12 exhibits n-type behavior with a charge carrier mobility 

of 1.5 x10-3 cm2 V-1 s-1 (Table 9), consistent with previous reports for bottom gate devices with 

similar molecular weight NDI polymer (Figure. 47a).109 NDI-T2-Lm-TFA films exhibited 

poorer electron transport properties by comparison, about an order of magnitude lower mobility 

for the polymers with one and two lysine units attached (NDI-T2-L1-TFA and NDI-T2-L2-

TFA), with a further decrease observed for NDI-T2-L3-TFA.  



 

 
 

75 

 
Figure 47. Transfer characteristics of OFET devices fabricated from lysinated-NDI-T2 

polymers and DPP3T-C8,12 thin films: a) NDI-T2-C8,12, b) NDI-T2-L1-TFA, c) NDI-T2-L2-

TFA, d) NDI-T2-L3-TFA.  

 

OECTs were then fabricated to study transconductance of lysinated-NDI polymers. It was 

however not possible to measure pNDI-T2-L3-TFA in an OECT device due to its solubility in 

water. Moreover, due to no ion penetration into the bulk of the polymer with limited bias (< 

1.23 V to avoid water electrolysis), the reference pNDI-T2-C8, 12 did not show any transistor 

behavior in an OECT configuration..110 Therefore, only pNDI-T2-L1-TFA and pNDI-T2-L2-

TFA OECT measurements were carried out,. We report the normalized transconductance (NR 

gm) (divided by the polymer layer thickness measured at the gate with a Dektak profilometer), 

in Figure 48. Both pNDI-T2-L1-TFA and pNDI-T2-L2-TFA exhibits a maximum 

transconductance of 260 mS/cm and 75 mS/cm, respectively, at 0.45 V. The 5-fold increase is 

attributed to a higher electron mobility for pNDI-T2-L1-TFA. In addition, the threshold/turn-

ON voltage of pNDI-T2-L1-TFA (0.2V) was slightly earlier than pNDI-T2-L2-TFA (0.25V). 

However, both polymer displays low turn ON voltage, desirable for bioelectronics.  
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Figure 48. Normalized transconductance of pNDI-T2-L1-TFA (black) and pNDI-T2-L2-TFA 

(red) in 0.1M NaCl as electrolyte.  Specify error bars represent the variations of at least 4 

measurements. 

 

Cyclic voltammetry (CV) was then carried out to further understand the differences in 

performance of both polymers in OECTs. The measurement was operated on the gate of 

OECTs device using 0.1 M NaCl as electrolyte in a three-electrode set up (Reference electrode: 

Ag/AgCl, Counter electrode: platinum) (Figure 49). As shown in Figure 49, the reduction onset 

shifts from -0.11V for pNDI-T2-L1-TFA to -0.13V for pNDI-T2-L2-TFA, following the same 

trend illustrated in the OECT turn ON voltage. Due to the identical backbone, it is thus 

reasonable to assume that the shift results from differences in ion penetration into the polymer 

bulk during electrochemical redox reactions. As stated earlier, pNDI-T2-L3-TFA was water 

soluble as a result of higher density of positively charged lysine units, leading to potential water 

solubility of pNDI-T2-L2-TFA. Therefore, a plausible reason for the lower performance of 

pNDI-T2-L2-TFA is that reduced swelling in aqueous solution caused by its solubility in 

aqueous solution plays a negative effect on the ion penetration into the bulk of the material.111  
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Figure 49. Thin film cyclic voltammetry measurements of pNDI-T2-L1-TFA (black) and 

pNDI-T2-L2-TFA (red) in 0.1 M NaCl aqueous solution. Dotted lines represent the first cycle 

and straight lines the average of the following cycles, respectively. Scan rate is 50 mV/s. Arrow 

indicates the direction of the scan. 

 

Finally, the biocompatibility and the cellular adhesion of the lysinated polymers were 

examined by monitoring neuron cell growth on polymer films, compared to a positive control, 

i.e. poly-D-lysine (PDL) coated coverslip, over a period of 21 days (Figure 50). Firstly, we 

observe that neurons aggregated or did not adhere at all on the reference polymer C8,12. This is 

attributed to the negatively charged surface of the polymer, leading to poor cellular (Figure 50). 

However, L1-TFA and L2-TFA, provided a suitable surface for cells to attach and grow, 

comparable to the PDL control. L3-TFA also exhibited a surface with improved cellular 

adhesion, except delamination because of its water-soluble property. On the 3rd day of cell 

culture, the neuron growth of all lysinated NDI polymers was comparable with PLL substrates 

(Figure 50). On the 7th day, cells started aggregating in small clusters on L1-TFA and L2-TFA 

surfaces. Similarly, cells aggregated at day 14, but more developed with a higher density of 

connections.  Unfortunately, the cell media was dried out by mistake at day 21, resulting to all 

cells dead. But, based on the trend of cell attachment and growth, it has demonstrated the 

improved cell adhesion of lysinated-NDI-T2 polymers.  
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Figure 50. Neuron cell growth. Microscope observations of neural growth on substrates coated 

with C8,12, L1-TFA, L2-TFA and L3-TFA compared to a substrate coated with PDL (control). 

The images were taken at 3, 7, 14 and 21 days of cell culture. Scale bar is 100 µm.  

 

3.1.2 Conclusion 

 

A series of n-type lysinated-NDI semiconducting polymers was synthesized. Such engineering 

was demonstrated to promote neuron growth and cellular adhesion without the need of an 

adhesion promoter protein layer. The enhanced cellular adhesion is attributed to the positively 

charged, smooth and hydrophilic surface of the polymers. Incorporation of lysine groups on 

the side chains improve the electrochemical behavior of NDI backbone and allow them to 

switch on in an OECT configuration. Thin film transistors were fabricated from TFA 

deprotected lysinated polymer solutions and exhibited charge carrier mobilities  (≈10-4) about 

an order of magnitude lower than the analogous alkyl NDI polymer (≈10-3). Lysine groups 

enable ion penetration, thereof doping of the polymer by electrolyte anions, leading to 

outstanding performance in OECTs. Combining the protein-like surface and outstanding 

OECTs behaviors, these biofunctionalized polymers provide a promising platform to 

effectively record/stimulate neural cell activities.  
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Chapter 4.  
 

In this section, a new method to covalently attach lysine to semiconducting polymers is 

introduced, which is referred as Surface “Click”, leading to systematically tail polymers’ 

properties. Two variants of poly-3-hexylthiophene are investigated to improve wettability via 

surface modification of lysine attachment based on two different click techniques including 

copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC) click and thiol-ene click. Overall, 

both methods have been proven to allow effectively, facilely to tune surface chemistry of 

polythiophene films, providing a desired wettability without compromising conductivity.  

 

4.1 Surface “Click” to biofunctionalize conjugated polymers for biological applications. 

 

Side chain optimizations of conjugated polymers have been mentioned in chapter 2 and 3, 

achieving desired properties for given application. Covalently incorporating lysine units onto 

side chain of conjugated polymers generally improves their biological properties, but a trade-

off in conducting properties is apparent. This may result from limited molecular weight 

polymers affected by polar lysine units during polymerization. Additionally, lysine side chain 

may disturb polymers’ packing in solid state. Therefore, the optimized electrical-biological 

trade-off, providing both a high charge transfer property and improved biocompatibility which 

supports neural cell survival, is on demand.  

 

To address this issue, conjugated polymers can be modified with appropriately designed 

precursor via post-polymerization functionalization, which has been conventionally applied to 

surface modifications of conjugated polymers.112-113 In order to overcome challenges in 

macromolecular reactions such as  low concentration of functional end-groups, low reaction 

rate and formed byproduct, a clean and effective reaction is required, providing a high yield 

using a mild condition. In this case, “click” reaction is a particularly attractive candidate, which 

achieves high and even quantitative yield with less byproducts under mild conditions, leading 

to specific functionality. Moreover, there is no interaction between reactant or product and 

functionalized biomolecules, making click reactions are bio-orthogonal. Therefore, “Click 

Chemistry” is attractive to assemble compounds, reagents and biomolecules for biomedical 

research.114 Herein, there are two types “Click” reactions introduced for surface modification 

for biofunctionalization of conjugated polymers.  
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Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC), discovered by groups of Meldal 

and Fokin/Sharpless in 2002,115-116 is generally considered as prototypical example of 

bioorthogonal click chemistry. Compared to uncatalyzed version, CuAAC can 

approximately accelerate seven orders of magnitude to form 1,4-disubstituted triazoles. 

The mechanism, involving alkyne, azide and cooper (I), is described as follow (Figure 

51). Initially, the reaction starts with the formation of copper (I) acetylide (S4A). 

Through the coordination of copper (I) acetylide with azide, an intermediate of all three 

components is generated, which then forms the first C-N bond (S4C) by transforming 

into a metallacycle. During this step, Cu(I) is oxidized to Cu(III). Combining with ring 

contraction and reduction of Cu(III) to Cu(I), cuprous triazolide is thus afforded (step 

c, Figure 51). To complete the catalytic cycle, a proton is taken from alkyne to form 

triazole, while regenerates next Cu(I) acetylide. It is worth noting that a general base is 

favorable to assist with alkyne deprotonation which then facilitates the proton exchange 

between triazolide and alkyne (step d, Figure 51).  

 
Figure 51. The mechanism of CuAAC. 

 

The thiol-ene reaction, also referred as alkene hydrothiolation, is simply hydrothiolation of 

alkene to form alkyl sulfide (Scheme 10 a). The reaction mechanism can be described as follow 

(Scheme 10b). A thiyl radical is generated by an initiator or heating, which is then adds across 

an alkene generating a carbon center radical. The radical intermediate thus abstracts a proton 

from another thiol to generate a next thiyl radical and completes the cycle. Thiol-ene click 

reaction processes several features to make itself particularly attractive for biomedical 

applications. Firstly, thiol-ene reaction can give high and even quantitative yields proceeding 

under a variety of conditions, for example, biological friendly solvent water. Secondly, a wide 
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range of substrates can be employed, especially cysteine-containing peptides or proteins 

(terminal with thiols), which easily introduces peptides or proteins to biofunctionalize 

conjugated polymers. In this case, thiol-ene reaction has been applied to numerous applications 

on biomedical research such as neural electrodes.67, 117-118  

 
Scheme 10. a) Thiol-ene reaction; b) Mechanism of Thiol-ene reaction. 

In this chapter, post-polymerization functionalization of poly-thiophene via two click methods 

is presented. Poly(3-hexylthiophene) (P3HT) is non-fused rings along the conjugated backbone 

and highly crystalline as a semiconducting polymer, making P3HT well-known high-

performance polymer.119 Most importantly, P3HT is easily to produce variants and allows 

solid-state postprocessing, which can serve as a platform for surface modification via click 

chemistry. These properties leverage the possibility of incorporating enhanced cell adhesion 

material to P3HT without compromising electrical property.  

 

4.1.1 Result and Discussion 

 
According to side chain modifications of DPP and NDI based on polymers, a trade-off between 

conductivity and biocompatibility has been noticed. To address this issue, a surface 

functionalization of P3HT variants was attempted. The first attempt focused on P3HT variant 

containing terminal azide group, which is applicable for CuAAC (Scheme 11). Thiol-ene click 

was utilized for second attempt based on P3HT variant (terminal alkene group) with peptide 

(terminal with thiol) (Scheme 11).  

  

 



 

 
 

82 

 
Scheme 11. Surface modification via CuAAC (top), and via thiol-ene (bottom). 

The biofunctional precursors were synthesized from poly(3-(6-bromohexyl)thiophene) (P3HT-

Br) via post-polymerization functionalization (Scheme 12). P3HT-Br was composited of 

random co-polymers featuring a fraction of 2,5-dibromo-3-hexylthiophene and 2,5-dibromo-

3-(6-bromohexyl)thiophene (5b) via GRIM polymerization, giving number- average molecular 

weights of 14.8k (by GPC in chlorobenzene relative to polystyrene) and polydispersity of 1.6. 

5b was prepared from bromination of 5a, which was synthesized 3-bromo-thiophene with 

dibromohexane. Synthesis of variant P3HT-N3 was accomplished by reacting P3HT-Br with 

excess sodium azide in DMF at reflux to form the azide derivative. P3HT-Norbornene was 

formed by the reaction of norbornene imide with P3HT-Br. The complete conversion of both 

post-polymerization functionalization was confirmed by NMR spectra of P3HT-N3 and P3HT-

Norbornene. The complete substitution of bromide groups with azide groups and norbornene 

groups was proven by detected shift from d 3.42 to d 3.28 and d 3.47, respectively. 

Propargylamine was condensed with previously synthesized oligo lysine units to prepare 

Alkyne-Lm-BOC (m = 1, 2, 3), which was thus deprotected with TFA to obtain Alkyne-Lm-

TFA (m = 1, 2, 3) for CuAAC click reaction (Scheme 12).  
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Scheme 12. Synthetic routes for P3HT variants and clickable oligo lysine units. 

Thin films of P3HT-N3 and P3HT-Norbornene were prepared on glass substrates by spin 

coating of 5mg/mL solution, respectively, in chlorobenzene. The films properties were found 

to be suitable when prepared with RPM 1000 for 30 second, which were then annealed at 120 
oC for 5 minutes to remove trace solvent. The surface modification of P3HT-N3 was carried 

out via CuAAC. Prepared thin film was immersed in 10 mL degassed DMF solution containing 

Alkyne-Lm-TFA (m = 1, 2, 3) (0.025 mM), CuI (10%) and DIPEA (2.5-4.0 eq based on lysine 

units). The reaction was then left at 40 oC for 4h. Excess amount of Alkyne-Lm-TFA and other 

residual was removed by washing the thin film with a range of solvents. Initially, thin film was 
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extracted with huge amount of polar solvent such as ethanol, and finally with acetone to remove 

any organic impurities. At last, thin film was dried in vacuum for a few hours.  

 

In order to quantify the proceedings of click reactions on thin films, IR spectroscopy is ideal 

technique, providing information about the types of chemical functionality.120 For example, 

azide appears in a distinct region (u = 2107 cm-1) in the IR spectrum. However, this advantage 

only can be taken when there is thick thin film. In our case, films exhibited a thickness around 

40 nm, giving poor sensitivity and low concentration of the reacting groups. Therefore, we 

seek X-ray photoelectron spectroscopy (XPS), offering analysis of elemental composition of 

surface, as the alternative solution.  

 

In CuAAC case, we used XPS to detect changes due to reaction of surface azides with alkynes. 

Without click reaction, high-resolution spectra of the N 1s binding energies of P3HT-N3 

revealed three distinct peaks at 399 eV, 400.6 eV and 404.3eV (Figure 52). The high energy 

peak of 404.3 eV is unexpected for an organic nitrogen which is thus assigned as central, 

electron-deficient nitrogen in the azide group.121 Monitoring this peak provides necessary 

information to track before and after click reaction. For example, after surface modification of 

P3HT-N3 reacting Alkyne-L1-TFA via CuAAC, previous high energy peak at 404.3 eV 

reduced to level of noise. And this information also provided another evidence that the reaction 

is nearly quantitative. It was then assumed that disappeared azide might be due to product 

formation. To support this assumption, two new peaks at 401.6 eV and 399.5 eV were 

associated with N-N=N and N-N=N in the triazole ring (Figure 52), respectively. These 

components were nearly separated by 2 eV which fits with density functional theory calculation 

and matches with reported sp2 N atoms.122-123  In addition, two new components in the N 1s 

signals fitting to N-C=O at 400.3 eV and N-C at 398.8 eV, indicating the existence of lysine 

unit.  
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Figure 52. XPS spectrum of N 1s for P3HT-N3 before (left) and after (right) click reaction 

with Alkyne-L1-TFA. 

In order to confirm existence of amino groups exposed to the surface after surface modification, 

a labeling dye, named as Sulfo-Cyanine7-NHS ester (Figure 53), has been utilized. The dye 

processes distant UV absorption at l = 750 nm with P3HT and the NHS esters, which are 

reactive compounds suitable for the modification of amino groups. Therefore, thin films of 

P3HT-N3 after surface modification were then immersed in a flask containing 0.2 mg dye in 

0.1M sodium bicarbonate solution. After left at room temperature for overnight, thin films were 

rinsed with huge amount water and ethanol to remove the excess dye, and then dried in vacuum. 

The control experiment was also carried out. Thin film of P3HT-N3 without surface 

modification to contently attach lysine units via CuAAC was soaked in previous dye solution 

as well. Apparently, without containing amine groups to incorporate labeled dye, thin films of 

P3HT-N3 only exhibited one absorption, attributed to P3HT itself (Figure 51, green line). On 

the other hand, after surface modification, thin films obviously displayed the signature 

absorption of the dye at 750 nm (Figure 53), indicating the existence of amino groups on the 

surface. It is also interesting to note that a gradually increased intensity of dye absorption was 

detected, suggesting more amino groups exposed to surface when more lysine units were 

incorporated via surface modification.  
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Figure 53. Chemical structure of dye (left), UV-vis absorption of labeled dye treatment for 

thin films of P3HT-N3 after surface modification (right). 

 

Above results have demonstrated surface modification is applicable. To furthermore prove the 

benefits of this post-polymerization functionalization, a reference polymer P3HT-Lyisne was 

synthesized in THF solution via CuAAC instead of solid state modification (Scheme 13). The 

P3HT-Lysine-BOC was then spinning coated from chloroform to deprotect BOC groups, 

giving thin film of P3HT-lsyine using as reference. The different wettability for thin films 

prepared from different methods was studied (Table 10). As-cast film of P3HT-N3 exhibited a 

hydrophobic surface, indicated by a high contact angle value of 100.8°±4.1°. By immersing 

this film in DMF solvent for solvent control, a less hydrophobic surface could be obtained due 

to polymer swelling. To understand the advantage of surface modification, P3HT-Lysine, one 

lysine attached in solution via CuAAC, was synthesized in Scheme 13, giving a slightly lower 

contact angle value at 91.9°±4.2. On the contrary, when surface modification was applied, a 

more hydrophilic surface was formed shown detail in Table 10. Even through there was no 

distant difference observed from gradually increased lysine units, post-polymerization 

functionalization turned out to be a powerful and efficient method to improve the wettability 

of thin film surface. 

 
Scheme 13. Synthetic route for P3HT-Lysine. 
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Table 10. Contact angle measurements of P3HT-N3 before and after surface modification and 

P3HT-Lysine using as reference. 

Polymers 

Contact angle 

As-cast Solvent control 
Surface modification via CuAAC click 

Alkyne-L1 Alkyne-L2 Alkyne-L3 

P3HT-N3 100.8°±4.1° 89.0°± 2.8° 40.5°± 3.7° 56.5°± 3.4° 43.0°± 4.2° 

P3HT-Lsyine 91.9°±4.2° - - - - 

 

Another important factor, surface charge, has been proven to be crucial for cell adhesion. To 

evaluate the surface charge, zeta potential measurement was then carried out for all thin films 

of PH3T-N3 before and after surface modification (Table 11). The as-casted film of P3HT-N3 

exhibited a negatively charged surface, which turned to positively charged surface after surface 

modification via CuAAC. It is worth noting that gradually increased lysine units on the surface 

possessed a similar positive charge value instead of improving the charge. However, in 

comparison with P3HT-Lysine, surface modification generated a much more positively 

charged surface.  

Table 11. Zeta potential for thin films of P3HT-N3 before and after modification. 

Polymer 

Zeta potentiala 

As-cast 
Surface modification via CuAAC click 

Alkyne-L1 Alkyne-L2 Alkyne-L3 

P3HT-N3 -50.68±4.63 11.9±2.87 16.08±5.92 7.70±3.96 

P3HT-Lysine -24.84±21.15 / 
a Measured in 10mM NaCl as electrolyte 

 

For bioconjugation, the copper complexes, used as catalyst for click reaction,  might induce 

changes in cellular metabolism, turning to be highly toxic.124  Unfortunately, this left copper 

trace might not be removed by simply rinsing using water or the other organic solvents. 

Therefore, a dialysis was performed to remove copper using the solutions of buffered 

ethylenediamine tetraacetic acid (EDTA).125 To confirm copper totally removed, XPS depth 

profiling was carried out (Figure 54). Obviously, copper was firstly detected on the thin film 

before EDTA treatment (Figure 54 a, red line). When depth profiling was applied, copper 

signal even intensified (Figure 54 a, blue line), indicating copper trapped inside thin film. 
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However, after dialysis with EDTA buffer, there was no copper left on and inside thin film 

(Figure 54 b).  

 
Figure 54. Depth profiling using 2.5 KVAr500+ and raster 2mmX2mm for thin films of P3HT-

N3 after surface modification without (a) and with (b) EDTA treatment.  

 

In order to prove the advantage of surface modification for maintaining conductivity, CuAAC 

surface modification was then applied to bottom gate bottom contact organic field effect 

transistors (OFETs) fabricated (L= 2.5 µm and W = 2000 µm) on n-doped SiO2/Si substrates. 

Before surface modification, representative transfer and output characteristics of P3HT-N3 is 

shown in Figure 55 a and c. An obvious Shcottky junction was found, resulting from the 

deficient of device. But it could still clearly indicate the conductive behavior of P3HT-N3. 

Thus, the abovementioned surface modification condition (CuI/DMIPA/Alkyne-L1-TFA) was 

used. However, transistor behavior could not be detected. We assumed this might be due to the 

presence of CuI/DMIPA as p-type dopant, in which case affected the n-type doped Si substrate. 

Therefore, alternative CuAAC condition (CuSO4/Ascorbate) was used to be able to achieve an 

even slightly higher mobility. Most importantly, a saturated transistor curve was presented, 

contributed by lower HOMO after click (-5.2 eV). The representative transfer and output 

characteristics of after surface modification is shown in Figure 55 b and d. Meanwhile, P3HT-

Lysine was also tested on this configuration transistor device, giving no transistor behavior. 

Therefore, we could conclude the surface modification does not affect the packing leading to 

maintained conductivity.  
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Figure 55. Transfer characteristics of OFET devices fabricated from: a) P3HT-N3, b) P3HT-

N3 (click by CuSO4). Output characteristics of OFET devices based on c) P3HT-N3, d) P3HT-

N3 (click by CuSO4). 

 
In order to prove the success of surface modification performed with CuSO4/Ascorbate, the 

dye (Sulfo-Cyanine7-NHS ester) was applied. As shown in Figure 56, the absorption of the 

dye was presented. Interestingly, it was found the intensity of this dye is less then performed 

with CuI. Also the contact angle of a surface performed with CuSO4 was found as 60.5°± 3.6°, 

indicating a less hydrophilic surface comparing with the one performed with CuI. These results 

supported CuI is a more effective catalyst than CuSO4 for this surface modification. Surface 

charge was also measured and compared, giving a similar positively charged surface (Table 

12). Therefore, CuSO4/Ascorbate was proven successful for surface modification. 
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Figure 56. UV-vis absorption of labeled dye treatment for thin films of P3HT-N3 after surface 

modification. 

 
Table 12. Contact angle and surface charge of P3HT-N3 performed by CuI and CuSO4 

Polymers Contact angle Surface charge 

P3HT-N3 click (CuI) 40.5°± 3.7° 11.90±2.87 

P3HT-N3 click (CuSO4) 60.5°± 3.6° 18.91±10.79 

 
The protocol for post polymerization functionalization of P3HT-Norbornene by thiol-ene 

“Click Chemistry” was similar with CuAAC as follow: Thin film of P3HT-Norbornene coated 

on glass substrate was immersed in flask containing peptide terminal with thiol (SH-Lys-TFA 

and SH-RGD peptide) (0.02M) and initiator azobisisobutyronitrile (AIBN, 10%wt) in 10 mL 

DMF. After being heated at 80 oC for 4 hours, the film was rinsed with copious amounts of 

water, ethanol and acetone to remove excess peptide and any other residuals, and then dried in 

vacuum.  

 

Scheme 14. The synthetic route of SH-Lys-TFA and chemical structure of SH-RGD Peptide 
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In order to identify the surface modification of P3HT-Norbornene via thiol-ene click, for 

example, XPS was carried out for the surface survey of surface modification with SH-RGD 

peptide (Figure 57). However, conclusive C-S bond energy after click reaction could not be 

separated from C-S of thiophene ring. Therefore, alternative bonds (such as N1s and O2p) 

information has been used for confirmation. As shown in Figure 57, it is clear that bond energy 

of tertiary amine (N3R) was the only exhibited peak on the N1s survey before click. On the 

contrary, a new peak at 399.5eV assigned to NH2 came up after click reaction, indicating the 

presence of amino group from SH-RGD peptide. Similarly, comparing to the only existence of 

C=O on the pristine P3HT-Norbornene film, there were three new peaks after surface 

modification at 531.32 eV, 532.81 eV and 533.90 eV assigned to H-O, C-O and O=C-O-H, 

respectively. Through the absence of C-S, indirect evidence of N1s and O2p from XPS 

confirmed the presence of peptide after surface modification vis thiol-ene click.  

 
Figure 57. XPS spectrum of N1s and O1s for P3HT-Norboenene before (a, c) and after b, d) 

click reaction with SH-RGD peptide. 

In addition, Sulfo-Cyanine7-NHS ester has been applied to confirm the presence of amino 

groups after surface modification. As aforementioned, the dye processes distant UV absorption 

at l = 750 nm with P3HT and the NHS esters, which are reactive compounds to label amino 

groups. As shown in Figure 58, the absorption of clicked P3HT-Norbornene exhibited almost 

identical comparing to P3HT-Norbornene. This clicked P3HT-Norboenene was then immersed 
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into the solution of Sulfo-Cyanine7-NHS ester in 0.1M sodium bicarbonate solution for 

overnight, after which the excess dye was removed by rinsing. It was clearly to note that a new 

and distant absorption was detected resulting from the dye, suggesting the existence of amino 

groups on the surface after surface modification with both SH-Lys and SH-RGD peptide. The 

higher intensity absorption of dye of surface modification with SH-RGD peptide might result 

from strong interaction between SH-RGD and dye which was difficult to remove excess dye.  

 
 

Figure 58. UV-vis absorption of labeled dye treatment for thin films of P3HT-Norbornene 

after surface modification. 

 

Table 13. Contact angle and Zeta potential for thin films of P3HT-Norbornene before and after 

modification. 

Polymers Contact anglea Zeta potentialb 

P3HT-Norbornene 101.2°±4.1° -51.93±8.49 

Solvent control 89.0°±2.6° / 

P3HT-SH-Lysine 89.9°±1.4° -25.62±13.97 

Modification with 

SH-Lys 
67.5°±5.5° -32.62±13.21 

Modification with 

SH-RGD 
64.3°±5.1° -43.25±8.33 

a Measured from water. b Measured in 10mM NaCl as electrolyte 
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The pristine P3HT-Norbornene exhibited a hydrophobic surface with a contact angle value of 

101.2°±4.1°. Solvent control was applied to discover a slight reduced contact angle, resulting 

from swelling. Similarly, P3HT-SH-Lysine, one lysine unit attached to P3HT-Norbornene via 

solution click, exhibited a contact angle of 89.9°±1.4°. When surface modification via thiol-

ene click reaction was attempted, contact angle values of 67.5°±5.5° and 64.3°±5.1° were 

respectively achieved for SH-Lys and SH-RGD. These results also could be considered as 

another indirect proof for the success of surface modification. Zeta potential was also carried 

out to evaluate the charge on the surface. The pristine thin film of P3HT-Norbornene gave a 

negatively charged surface with a value of -51.93±8.49. Resulting from attached one lysine 

unit, P3HT-Lysine gave a less negatively charged surface (-25.62±13.97). And after surface 

modification with SH-Lys, a close surface charge value of -32.62±13.21 was obtained. 

Moreover, due to the presence of amino groups containing in SH-RGD, a higher negatively 

charged surface was obtained after surface modification. All above contact angle and surface 

charge are summarized in Table 13.  

 

Above results have demonstrated the possibility and advantage of surface modification via 

thiol-ene click. It was then applied to transistor measurement to examine the conductivity 

maintained or not after surface modification. BGBC devices coating with P3HT-Norbornene 

were proceed with surface modification procedure. As shown in Figure 59a, the pristine 

transistor of P3HT-Norbornene gave a hole mobility of 1.2x10-4 cm2/VS. After surface 

modification, transistors exhibited the mobility at 5.7x10-5 cm2/VS and 8.7x10-5 cm2/VS for 

SH-Lys and SH-RGD, respectively. Moreover, P3HT-SH-Lysine gave no transistor property 

in the same configuration device. Therefore, in comparison with pristine P3HT-Norbornene 

and P3HT-SH-Lysine, surface modification vis thiol-ene could produce a biocompatible 

surface (such as improved wettability and surface charge) without sacrificing polymer 

conductivity.  
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Figure 59. Transfer characteristics of OFET devices fabricated thin films of P3HT-Norbornene 

and after surface modification: a) pristine P3HT-Norbornene, b) after surface modification with 

SH-Lys, c) after surface modification with SH-RGD. Output characteristics of OFET devices 

fabricated thin films of P3HT-Norbornene and after surface modification: d) pristine P3HT-

Norbornene, e) after surface modification with SH-Lys, f) after surface modification with SH-

RGD. 

 

4.1.2 Conclusion 

We have demonstrated it is possible to biofunctionalize P3HT based on semiconducting 

polymer through surface modification using both CuAAC and thiol-ene click reaction. Both of 

them can serve as a new technique to achieve biocompatible polymers by attaching 

biomolecules at high density while maintaining electrically conductive film. If it is required, 

for specific neuron cells, desired peptides or biomolecules such as IKVAV from laminin or the 

neural cell recognition molecule L1 are capable of being incorporated.126 Moreover, this 

technique can be served as a platform to pursue the neural interface in a new perspective way.  
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Chapter 5.  
 

In this section, three series NDI-based polymers are synthesized to build a spacer between 

ethylene glycol side chain and conjugated backbone. It is aim to prevent ions to penetrate into 

backbone via spacer effect. In this case, we would like to achieve an improved 

transconductance and lower operational voltage for NDI-based polymers with the 

incorporation of spacer on OECT. 

 

5.1 The role of spacers on NDI-based polymer for improved performance  

 

Recently, conjugated polymers incorporating with ethylene glycol (EG) side chain have 

become popular in the field of organic electronics such as photovoltaics (OPV),127-128 organic 

field effect transistors (OFET)127, 129 and organic electrochemical transistors (OECT).130-131 

Comparing with alkyl side chains, EG chains replacing methylene groups with oxygen atoms 

are more flexible, favoring to decrease the π−π stacking distance of the backbone to affect the 

optical and electronic properties of conjugated polymers (Figure 60).127-128 EG chains have also 

been utilized to facilitate ions to penetrate into bulk during electrochemical redox reactions in 

aqueous electrolytes, leading to conjugated polymers with improved ionic transport properties. 

EG, referred as “mixed conductor”, thus processes an important characteristic of electronic and 

ionic transport, which play a big role in OECT operation. However, there is a contradictory 

between electron transport being favored by rigid and high planar backbones and ion transport 

being benefited by hydrogel-like morphology.132 Therefore, there is a need to balance these 

two transport properties to achieve an efficient OECT device. In general, Molecular packing, 

and thin-film morphology are affected by selection of side chains, in which case consequently 

changes material’s performance in devices.133 A desired modification of EG chains is thus 

required. Kim and co-workers studied a hybrid side chains using oligo(ethylene glycol) and 

linear alkyl chains for semiconducting polymers.129 When alkyl chain was adjacent to 

backbone instead of oligo(ethylene glycol), one magnitude higher electron mobility was 

obtained. In comparison with oligo(ethylene glycol) near the polymer backbone, alkyl chains 

could reduce steric hindrance around the polymer backbone by removing bulky ethylene glycol 

groups,134 and enhance intermolecular interactions to form more interconnected crystalline, 

which would facilitate charge-transport characteristics.135 Moreover, this altered 

microstructural order would not disrupt the rigidity of the polymer main chain. Inspired by this 
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work, we would like to introduce a different length alkyl chains as the spacers between 

polymers backbone and EG chains. By incorporating the spacer, it is aim to strike a balance on 

electronic and ionic transport in OECT operation. In addition, OECT device operation, 

especially for applications in bioelectronics, necessitates an aqueous environment which 

requires the low turn-on and operation voltage to avoid undesirable electrochemical reactions 

such as water-splitting or oxygen reduction.110  

 
Figure 60. Illustration of the Superior Flexibility of EG Chain Than Alkyl Chain. 

 

5.1.1 Results and Discussion  

 

Based on above requirements, we, therefore, designed and synthesized three series NDI-based 

conjugated polymers introducing different spacers between polymers backbone and triethylene 

glycol side chain (Scheme 15). NDI monomers incorporating spacers (NDI-Cx, x= 2, 4, 6, 8) 

were polymerized with three types co-monomers, including bithiophene (T2), methoxy-

bithiophene (T2-OMe) and bithiophene containing spacers (T2-Cy, y = 2, 4, 6).  
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Scheme 15. Molecule structures of NDI-based polymer incorporating with different spacers. 

The synthesis of monomer NDI-Br2-Cx (x = 4, 6, 8) with a hybrid side chain of corresponding 

spacers alkyl chain and triethylene glycol chain was presented in Scheme 16.  The amines of 

alkyl spacers with methyl end-capped triethylene glycol chain were prepared starting from 

corresponding dibromo-alkyl and triethylene glycol monomethyl ether. In the final step, 

diimide formation of NDA-Br2 and corresponding spacer amines was achieved in refluxing 

acetic acid according to literature procedures.136  

 
Scheme 16. The synthetic route for monomer NDI-Br2-Cx (x = 4, 6, 8). 

The synthesis of NDI-Br2-C2 was started from tetraethylene glycol monomethyl ether instead 

of corresponding dibromo-alkyl and triethylene glycol monomethyl ether. The corresponding  

amine was started from tetraethylene glycol monomethyl ether according to literature.137 It was 

thus used to obtain monomer NDI-Br2-C2 following previous condition (Scheme 17).  

N

N

O O

O O

TEG

TEG

S

S
n

x

x
OMe

MeO

TEG O O O O

x = 2, 4, 6, 8

N

N

O O

O O

TEG

TEG

S

S
n

x

x

TEG O O O O

x = 2, 4, 6, 8

H

H

N

N

O O

O O

TEG

TEG x = 2, 4
y = 2, 4, 6

x

S

O y
S

O
y

TEG

TEG

x

n

TEG O O O O

pNDI-Cx-T2-OMe pNDI-Cx-T2-CypNDI-Cx-T2

N

O

O

O O O O

NH2NH2

MeOH
NDA-2Br

86%

50-70%

x

O O O OH2N x

NK

O

O

+

DMF

80 oC, 12h

HO O O O NaH/DMF

0 oC-rt, 12h
x =  4, 6, 8

O O O O

50%

BrBr

x
Br x

Potassium Phthalimide

N

N

O O

O O

TEG

TEG

x

x

x = 4, 6, 8

Br

Br

NDI-Br2-Cx

TEG O O O O

AcOH, 120 oC



 

 
 

98 

 
Scheme 17. The synthetic route for monomer NDI-Br2-Cx (x = 2). 

The preparation of T2 unit monomers was described as follow. Bithiophene (T2) monomer was 

commercial available. And the synthesis of methoxy-bithiophene (T2-OMe-Tin) and 

bithiophene containing spacers (T2-Cy-Tin, y = 2, 4, 6) was presented in Scheme 18. T2-OMe-

Tin was prepared from stannilation of 3,3'-dimethoxy-2,2'-bithiophene coupled from 3-

methoxy-thiophene according to reported protocol.130 Monomers T2-Cy-Tin were also started 

from 3-methoxy-thiophene. The methyl end-capped triethylene glycol adjacent to alkyl spacers 

chain with an alcohol end group was prepared starting from triethylene glycol monomethyl 

ether and corresponding diol. The new obtained alcohol was then used to prepare single 

thiophene containing spacers with desired glycol side chain via transetherfication catalyzed by 

p-Toluenesulfonic acid (PTSA). The bromination was thus carried out for Kumada coupling to 

obtain coupled products, which would allow to achieve finial monomers via previous used 

stannilation procedure.  
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Scheme 18. The synthetic routes for co-monomers T2-OMe-Tin and T2-Cy-Tin (y = 2, 4, 6). 

 

The polymerization for pNDI-Cx-T2 was carried out via Stille coupling using the catalyst 

Pd(PPh3)4 in the oil bath (Scheme 19). Due to poor solubility of high molecular weight of 

pNDI-Cx-T2, this method managed to produce soluble polymers with acceptable molecular 

weight. The polymerization for pNDI-Cx-T2-OMe and pNDI-Cx-T2-Cy was carried out via 

previously used Stille coupling yielding comparable molecular weight for all polymers 

(Scheme 18).  
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Scheme 19. The synthesis of pNDI-Cx-T2, pNDI-Cx-T2-OMe and pNDI-Cx-T2-Cy. 

  

Due to aggregation caused by EG chain, the molecular weight of all spacers polymers could 

not be determined by gel permeation chromatography (GPC) analysis against polystyrene 

standards using chloroform or chlorobenzene as the solvent. Therefore, MDLDI-TOF was used 

to measure all polymers molecular weight, shown in Table 14. For the series of pNDI-Cx-T2, 

due to poor solubility of high molecular weight polymers, Pd(PPh3)4 was selected to be the 

catalyst with its slow and controllable polymerization property. Then, pNDI-Cx-T2 exhibited 

the molecular weight with a relatively similar value. When T2-OMe replaced of T2 for co-

monomer, the improved solubility of pNDI-Cx-T2-OMe allowed polymerization to proceed in 

Microwave reactor using Pd2(dba)3. The slightly higher molecular weight polymers were then 

able to achieve. However, due to high density of EG chain, the oily monomers T2-Cy-Tin were 

difficult to purify and proceed the recrystallization resulting in low molecular weight polymers 

obtained for pNDI-Cx-T2-Cy. The optical, and electrochemical data of all polymers are also 

summarized in Table 14. 
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Table 14. Physical Properties of all NDI-based spacer polymers. 

pNDI Mna lmax (nm) 
IPd EAe Bandgapf 

Solutionb Filmc 

C2-T2 13.0k 608/365 708/394 -5.5 -4.1 1.4 

C4-T2 13.9k 711/385 718/395 -5.5 -4.1 1.4 

C6-T2 13.3k 711/385 727/399 -5.6 -4.2 1.4 

C8-T2 14.9k 717/385 725/400 -5.6 -4.2 1.4 

C2-T2-OMe 14.0k 867/411 872/436 -5.0 -3.8 1.2 

C4-T2-OMe 13.0k 872/408 873/434 -5.0 -3.9 1.1 

C6-T2-OMe 18.8k 830/401 863/424 -5.0 -3.8 1.2 

C8-T2-OMe 16.7k 820/400 853/417 -5.0 -3.9 1.1 

C2-T2-C2 10.8k 983/821/388 955/438 -5.0 -4.0 1.0 

C2-T2-C4 12.6k 812/388 869/421 -5.1 -4.1 1.0 

C2-T2-C6 12.3k 828/388 858/418 -5.1 -4.0 1.1 

C4-T2-C2 10.7k 982/786/388 933/438 -5.0 -4.0 1.0 

C4-T2-C4 13.2k 819/388 852/413 -5.1 -4.0 1.1 

C4-T2-C6 10.8k 798/385 844/410 -5.1 -3.9 1.2 
aDetermined by Matrix-assisted laser desorption/ionization time of flight spectrometry 

(MALDI-TOF. bMeasured in dilute solution at 25 oC. cSpin-coated from 10 mg/mL. 
dMeasured by PESA. eEstimated by addition of the absorption onset to the Ionisation 

Potential. fThe optical band gap was extracted from the onset of the absorption spectra. 

 

All pNDI-Cx-T2 exhibited typical dual-band absorption including intramolecular charge-

transfer absorption (ICT) resulting from the donor–acceptor structures of the polymers and π–

π* transition. Comparing with pNDI-C2-T2, the solution absorption of the rest pNDI-Cx-T2 (x 

= 4, 6, 8) exhibited a 100 nm red shift indicating a massive aggregation formed. The results 

were confirmed due to almost identical spectra detected in solid state. It was also interesting to 

note intensity of ICT gradually enhanced with increased spacers (Figure 6§). The bandgap of 

the whole series polymers was extracted from the onset of the absorption spectra to display as 

the same value of 1.4 eV. PESA was then performed to evaluate their electronic energy levels 

(Table 14). The similar ionization potential of all polymers was achieved. And the electron 

affinity was calculated close around 4.1- 4.2 eV, which is suitable for n-channel materials and 

indicate superior air stability of the polymers. 
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Figure 61. Normalized absorption spectra in solution (CHCl3) and thin films of pNDI-Cx-T2. 

 
Similarly, dual-band absorption of intramolecular charge-transfer absorption (ICT) and π–π* 

transition was also observed from pNDI-Cx-T2-OMe (Figure 62). In solution, spectra of pNDI-

C2-T2-OMe and pNDI-C4-T2-OMe exhibited a dual-shape ICT absorption attributed to 

aggregation. When spacer is 6 and 8, polymers aggregated less and reduced the intensity of 

ICT. A similar trend of spectra of pNDI-Cx-T2-OMe was detected in solid state. The bandgap 

of pNDI-Cx-T2-OMe was also extracted from the onset of the absorption spectra to display as 

the close value of 1.1 and 1.2 eV. The ionization potential was indicated by PESA to obtain 

the same value of 5.0 eV. In comparison with pNDI-Cx-T2, IP was leveled up by denoting 

methoxy groups on the bithiophene. According to the previous bandgap, the electron affinity 

could be calculated at around 3.8-3.9. 

 
Figure 62. Normalized absorption spectra in solution (CHCl3) and thin films of pNDI-Cx-T2-

OMe. 
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In general, spectra of pNDI-Cx-T2-Cy (x = 2, 4 and y = 2, 4, 6) in solution and solid state 

displayed similarly with pNDI-Cx-T2-OMe. Aggregation was detected when EG chain is close 

to polymer backbone. For example, in the series of pNDI-Cx-T2-Cy (x = 2 and y = 2, 4, 6), 

pNDI-C2-T2-C2 presented massive aggregation which was greatly reduced for pNDI-C2-T2-C4 

and pNDI-C2-T2-C6. In addition, in contrast to pNDI-C2-T2-C2, pNDI-C4-T2-C2 also displayed 

less aggregation both in solution and solid state. Electrochemical properties of this series were 

evaluated by PESA. An identical result similar to pNDI-Cx-T2-OMe was observed (Table 14).   

 
Figure 63. Normalized absorption spectra in solution (CHCl3) and thin films of pNDI-C2-T2-

Cy (top) and pNDI-C4-T2-Cy (bottom). 

 

Following polymer synthesis and characterization, OFETs were fabricated using top-

gate/bottom-contact devices to study the influence of spacers on the side chains for the 

electrical performance of polymers. Polymers were spin-casted from 10 mg/mL solution onto 

substrates, followed by deposition of the Au source and drain electrodes (channel length and 

width are 30 and 1000 um respectively) (Table 15). Due to low IP, pNDI-Cx-T2 exhibited 

unipolar n-type field-effect behavior.138 pNDI-C2-T2 showed n-type operation with a mobility 

of 1.4x10-3 cm2 V-1 s-1. With increasing spacer value, an increased mobility has been obtained, 
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especially for pNDI-C6-T2 and pNDI-C8-T2 with one order magnitude improvement. These 

results indicate that introducing spacers between the backbone and the EG groups of the side 

chain are beneficial for electrical property, which could be attributed to the improved 

morphology by enhanced packing. The series of pNDI-Cx-T2-OMe, copolymerized with more 

electron rich bithiophene units, exhibited ambipolar behavior, except for pNDI-C4-T2-OMe. 

Interestingly, a trend of increased hole mobility was also observed, suggesting the benefit of 

spacers. However, due to high density EG chains, pNDI-Cx-T2-Cy might exhibit too poor 

mobility to be measured. Overall, spacers, incorporated between backbone and EG side chain, 

are proven to improve electrical properties of polymers.  

 

Table 15. OFET Properties of spacer polymers measured in TGBC Devices. 

pNDI 
BCTG 

µh [cm2 V-1 s-1] Ion/off µe [cm2 V-1 s-1] Ion/off 

C2-T2 NA NA 1.4x10-3 104 

C4-T2 NA  NA 4.3x10-3 105 

C6-T2 NA NA 1.1x10-2 104 

C8-T2 NA NA 1.2x10-2 105 

C2-T2-OMe 4.4x10-4 1x104 NA NA 

C4-T2-OMe NA NA NA NA 

C6-T2-OMe 6.9x10-4 3x102 5.7x10-4 3x102 

C8-T2-OMe 2.8x10-3 4x102 2.1x10-4 4x102 
 

To understand the influence of spacers on the performances of these polymers in OECTs, we 

chose the transconductance (gm as figure of merit (Table 16). In the pNDI-Cx-T2 series, gm 

firstly increased from 0.158 S/cm for pNDI-C2-T2 to reach the highest value of 0.479 S/cm for 

pNDI-C4-T2 and then decreased continuously with increasing spacers. Meanwhile, the 

threshold voltage of this series gradually increased shown in Figure 64. The same trend is also 

observed for the pNDI-Cx-T2-OMe series (Table 16). Interestingly, it was also noted that 

threshold voltage increased similarly between the two series, indicating an increased difficulty 

for ions injection into the film. This might be caused by the leveled up of the LUMO, attributed 

to the presence of the methoxy groups on the thiophene unit. Furthermore, the pNDI-Cx-T2-Cy 
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series contains spaced-EG chains on the thiophene units, and generally display a reduced 

threshold voltage compared to the pNDI-Cx-T2-OMe series. It is believed that more EG Chains 

are favorable of ions injection.111 However, due to the poor mobility caused by low molecular 

weight with high density of EG chains, the transconductance exhibits again a similar trend but 

with very low at values (Figure 64). 

Table 16. Analysis of the electrochemical properties of pNDI-Cx-T2, pNDI-Cx-T2-OMe and 

pNDI-Cx-T2- Cy. 

pNDI 
Reduction 

onseta (V) 
Threshold (V) C* (F/cm3) c 

µe OECT 

cm2 V-1 s-1 

Normalized 

gm (S/cm)d 

C2-T2 -0.10 0.18 280.8 <10-4 0.158 

C4-T2 -0.17 0.18 136.2 1.8 x10-3 0.479 

C6-T2 -0.22 0.27 123.5 4.7 x10-3 0.305 

C8-T2 -0.24 0.37 118.6 9.3 x10-3 0.298 

C2-T2-OMe -0.31 0.45 33.3 <10-4 0.0341 

C4-T2-OMe -0.3 0.50 26. 7 1.5 x10-3 0.0913 

C6-T2-OMe -0.31 0.55 26. 7 1.5 x10-3 0.062 

C8-T2-OMe -0.35 0.65 / 1 x10-3 0.00407 

C2-T2-C2 -0.13 0.27 73.5 <10-4 0.042 

C2-T2-C4 -0.21 / 153.15 <10-4 / 

C2-T2-C6 -0.14 0.37 240.6 <10-4 0.026 

C4-T2-C2 -0.16 0.25 65.3 <10-4 0.007 

C4-T2-C4 -0.22 0.31 61.0 <10-4 0.009 

C4-T2-C6 -0.22 0.32 90.8 <10-4 0.006 
aMeasurements were carried out in degassed 0.1 M NaCl aqueous solution vs Ag/AgCl. cThe 

capacitance values here represent the effective capacitance at 1 Hz. dDevice dimensions W 

= 100 µm, L = 10 µm with the indicated thickness; transconductance is normalized by 

thickness. OECTs were fabricated and characterized as previously reported.131 
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Figure 64. Threshold voltage and normalized transconductance (NR gm) of spacer polymers. 

 

To better understand the differences in performance of the polymers in OECTs, we then 

investigated the influence of spacer on the electrochemical properties of the materials. Figure 

65 illustrates the, CV measurements of copolymer thin films on gate of OECTs out in 0.1 M 

NaCl aqueous solution. As shown in Figure 63a, pNDI-Cx-T2, present a gradual shift of the 

reduction onset, from -0.1 V for pNDI-C2-T2 to -0.24 V for pNDI-C8-T2. It is believed that 

EG chain plays a crucial role to facilitate ions penetration to  the backbone.131 Due to the fact 

that all the polymers share the same  backbone, , we can then reasonably assume that the 

presence of spacers on the side chain is responsible for difference in ion penetration, leading 

to a shift in the onset reduction of the polymers. We observe the exact same trend within all 

the different series (Figure 65).  
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Figure 65.  Thin film cyclic voltammetry measurements of all spacer polymers in 0.1 M NaCl 

aqueous solution with a scan rate of 50 mV/s vs Ag/AgCl. 

 

5.1.2 Conclusion  

 

Three series of NDI-T2 based polymers were synthesized via Stille coupling reaction using 

different Pd catalysts. Following electrochemical and device characterization, the study of the 

influence of spacers between backbone and EG chain for performance in OEFT and OECT 

operations was carried out. It is clearly evidenced that electron mobility increases by a factor 

of 10 with gradual increased spacers for all polymers in OFETs devices. For OECTs, within 

three series, pNDI-Cx-T2-Cy gave the worst performance resulting from low molecular weight 

and poor mobility. pNDI-Cx-T2 stands out within the three series, especially pNDI-C4-T2 

giving the highest reported transconductance at 0.479 S/cm and a low threshold voltage of 0.18 

V. These outstanding results show the importance of chemical design strategies for the 

development of novel n-type OECT materials, which are highly desirable for bioelectronics.  
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Conclusions and Perspective 
The overall studies presented above are aim to develop the desired semiconducting polymers 

for bioelectronics. According to our research, several series of semiconducting polymers with 

enhanced performance on bioelectronics can be addressed with tailoring structures of polymers, 

resulting from covalent modification of side chains and surface modification using “click” 

chemistry.  

In the first section, we demonstrated incorporation of lysine units can significantly not only 

change polymers wettability but also promote the positively charged surface, leading to 

protein-like surfaces for neurons to attach, grow and form a network without the need of an 

intermediate PDL coating. Moreover, due to positively charged lysine side chain, electrolyte 

anions can be doped into biofunctionalized lysinated-DPP polymers during electrochemical 

process. However, there are two drawbacks remaining here: 1) lysinated-DPP polymer cannot 

be operated on OECTs which are desired and promising platform for bioelectronics; 2) charge 

carrier mobilities exhibit about an order of magnitude lower than the analogous alkyl DPP 

polymer, giving a trade-off between conductivity and biocompatibility.  

To address the issues mentioned in the first section, NDI-based polymers were synthesized to 

replace previous DPP polymers. Similarly, thanks to the incorporation of lysine, lysinated-NDI 

polymers are able to promote their surface wettability and positive charge, giving protein-like 

surfaces for neurons to attach, grow and form a network without the need of an intermediate 

PDL coating. Most importantly, this careful choice of NDI backbone allows lysinated-NDI 

polymers to operate on OECTs with an outstanding normalized transconductance value of 0.25 

S/cm. Combing the demonstrated biocompatibility and encouraged behavior on OECTs, 

lysinated-NDI polymers provide a promising platform to effectively record/stimulate neural 

cell activities. However, thin film transistors of lysinated-NDI polymers exhibited charge 

carrier mobilities  (≈10-4) about an order of magnitude lower than the analogous alkyl NDI 

polymer (≈10-3). Therefore, the previous trade-off between conductivity and biocompatibility 

issue remained here.  

In order to resolve the trade-off issue, the surface biofunctionalization of semiconducting 

polymers was then carried out via post polymerization functionalization using “Click” 

chemistry. The technique of surface biofunctionalization should not only promote the surface 

cell adhesion (including wettability and surface charge), but also remain the original bulky 

property of the polymer without compromising its conductivity. Two types click reaction were 

performed. CuAAC was proven to be able to “click” lysine units on the surface that reduces 
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the contact angle from 100o to 40o. In addition, due the presentence of lysine on the surface, a 

positively charged surface was exhibited. Moreover, this method could be also applied to thin 

film transistor, maintaining the conductivity after surface modification. Thiol-ene click 

reaction was also tested, which demonstrated the possibility of thiol-ene click for both surface 

biofunctionalization and maintain transistor’s property. In one word, this surface “click” 

technique is capable of incorporating desired peptides or biomolecules for specific cells and 

maintaining the conductivity of polymers.  

In the final chapter, we have presented three series of NDI-based polymers containing spacers 

between backbone and EG chain, aiming to balance the electronic and ionic transport. In all 

three series, a clear spacers effect has been demonstrated. In particular, pNDI-Cx-T2, when 

spacers were applied, exhibited an improved electron mobility by a factor of 10. Moreover, the 

OECTs behavior of pNDI-Cx-T2 enhanced via incorporating spacers. Especially, pNDI-C4-T2 

performed the highest reported normalized transconductance at 0.479 S/cm and a low threshold 

voltage of 0.18 V. This might be the solution for inherent conflict between electronic and ionic 

transport.139 

With respect to above results, it is reasonable to say that side chains play a big role for the 

performance of conjugated polymers as bioelectronics. Regarding of improved 

biocompatibility, incorporation of desired amino acids or RGD peptides as the side chains of 

conjugated polymers can be performed via covalent modification and/or surface modification. 

The end goal of side chain modifications of conjugated polymers is to develop outstanding 

bioelectronics and establish an improved interfacing capability of bidirectional communication 

between biology and electronics, acting as effective tools for drug screening and evaluation of 

cell function. More importantly, it allows accurately and reliably to monitor the point-of-care 

device in health care, providing new therapeutic opportunities.47 OCETs have proven their 

advantages among the other technologies including OFETs. For example, the low power 

consumption and low operating voltage of OECTs make them amenable for long-term 

implantable biomedical devices. Combining this with our side chain modifications, it would 

provide direct interfacing with the biological milieu and high amplification, especially for the 

lysinated-NDI polymers. Considering the improved biocompatibility and well performance on 

OECTs, future efforts toward to device miniaturization will be addressed to monitor the activity 

of neural cells at single-cell level, leading to selectively recording and stimulation.  
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Supporting Information 
Transistor Fabrication and Characterization. 

Organic field effect transistors (OFETs) were fabricated in the bottom-contact and bottom-gate 

configuration. All polymers were spun from desired solvent with highest concentration 

(DPP3T at 3 mg/mL in DMF, NDI-T2 at 10 mg/mL in MeOH) at 1000 rpm for desired time 

(DPP3T for 150s, NDI-T2 for 30s). The film of DPP3T-C8,12 and NDI-T2-C8,12 was spun from 

a chloroform solution at 1000 rpm for 30s. Freshly prepared devices were annealed at 50 oC 

for 15 mins to remove traces of solvents. The substrates were purchased from Fraunhofer. They 

are n-doped silicon (doping at wafer surface: n~3·1017 cm-3), 150 mm wafer according to SEMI 

standard (675 ± 20 µm thickness). Gate oxide is 230 ± 10 nm SiO2 (thermal oxidation). 

Contact angle. Contact angles on glass substrates coated with polymers were measured by the 

manual drop method. For each film, measurements were carried out and at least 10 drops were 

measured.  

Atomic Force Microscopy (AFM). AFM imaging was performed on a Dimension Icon Spm 

equipped with a Nanoscope V controller and type E and J piezoelectric scanners (Bruker, USA). 

Samples were scanned in Tapping mode with FESAPA-75 probes (Bruker, USA) in air. 

Background interpolation and surface roughness parameter calculation were performed with 

Gwyddion 2.49 (http://gwyddion.net/).  

MALDI-TOF. MALDI-TOF spectrometry was conducted in positive linear mode on a 

Micromass MALDImxTOF with trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]-

malononitrile (DCTB) as the matrix. 

Electrochemical characterization. Characterization was performed for polymers that are 

spin-coated on interdigitated microelectrodes exposed to 0.1M NaCl aqueous solutions in 

ambient air conditions. All substrates were washed in an ultrasonic bath for 15 minutes both in 

water and acetone/isopropanol prior to the polymer film deposition. The different polymer 

solutions were spin-coated on the two-terminal (working electrodes 1 and 2) gold interdigitated 

microelectrode array fabricated on glass substrate (Micrux Technologies, Figure 8a). CV 

measurements were recorded using a bipotentiostat-galvanostat (Autolab, PGSTAT128N) with 

an Ag/AgCl reference electrode and a Pt counter electrode. CV curves were acquired at a scan 

rate of 50 mVs-1. For in situ conductance measurements, we use the bipotentiostat module, 

measuring the current flowing between the two contacts (working electrodes WE1 and WE2) 

while retaining a fixed bias of 30 mV between them at a scan rate of 10 mVs-1. The conductance 
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curves were obtained from the current flowing between the two electrodes (IΩ) as in the 

following140:  

 

IΩ = 	
I%&' − I%&)	

2  

 

where IWE2 and IWE1 correspond to the current of the WE2 and the WE1, respectively. To obtain 

conductance (σ) value: 

 

𝜎	 = 	 (
IΩ
VΩ
	) ∗ (

𝐷
𝑛 ∗ 𝐿 ∗ 𝑇) 

 

Where VΩ is the offset potential (30 mV), D is the gap between interdigitated microelectrodes 

(10 µm), n is the number of individual microelectrodes (180), L is the electrode length (1.375 

µm) and T is the film thickness (in nm) as measured by a NT-MDT AFM. The curves 

correspond to the average values of at least three different measurements. 

Cell culture. Cortical neurons were isolated from mouse embryos (E17) (CD-1 IGS mouse, 

Charles river laboratories) as previously described.141 Primary neuronal culture was plated in 

24-well plate at a concentration of 0.125 x 106 cells. Each well contained a coverslip previously 

coated by the polymers and disinfected for 30 minutes in 70% ethanol. Primary neuronal cells 

were maintained in Neurobasal A media (Invitrogen, Gibco) supplemented with B-27 

(Invitrogen, Gibco) and 0.5mM L-Glutamine (Sigma). Culture was incubated in humidified 

incubator at 37 ºC and 5% CO2 and used at different time points. For the viability assays, after 

3, 6, 11, 14 and 21 days, neurons were incubated with 0.4% Trypan Blue solution (Invitrogen) 

for 30 min at 37 ºC. Then, cells were counted using bright-field microscope with 20x objective 

and 10x ocular (magnification 200x). Nonviable cells were stained in dark blue. Three different 

locations were counted per well. The relative viability assay data correspond to the average of 

3 samples for each film and per days of culture. Note that due to the sensitivity of neuronal 

cells, we could not monitor the cell growth over 21 days on a single sample. We rather cultured 

the cells on multiple samples of each film and discarded the film once it was used for imaging. 

Therefore, different films that have been kept in the incubator were used for imaging at the 

observation day. 

Experimental Characterization. All reactions were carried out under Argon using solvents 

and reagents as commercially supplied, unless otherwise stated. All compounds were 
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characterized by 1H NMR, 13C NMR on a Bruker Advance III Ultrashielded 400 and 600 MHz. 

UV-Vis spectra were recorded in a Varian Cary 5000 spectrophotometer. Thermogravimetric 

analysis (TGA) was performed under N2 using Bruker TGA-IR TG209F1 with a ramp of 10 
oC/min. Differential Scanning Calorimetry (DSC) was run on DSC-204F1-phoenix. Flash 

chromatography (FC) was performed on silica gel. Photo Electron Spectroscopy in Air (PESA) 

measurements were recorded with a Riken Keiki AC-2 PESA spectrometer with a power 

setting of 5nW and a power number of 0.3. Samples for PESA were prepared on glass 

substrates by spin-coating. 

 

Scheme S1. Synthesis Routes of the DPP3T-C10,12-L-Boc. 

 

 

 

3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (1a). Sodium (3.45 g, 

150 mmol) was added to 80 mL of t-amyl alcohol and a small amount of iron(III) chloride (50 

mg) was added. The mixture was stirred vigorously 120°C until Na fully dissolved. The 

solution was cooled to 90 °C. To the resultant solution was added 10.9 g (100 mmol) of 2-

thiophenecarbonitrile in one portion. Then, 8.3 g (40 mmol) of diisopropyl succinate in 5 mL 

of t-amyl alcohol was added drop-wise over 0.5 h at 90 °C. When addition was complete, the 

mixture was maintained for overnight at 120 °C. The reaction mixture was then cooled to rt, , 

and then slowly neutralized with 18 mL of glacial acetic acid diluted with 60 mL of methanol, 

and the reaction mixture was filtered. After the residue was washed several times with hot 

methanol and water, the resultant solid was dried in vacuo at 50 °C. A bluish-red solid (1a, 11 

g, yield 92%) was obtained and used for next step without further purification.  
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1-Bromo-2-decyltetradecane (1a’). 2-decyl-1-tetradecanol (35.4g, 100 mmol) and PPh3 

(40.3g, 160 mmol) dissolved in 100 mL DCM, stirred under ice bath in the dark, added NBS 

(26.7h, 150 mmol) to the mixture. After adding, stirred at room temperature overnight, washed 

the organic phase with water for three times, dried with MgSO4 and concentrated. The crude 

product was purified by the flash chromatography to afford the 1a’ (34.7g, 83%). 1H NMR 

(400 MHz, CDCl3) δ (ppm) 3.45 (d, J = 8 Hz, 2H), 1.6 (m, 1H), 1.31-1.26 (m, 44H), 0.88 (t, J 

= 8 Hz, 6H).  

1-azido-12-bromododecane (1b). A mixture of 1,12-dibromododecane (3.6 g, 11 mmol) in 25 

mL DMSO was stirred at room temperature, then NaN3 (0.65 g, 10 mmol) was added to the 

solution portionally. After stirring at room temperature 24h, the mixture was poured in 60 mL 

water, extracted with Et2O, dried with MgSO4 and concentrated under reduced pressure. The 

crude product was purified by flash chromatography to give the colorless liquid 1b (1.7 g, 58%). 
1H NMR (400 MHz, CDCl3) δ (ppm) 3.38 (d, J = 8 Hz, 2H), 3.23 (d, J = 8 Hz, 2H), 1.85-1.81 

(m, 2H), 1.59-1.57 (m, 2H), 1.42-1.25 (m, 16H).  

2-(2-decyltetradecane)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione 

(1c). A mixture of 3,6-bis(thiophen-2-yl)-2H,5H-pyrrolo[3,4-c]pyrrole-1,4-dione (3.0 g, 10.0 

mmol), anhydrous potassium carbonate (1.38 g, 10.0 mmol) and N,N-dimethylformamide (150 

mL) was put in a oven dried 200 mL flask, stirred at 100 oC for 1 h under argon, then Compound 

1c (4.17 g, 10.0 mmol) dropped into the solution.  After adding, increased the temperature to 

120 oC for 24 h. After cooled to room temperature, the reaction mixture was poured into water, 

and extracted with chloroform. The organic phase was washed with water for another three 

times, dried with MgSO4, filtered and concentrated under reduced pressure. The crude product 

was purified by flash chromatography to give the red solid 1c (1.62g 25%). 1H NMR (400 MHz, 

CDCl3) δ (ppm) 9.6 (br, 1H), 8.82 (d, J = 2 Hz, 1H), 8.36 (d, J = 2 Hz, 1H), 7.70 (d, J = 2 Hz, 

1H), 7.61 (d, J = 2 Hz, 1H), 7.30 (t, J = 4 Hz, 1H), 7.24 (t, J = 4 Hz, 1H), 4.03 (d, J = 4 Hz, 

2H), 2.00 (m, 1H), 1.30-1.21 (m, 42H), 0.88-0.85 (m, 6H).  

2-(12-azidododecyl)-5-(2-decyltetradecane)-3,6-di(thiophen-2-yl)-2,5dihydropyrrolo[3,4-

c]pyrrole-1,4-dione (1d). 1c (1.62, 2.5 mmol), anhydrous potassium carbonate (0.69 g, 5 

mmol) and N,N-dimethylformamide (50 mL) was put in a oven dried 100 mL flask, stirred at 

100 oC for 1 h under argon, then Compound 1d (1.2 g, 3.75 mmol) dropped into the solution.  

After adding, increased the temperature to 120 oC for 7 h. After cooled to room temperature, 

the reaction mixture was poured into water, and extracted with chloroform. The organic phase 

was washed with water for another three times, dried with MgSO4, filtered and concentrated 

under reduced pressure. The crude product was purified by flash chromatography to give the 
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red solid 1d (1.8 g, 83%). 1H NMR (400 MHz, CDCl3) δ (ppm) 8.84 (d, J = 1 Hz, 1H), 8.83 (d, 

J = 1 Hz, 1H), 7.64-7.61 (m, 2H), 7.28-7.25 (m, 2H), 4.08-4.00 (m, 4H), 3.26-3.23 (m, 2H), 

1.90-1.87 (m, 1H), 1.78-1.72 (m, 2H), 1.64-1.56 (m, 4H), 1.49-1.20 (m, 58H), 0.88-0.86 (m, 

6H). 

2-(12-azidododecyl)-3,6-bis(5-bromothiophen-2-yl)-5-(2-decyltetradecane)-2,5-dihydrop 

-yrrolo[3,4-c]pyrrole-1,4-dione (1e). Dissolve 1d (1.8g, 2mmol) in chloroform and glacial 

acid (10:1). Then, added NBS (783 mg, 4.4 mmol) to the solution at 0 oC, stirred at room 

temperature under dark for overnight. The mixture was washed with water for three times, 

dried with MgSO4, filtered and concentrated. The crude product was purified by flash 

chromatography (hexane/dichloromethane = 3:1) to give the dark red solid 1e (1.55 g, 76%). 
1H NMR (400 MHz, CDCl3) δ (ppm) 8.71 (d, J = 4 Hz, 1H), 8.60 (d, J = 4 Hz, 1H), 7.24-7.21 

(m, 2H), 3.99-3.90 (m, 4H), 3.25 (t, J = 4 Hz, 2H), 1.87-1.86 (m, 1H), 1.75-1.70 (m, 2H), 1.62-

1.57 (m, 4H), 1.41-1.21 (m, 58H), 0.88-0.86 (m, 6H). 

2-(12-aminododecyl)-3,6-bis(5-bromothiophen-2-yl)-5-(2-decyltetradecane)-2,5-

dihydropyrrolo-[3,4-c]pyrrole-1,4-dione (1f). 1e (1.3 g, 1.2 mmol) dissolved in 

CHCl3/THF/H2O (10/10/1), and then added PPh3 (807 mg, 3 mmol) to the mixture. After 

adding, refluxed for another 1h, cooled to room temperature, remove the solvent under the 

reduce pressure, washed with MeOH and Et2O separately to give the black red solid 1f with 

some triphenylphosphine oxide left (1.25 g), used it without further purification; 1H NMR (400 

MHz, CDCl3) δ (ppm) 8.71-8.70 (m, 1H), 8.68-8.67 (m, 1H), 7.25-7.18 (m, 2H), 3.99-3.88 (m, 

4H), 2.98-2.96 (m, 2 H), 1.89-1.58 (m, 7H), 1.40-1.21 (m, 58H), 0.88-0.85 (m, 6H).  

N2,N6-bis(tert-butoxycarbonyl)lysine (1h). A mixture of lysine (7.3 g, 50 mmol), NaOH (2.04 

g, 51 mmol) and 200 ml THF/H2O (1:1) sirred at 0 oC, dissolved (Boc)2O (27.2 g, 125 mmol)in 

anhydrous THF, then added to the mixture. After adding, heated at 50 oC for another 3h. Cooled 

to room temperature, concentrated under reduce pressure, adjusted the pH to 3, extract with 

ethyl acetate for three times, dried with MgSO4, removed the solvent to afford the oily 1h (15 

g, 86%), used it without further purification. 1H NMR (400 MHz, DMSO-d6) δ (ppm) 7.00-

6.98 (m, 1H), 6.77-6.76 (m, 1H), 3.82-3.79 (m, 1H), 2.90-2.85 (m, 2H), 1.52-1.52 (m, 2H), 

1.37-1.25 (m, 22H).  

2,5-dioxopyrrolidin-1-yl N2,N6-bis(tert-butoxycarbonyl)lysinate (1i). A mixture of 1h (3.45 

g, 10 mmol), NHS (1.38g, 12 mmol) in anhydrous DCM stirred at 0 oC under argon, then added 

EDCI (4.5g 24 mmol) to the mixture. After adding, stirred at 0 oC for another 0.5 h and 5.5 h 

for room temperature. The organic phase was washed with water for three times, and one time 

with NaHCO3 aqueous solution, dried with MgSO4, removed the solvent under reduced 
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pressure. Recrystallized with EA/Hexane to give the 1i (4g, 90%). 1H NMR (400 MHz, DMSO-

d6) δ (ppm) 7.55-7.54 (m, 1H), 6.78-6.77 (m, 1H), 4.29-4.26 (m, 1H), 2.90-2.79 (m, 6H), 1.39-

1.36 (m, 24H). 

di-tert-butyl (6-((12-(3,6-bis(5-bromothiophen-2-yl)-5-(2-decyltetradecane)-1,4-dioxo-

4,5-dihydro-pyrrolo[3,4-c]pyrrol-2(1H)-yl)dodecyl)amino)-6-oxohexane-1,5 

diyl)dicarbamate(1j). Dissolved 1f (0.525 g, 0.6 mmol), 1h (0.8g, 1.8 mmol) and NaHCO3 

(0.155 g, 1.8 mmol) in 50 ml THF/H2O, stirred at room temperature of 3 days, and concentrated. 

The crude product was purified by flash chromatography (DCM/MeOH = 20:1) to give the 

black solid 1j (447 mg, 64%). 1H NMR (600 MHz, DMSO-d6 in 80 oC) δ (ppm) 8.54-8.53 (m, 

2H), 7.84-7.82 (m, 2H), 7.68-7.67 (m, 2H), 7.56-7.55 (m, 2H), 6.92-6.90 (m, 2H), 6.76-6.71 

(m, 4H), 4.17-4.13(m, 2H), 3.91(d, J = 8Hz, 4H), 3.85-3.81 (m, 2H), 3.05-2.96 (m, 4H), 2.89-

2.82 (m, 6H), 1.59-1.15 (m, 96H). 13C NMR (175 MHz, CDCl3) δ (ppm) 172.02, 161.44, 

161.07, 156.30, 155.94, 139.37, 139.13, 135.64, 135.31, 131.77, 131.50, 131.24, 131.15, 

119.26, 119.14, 108.16, 107.68, 80.09, 79.26, 54.56, 46.39, 42.11, 39.98, 39.62, 37.84, 32.06, 

31.20, 30.09, 29.80, 29.76, 29.68, 29.62, 29.50, 29.48, 29.41, 29.32, 28.56, 28.45, 26.97, 26.26, 

22.83, 14.28. ESI HRMS: calculated mass [M+H]+ = 1304.6051, observed mass [M+H]+ = 

1304.6035. 

DPP3T-C10,12-L-BOC. A mixture of monomer 1j (133.2 mg, 0.075 mmol), 2,5-

bis(trimethylstannyl)thiophene (30.68 mg, 0.075), Pd2(dba)3 (1.4 mg), P(o-tolyl)3 (3.6 mg) and 

degassed PhCl (5.0 mL) was vigorously stirred at 120 oC under argon for 24 h. After cooled 

down, poured into n-Hexane and the precipitate was collected by filtration. The crude polymer 

was purified in Soxhlet apparatus with n-hexane, acetone, THF, and chloroform in sequential. 

The chloroform fraction was concentrated and poured into n-hexane. The polymer was 

recovered by filtration and dried in vacuum overnight. Yield: (64 mg, 68 %). 
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Scheme S2. Synthesis Routes of the DPP3T-C12-L-Boc.  

 
 

2,5-bis(12-azidododecyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-

dione (2c). Compound 2c was synthesized using a similar procedure as described for 

compound 1d. The crude product was purified by flash chromatography to give the black solid 

2c (1.1 g, 52%). 1H NMR (400 MHz, CDCl3) δ (ppm) 8.93-8.92 (m, 2H), 7.64-7.63 (m, 2H), 

7.8 (t, J = 4 Hz, 2H), 4.06 (t, J = 8 Hz, 4H), 3.24 (t, J = 8 Hz, 4H), 1.75-1.72 (m, 4H), 1.62-

1.55 (m, 4H), 1.43-1.26 (m, 32H). 13C NMR (100 MHz, CDCl3) δ (ppm) 161.37, 140.03, 

135.28, 130.70, 129.80, 128.63, 107.69, 51.51, 42.24, 29.99, 29.51, 29.48, 29.26, 29.17, 28.86, 

26.99, 26.74. 

2,5-bis(12-azidododecyl)-3,6-bis(5-bromothiophen-2-yl)-2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-dione (2d). Compound 2d was synthesized using a similar procedure as 

described for compound 1e. The crude product was purified by flash chromatography to give 

the black solid 2d (690 mg, 79%). 1H NMR (400 MHz, CDCl3) δ (ppm) 8.68-8.67 (m, 2H), 

7.24-7.23 (m, 2H), 3.98 (t, J = 8 Hz, 4H), 3.25 (t, J = 8 Hz, 4H), 1.73-1.69 (m, 4H), 1.61-1.55 

(m, 4H), 1.42-1.27 (m, 32H). 13C NMR (100 MHz, CDCl3) δ (ppm) 161.17, 139.13, 135.49, 

131.79, 131.26, 107.95, 51.65, 42.43, 30.12, 29.63, 29.60, 29.32, 29.29, 28.99, 26.96, 26.87. 
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described for compound 1f. The crude product was purified by flash chromatography to give 

the black solid 2e (820 mg, 99%), used without further purification.  

Synthesis of Monomer TDPP-C12-L-BOC. Monomer was synthesized using a similar 

procedure as described for compound 1j. The crude product was purified by flash 

chromatography to give the black solid monomer TDPP-C12-L-BOC (366 mg, 58%). 1H NMR 

(400 MHz, CDCl3) δ (ppm) 8.67-8.66 (m, 2H), 7.24-7.23 (m, 2H), 4.04 (m, 2H), 3.97 (t, J = 8 

Hz, 4H), 3.25-3.20 (m, 4H), 3.10 (t, J = 8 Hz, 4H), 1.84-1.19 (m, 94H).13C NMR (100 MHz, 

CDCl3) δ (ppm) 172.25, 161.16, 156.39, 139.12, 135.49, 131.78, 131.23, 119.31, 107.93, 66.00, 

42.42, 39.81, 32.07, 30.11, 29.80, 29.68, 29.65, 29.60, 29.41, 29.33, 28.59, 28.48, 27.00, 26.95, 

22.80. ESI HRMS: calculated mass [M+H]+ = 1479.6281, observed mass [M+H]+ = 1479.6276. 

DPP3T-C12-L-BOC. A mixture of monomer TDPP-C12-L-BOC (181 mg, 0.124 mmol), 2,5-

bis(trimethylstannyl)thiophene (50.7 mg, 0.124), Pd2(dba)3 (2.3 mg), P(o-tolyl)3 (3.0 mg) and 

degassed DMF (10.0 mL) was vigorously stirred at 80 oC under argon for 24h. After cooled 

down, poured into Et2O and the precipitate was collected by filtration. The crude polymer was 

purified in Soxhlet apparatus with n-hexane, acetone, and chloroform in sequential. The 

chloroform fraction was concentrated and poured into Et2O. The polymer was recovered by 

filtration and dried in vacuum overnight. Yield: (170 mg, 97 %). 

Scheme S3. Synthesis Routes of the a-oligo lysine units.  

 
 

N2-(N2,N6-bis(tert-butoxycarbonyl)lysyl)-N6-(tert-butoxycarbonyl)lysine (α-2-Lysine). 

Dissolved 1i (2.2 g, 5 mmol), N6-(tert-butoxycarbonyl)lysine (1.4g, 5.5 mmol) and NaHCO3 

(0.473g, 5.5 mmol) in 50 ml THF/H2O, stirred at room temperature of 3 days, and concentrated. 
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(ppm) 12.3 (br, 1H), 7.92-7.90 (m, 1H), 6.79-6.73 (m, 3H), 4.16-4.12(m, 1H), 3.90-3.87(m, 

1H), 2.88-2.85 (m, 4H), 1.69-1.25 (m, 39H). 
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2,5-dioxopyrrolidin-1-yl-N2-(N2,N6-bis(tert-butoxycarbonyl)lysyl)-N6(tertbutoxycarbonyl) 

lysinate (α-2-Lysine-OSu). Compound α-2-Lysine-OSu was synthesized using a similar 

procedure as described for compound 1i. Yield: (2.5 g, 86%). 1H NMR (400 MHz, DMSO-d6) 

δ (ppm) 8.45-8.44 (m, 1H), 6.82-6.73 (m, 3H), 4.61-4.57(m, 1H), 3.94-3.91(m, 1H), 2.90-2.80 

(m, 8H), 1.55-1.54 (m, 2H), 1.49-1.25 (m, 37H). 

10,17,24-tris((tert-butoxycarbonyl)amino)-2,2-dimethyl-4,11,18-trioxo-3-oxa-5,12,19-

triazapentacosan-25-oic acid (a-3-Lysine). Compound a-3-Lysine was synthesized using a 

similar procedure as described for compound a-2-Lysine. Yield: (2.8 g, 97%). 1H NMR (400 

MHz, DMSO-d6) δ (ppm) 8.45-8.44 (m, 1H), 6.73-6.86 (m, 5H), 4.30-4.26(m, 1H), 3.93-

3.86(m, 2H), 2.90-2.79 (m, 4H), 1.76-1.23 (m, 53H). 

2,5-dioxopyrrolidin-1-yl-10,17,24-tris((tert-butoxycarbonyl)amino)-2,2-dimethyl-

4,11,18-trioxo-3-oxa-5,12,19-triazapentacosan-25-oate (a-3-Lysine-OSu).  Compound a-

3-Lysine-OSu was synthesized using a similar procedure as described for compound 1i. Yield: 

(3 g, 93%). 1H NMR (400 MHz, DMSO-d6) δ (ppm) 8.45-8.44 (m, 1H), 6.73-6.86 (m, 5H), 

4.30-4.26(m, 1H), 3.93-3.86(m, 2H), 2.90-2.79 (m, 12H), 1.76-1.23 (m, 53H). 

Scheme S4. Synthesis Routes of the e-oligo lysine units.  
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δ (ppm) 7.78-7.75 (m, 1H), 7.57-7.55 (m, 1H), 6.76-6.70 (m, 2H), 4.29-4.25 (m, 1H), 3.80-

3.78 (m, 1H), 3.05-3.02 (m, 2H), 2.89-2.80 (m, 6H), 1.69-1.36 (m, 39H). 

10,17,24-tris((tert-butoxycarbonyl)amino)-2,2-dimethyl-4,11,18-trioxo-3-oxa-5,12,19-

triazapentacosan-25-oic acid ((e-3-Lysine). Compound e-3-Lysine was synthesized using a 

similar procedure as described for compound e-2-Lysine. Yield: (2.8 g, 97%). 1H NMR (400 

MHz, DMSO-d6) δ (ppm) 7.78-7.78 (m, 2H), 7.04-7.03 (m, 1H), 6.80-6.68 (m, 3H), 3.81-3.76 

(m, 3H), 3.06-2.90 (m, 4H), 2.88-2.84 (m, 4H), 1.64-1.05 (m, 53H). 

2,5-dioxopyrrolidin-1-yl-10,17,24-tris((tert-butoxycarbonyl)amino)-2,2-dimethyl-

4,11,18-trioxo-3-oxa-5,12,19-triazapentacosan-25-oate (e-3-Lysine-OSu).  Compound e-3-

Lysine-OSu was synthesized using a similar procedure as described for compound 1i. Yield: 

(1.7 g, 63%). 1H NMR (400 MHz, DMSO-d6) δ (ppm) 7.79-7.76 (m, 2H), 7.58-7.57 (m, 1H), 

6.77-6.71 (m, 3H), 4.28-4.24 (m, 1H), 3.81-3.77 (m, 2H), 3.05-3.00 (m, 4H), 2.89-2.80 (m, 

8H), 1.69-1.36 (m, 53H). 

Scheme S5. Synthesis Routes of the DPP3T-C6-L-BOC 
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water, extracted with Et2O, dried with MgSO4 and concentrated under reduced pressure. The 

crude product was purified by flash chromatography (hexane to THF) to afford the colorless 
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= 8 Hz, 2H), 1.90-1.38 (m, 8H). 13C NMR (100 MHz, CDCl3) δ (ppm) 51.49, 34.00, 32.88, 

29.52, 29.49, 29.45, 29.18, 28.88, 28.80, 28.21, 26.75. 

2,5-bis(6-azidohexyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione 

(3c). A mixture of 3,6-bis(thiophen-2-yl)-2H,5H-pyrrolo[3,4-c]pyrrole-1,4-dione (3.0 g, 10.0 

mmol), anhydrous potassium carbonate (5.52 g, 40.0 mmol) and N,N-dimethylformamide (100 

mL) was added to an oven dried 200 mL flask, stirred at 100 oC for 1 h under argon, then 

Compound 3b (4.50 g, 12.0 mmol) dropped into the solution.  After adding, the temperature 

was increased to 120 oC for 24 h. After cooling to room temperature, the reaction mixture was 

poured into water, and extracted with chloroform. The organic phase was washed with water 

another three times, dried with MgSO4, filtered and concentrated under reduced pressure. The 

crude product was purified by flash chromatography (hexane/dichloromethane = 1:1) to give 

the red solid 3c (1.4 g 50%). 1H NMR (400 MHz, CDCl3) δ (ppm) 8.90-8.89 (m, 2H), 7.61-

7.60 (m, 2H), 7.25-7.23(m, 2H), 4.03 (t, J = 8 Hz, 4H), 3.22 (t, J = 8 Hz, 4H), 1.74-1.70 (m, 

4H), 1.59-1.56 (m, 4H), 1.43-1.39 (m, 8H). 13C NMR (100 MHz, CDCl3) δ (ppm) 161.22, 

139.87, 135.38, 130.76, 129.64, 128.65, 107.58, 51.33, 41.94, 29.78, 28.75, 26.39, 26.35. 

2,5-bis(6-azidohexyl)-3,6-bis(5-bromothiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-

1,4-dione (3d). 3c (1.4 g 2.5 mmol) was dissolved in chloroform and glacial acid (10:1). NBS 

(900 mg, 5.05 mmol) was then added to the solution at 0 oC, which was then stirred at room 

temperature under dark overnight. The mixture was washed with water three times, dried with 

MgSO4, filtered and concentrated. The crude product was purified by flash chromatography 

(hexane/dichloromethane = 3:1) to give a dark red solid 3d (1.4 g 81%). 1H NMR (400 MHz, 

CDCl3) δ (ppm) 8.67 (m, 2H), 7.26 (m, 2H), 4.08-4.06 (m, 4H), 3.28 (t, J = 8 Hz, 4H), 1.75 (m, 

4H), 1.66-1.59 (m, 4H), 1.47-1.45 (m, 8H). 13C NMR (100 MHz, CDCl3) δ (ppm) 161.79, 

139.03, 135.59, 131.84, 131.09, 119.40, 107.86, 51.46, 42.15, 29.98, 28.86, 26.51, 26.48.  

2,5-bis(6-aminohexyl)-3,6-bis(5-bromothiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-

1,4-dione (3e).  3d (876 mg, 1 mmol) was dissolved in CHCl3/THF/H2O (10/10/1), then PPh3 

(1048 mg, 4 mmol) was added to the mixture, which was then refluxed for another 1h, cooled 

to room temperature, and the solvent removed under the reduce pressure, washed with MeOH 

then Et2O to give a black red solid 3e (820 mg, 99%). 1H NMR (400 MHz, DMSO-d6 + TFA) 

δ (ppm) 8.53-8.52 (m, 2H), 7.51-7.50 (m, 2H), 3.88 (d, J = 8 Hz, 4H), 2.77-2.72 (m, 4H), 1.59-

1.48 (m, 8H), 1.31-1.22 (m, 8H).  

Monomer TDPP-C6-L-BOC. TDPP-C6-L-BOC was synthesized using a similar procedure 

as described for compound 1j. The crude product was purified by flash chromatography 

(DCM/MeOH = 20:1) to give a black solid TDPP-C6-L-BOC (142 mg, 11%). 1H NMR (400 
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MHz, CDCl2) δ (ppm) 8.10-8.09 (d, 2H), 7.26-7.24 (m, 2H), 7.126-7.11 (d, 2H), 6.29-6.24 (m, 

4H), 3.48(t, J = 8Hz, 4H), 3.37-3.73 (m, 2H), 2.62-2.55 (m, 4H), 2.44-2.40 (m, 4H), 1.16-1.12 

(m, 4H), 1.02-0.83 (m, 62H). 13C NMR (175 MHz, CDCl3, 50 oC) δ (ppm) 171.91, 160.05, 

155.53, 138.09, 134.73, 132.16, 130.60, 119.10, 106.90, 77.84, 77.28, 64.91, 54.91, 54.38, 

41.41, 38.21, 31.70, 30.69, 29.27, 29.19, 28.87, 28.26, 28.16, 25.93, 22.81. ESI HRMS: 

calculated mass [M+H]+ = 1313.3140, observed mass [M+H]+ = 1313.4395. 

DPP3T-C6-L-BOC. A mixture of monomer DPP3T-C6-L-BOC (131 mg, 0.1 mmol), 2,5-

bis(trimethylstannyl)thiophene (40.9 mg, 0.1 mmol), Pd2(dba)3 (1.8 mg), P(o-tolyl)3 (2.5 mg) 

and degassed DMF (10.0 mL) was vigorously stirred at 80 oC under argon for 24h. After 

cooling to room temperature, the mixture was poured into Et2O and the precipitate collected 

by filtration. The crude polymer was purified in Soxhlet apparatus, washed with n-hexane, 

acetone, and chloroform sequentially. The chloroform fraction was concentrated and poured 

into Et2O. The polymer was recovered by filtration and dried in vacuum overnight. Yield: (87 

mg, 71 %).  

Scheme S6. Synthesis Routes of the DPP3T-a-Lx-BOC and DPP3T-e-Lx-BOC (x=2,3) 
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Synthesis of Monomer TDPPT-a-L2-BOC. Compound TDPPT-a-L2-BOC was synthesized 

using a similar procedure as described for compound 1j. The crude product was purified by 

flash chromatography (DCM/MeOH = 20:1) to give the black solid TDPPT-a-L2-BOC (530 

mg, 56%). 1H NMR (400 MHz, DMSO-d6) δ (ppm) 8.54-8.53 (m, 2H), 7.84-7.82 (m, 2H), 

7.68-7.67 (m, 2H), 7.56-7.55 (m, 2H), 6.92-6.90 (m, 2H), 6.76-6.71 (m, 4H), 4.17-4.13(m, 2H), 

3.91(d, J = 8Hz, 4H), 3.85-3.81 (m, 2H), 3.05-2.96 (m, 4H), 2.89-2.82 (m, 6H), 1.59-1.15 (m, 

96H). 13C NMR (175 MHz, CDCl3, 50 oC) δ (ppm) 172.34, 171.24, 161.24, 156.27, 139.18, 

135.40, 131.81, 131.37, 119.25, 108.14, 80.57, 79.38, 55.40, 53.26, 42.48, 39.89, 31.84, 30.14, 

29.95, 29.72, 29.69, 29.44, 29.35, 28.66, 28.53, 27.07, 26.99, 22.97, 22.66. ESI HRMS: 

calculated mass [M+H]+ = 1767.7351, observed mass [M+H]+ = 1767.7328. 

Synthesis of Monomer TDPPT-a-L3-BOC. Compound TDPPT-a-L3-BOC was synthesized 

using a similar procedure as described for compound 1j. The crude product was purified by 

flash chromatography (DCM/MeOH = 20:1) to give the black solid TDPPT-a-L3-BOC (372 

mg, 54%). 1H NMR (400 MHz, DMSO-d6) δ (ppm) 8.54-8.53 (m, 2H), 7.89-7.67 (m, 4H), 7.55 

(m, 2H), 6.77-6.72 (m, 6H), 4.19-4.10(m, 2H), 3.92-3.80(m, 6H), 3.06-3.02 (m, 6H), 2.86-2.83 

(m, 10H), 1.57-1.18 (m, 126H).  

DPP3T-a-L2-BOC. A mixture of monomer TDPPT-a-L2-BOC (177.6 mg, 0.1 mmol), 2,5-

bis(trimethylstannyl)thiophene (40.9 mg, 0.1 mmol), Pd2(dba)3 (1.8 mg), P(o-tolyl)3 (2.4 mg) 

and degassed DMF (10.0 mL) was vigorously stirred at 80 oC under argon for 24h. After cooled 

down, poured into Et2O and the precipitate was collected by filtration. The crude polymer was 

purified in Soxhlet apparatus with n-hexane, acetone, and chloroform in sequential. The 

chloroform fraction was concentrated and poured into Et2O. The polymer was recovered by 

filtration and dried in vacuum overnight. Yield: (100 mg, 54 %). 

DPP3T-a-L3-BOC. A mixture of monomer TDPPT-a-L3-BOC (227 mg, 0.1 mmol), 2,5-

bis(trimethylstannyl)thiophene (40.9 mg, 0.1 mmol), Pd2(dba)3 (1.8 mg), P(o-tolyl)3 (2.4 mg) 

and degassed DMF (10.0 mL) was vigorously stirred at 80 oC under argon for 24h. After cooled 

down, poured into Et2O and the precipitate was collected by filtration. The crude polymer was 

purified in Soxhlet apparatus with n-hexane, acetone, and chloroform in sequential. The 

chloroform fraction was concentrated and poured into Et2O. The polymer was recovered by 

filtration and dried in vacuum overnight. Yield: (154 mg, 70 %). 
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Synthesis of Monomer TDPPT-e-L2-BOC. TDPPT-e-L2-BOC was synthesized using a 

similar procedure as described for compound 1j. The crude product was purified by flash 

chromatography (DCM/MeOH = 20:1) to give a black solid TDPPT-e-L3-BOC (530 mg, 

56%). 1H NMR (400 MHz, DMSO-d6) δ (ppm) 8.54-8.53 (m, 2H), 7.76-7.70 (m, 4H), 7.56-

7.55 (m, 2H), 6.77-6.70 (m, 6H), 3.91(t, J = 8Hz, 4H), 3.80-3.77 (m, 4H), 3.04-3.00 (m, 6H), 

2.86-2.84 (m, 4H), 1.59-1.15 (m, 96H). 13C NMR (175 MHz, CDCl3, 50 oC) δ (ppm) 172.45, 

171.27, 161.16, 156.44, 156.13, 139.10, 135.57, 131.88, 131.12, 119.43, 107.90, 80.31, 78.48, 

54.58, 53.26, 42.12, 39.54, 31.84, 30.05, 29.76, 28.61, 28.53, 26.53, 22.81. ESI HRMS: 

calculated mass [M+H]+ = 1767.7351, observed mass [M+H]+ = 1767.6960. 

 

Synthesis of Monomer TDPPT-e-L3-BOC. TDPPT-e-L3-BOC was synthesized using a 

similar procedure as described for compound 1j. The crude product was purified by flash 

chromatography (DCM/MeOH = 20:1) to give a black solid TDPPT-e-L3-BOC (568 mg, 

63%). 1H NMR (400 MHz, DMSO-d6) δ (ppm) 8.54-8.53 (m, 2H), 7.73-7.68 (m, 6H), 7.56-

7.55 (m, 2H), 6.77-6.70 (m, 8H), 3.91(t, J = 8Hz, 4H), 3.80-3.77 (m, 4H), 3.06-2.94 (m, 12H), 

2.88-2.84 (m, 4H), 1.58-1.16 (m, 126H). 13C NMR (175 MHz, CDCl3, 50 oC) δ (ppm) 171.89, 

160.07, 155.554, 155.25, 138.11, 134.73, 132.17, 130.65, 119.10, 106.92, 77.89, 77.86, 77.31, 

54.29, 53.26, 41.42, 38.30, 31.83, 31.74. 31.62, 29.28, 29.22, 28.90, 28.75, 28.28, 28.19, 28.15, 

25.94, 25.77, 22.87, 22.82. ESI HRMS: calculated mass [M+H]+ = 2227.0226, observed mass 

[M+H]+ = 2227.0234. 

DPP3T-e-L2-BOC. A mixture of monomer TDPP-e-L2-BOC (150 mg, 0.085 mmol), 2,5-

bis(trimethylstannyl)thiophene (34.8 mg, 0.085 mmol), Pd2(dba)3 (1.6 mg), P(o-tolyl)3 (4 mg) 

and degassed DMF (6.0 mL) was vigorously stirred at 80 oC under argon for 24h. After cooling 

to room temperature, the mixture was poured into Et2O and the precipitate collected by 

filtration. The crude polymer was purified in Soxhlet apparatus, washed with n-hexane, acetone, 

and chloroform sequentially. The chloroform fraction was concentrated and poured into Et2O. 

The polymer was recovered by filtration and dried in vacuum overnight. Yield: (80 mg, 55 %).  

DPP3T-e-L3-BOC. A mixture of monomer TDPP-e-L3-BOC (227 mg, 0.1 mmol), 2,5-

bis(trimethylstannyl)thiophene (40.9 mg, 0.1 mmol), Pd2(dba)3 (1.8 mg), P(o-tolyl)3 (2.5 mg) 
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and degassed DMF (10.0 mL) was vigorously stirred at 80 oC under argon for 24h. After 

cooling to room temperature, the mixture was poured into Et2O and the precipitate collected 

by filtration. The crude polymer was purified in Soxhlet apparatus, washed with n-hexane, 

acetone, and chloroform sequentially. The chloroform fraction was concentrated and poured 

into Et2O. The polymer was recovered by filtration and dried in vacuum overnight. Yield: (154 

mg, 68 %).  

 

DPP3T-C6-L-TFA. 5 mL trifluoroacetic acid was added into solution of DPP3T-C6-L-BOC 

(50mg) in 50mL CHCl3. The mixture was concentrated after stirring 2h at room temperature, 

then poured into Et2O and the precipitate collected by filtration. The collection was dried after 

washing with CHCl3 for three times to afford dark solid with quantitative yield.  

DPP3T-e-L2-TFA. 5 mL trifluoroacetic acid was added into solution of DPP3T-e-L2-BOC 

(50mg) in 50mL CHCl3. The mixture was concentrated after stirring 2h at room temperature, 

then poured into Et2O and the precipitate collected by filtration. The collection was dried after 

washing with CHCl3 for three times to afford dark solid with quantitative yield.  

DPP3T-e-L3-TFA. 5 mL trifluoroacetic acid was added into solution of DPP3T-e-L3-BOC 

(50mg) in 50mL CHCl3. The mixture was concentrated after stirring 2h at room temperature, 

then poured into Et2O and the precipitate collected by filtration. The collection was dried after 

washing with CHCl3 for three times to afford dark solid with quantitative yield.  

 

Scheme S7. Synthesis Routes of the pNDI-T2-Lx-TFA (x = 1, 2, 3). 
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(4,9-dibromo-1,3,6,8-tetraoxo-1,3,6,8-tetrahydrobenzo[lmn][3,8]phenanthroline-2,7-

diyl)bis(hexane-6,1-diyl) diacetate (4a). 4,9-Dibromoisochromeno[6,5,4-def]isochromene-

1,3,6,8-tetraone (NDA-Br2) (4.26 g, 10 mmol) and 6-aminohexan-1-ol (3.51 g, 30 mmol) were 

added in acetic acid (100 mL). The reaction mixture was refluxed under Argon for 2 h. Then 

the reaction mixture was poured onto water and the resulting precipitate was filtered and 

washed with methanol. The crude product was used for next steps without further putificayion. 

4a was obtained as a red-orange solid. Yield: 66 % (4.7 g). 1H NMR (400MHz, DMSO, δ): 

8.68 (s, 2H), 4.03-4.01 (m, 8H), 1.99 (s, 3H), 1.91 (s, 3H), 1.64-1.56 (m, 8H), 1.38-1.36 (m, 

8H). 

(1,3,6,8-tetraoxo-4,9-di(thiophen-2-yl)-1,3,6,8-tetrahydrobenzo[lmn][3,8] 

phenanthroline-2,7-diyl)bis(hexane-6,1-diyl) diacetate (4b). After removing the air present 

by means of vacuum/nitrogen cycles, 4a (4.7g, 6.6 mmol), tributyl(thiophen-2-yl)stannane (4.6 

mL, 14.5 mmol), tris(dibenzylideneacetone)dipalladium(0) (5%, 300 mg) and  tri(o-tolyl) 

(20 %, 401 mg) were added which thus degassed in 80 mL chlorobenzene for 15 mins. The 

temperature was then brought to 100°C. After 5 hours at this temperature, chlorobenzene was 

removed under pressure and the crude was purified by silica gel chromatographic column with 

the elution (eluent: DCM/PE = 1/1 to 3/1). 4b was obtained as red solid. Yield: 1.66 g (35%).  
1H NMR (400MHz, CDCl3, δ): 8.75 (s, 2H), 7.58-7.57 (m, 2H), 7.30-7.29 (m, 2H), 7.22-7.20 

(m, 2H), 4.11 (t, 4H), 4.03 (t, 4H), 2.03 (s, 6H), 1.71-1.68 (m, 4H), 1.63-1.59 (m, 4H), 1.41-
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1.39 (m, 8H); 13C NMR (175 MHz, CDCl3, δ): 171.34, 162.31, 162.10, 140.78, 140.51, 136.83, 

128.6, 128.12, 127.62, 127.58, 125.52, 123.61, 64.55, 41.11, 28.62, 28.00, 26.80, 25.79, 21.15. 

(4,9-bis(5-bromothiophen-2-yl)-1,3,6,8-tetraoxo-1,3,6,8-tetrahydrobenzo[lmn][3,8] 

phenanthroline-2,7-diyl)bis(hexane-6,1-diyl) diacetate (4c). 4b (1.42g, 2 mmol) was 

dissolved in mixture of CHCl3/DMF at the ratio 2/1. NBS (0.747g, 4.2 mmol) was added to 

solution. And this mixture kept at 40 oC and was monitored with NMR. After 3 hours, the 

reaction was completed and concentrated under vacuum. Then, methanol was added and 

resulting precipitate was filtered and washed with methanol. 4c was obtained as purple solid 

and used for next step without purification. 1H NMR (400MHz, CDCl3, δ): 8.71 (s, 2H), 7.16-

7.15 (m, 2H), 7.08-7.07 (m, 2H), 4.13-4.03 (m, 8H), 2.03 (s, 6H), 1.71-1.60 (m, 8H), 1.42-1.40 

(m, 8H); 13C NMR (175 MHz, CDCl3, δ): 171.35, 162.06, 162.03, 142.10, 139.32, 136.62, 

130.33, 128.97, 127.67, 125.74, 123.38, 115.57, 64.53, 41.19, 28.61, 27.99, 26.79, 25.77, 21.16. 

4,9-bis(5-bromothiophen-2-yl)-2,7-bis(6-hydroxyhexyl)benzo[lmn][3,8]phenanthroline-

1,3,6,8(2H,7H)-tetraone (4d). 4c dissolved in a mixture of 100 mL CHCl3, 20 mL MeOH and 

5 mL conc. HCl. The mixture was refluxed, tracking with TLC. When the reaction was 

completed, the mixture was concentrated under vacuum. Then, methanol was added and 

resulting precipitate was filtered and washed with methanol. 4d was obtained as purple solid. 

Yield for two steps:79%, 1.24g. 1H NMR (400MHz, CDCl3, δ): 8.71 (s, 2H), 7.16-7.15 (m, 

2H), 7.08-7.07 (m, 2H), 4.13 (t, 4H), 3.63 (t, 4H), 1.72-1.69 (m, 4H), 1.59-1.54 (m, 4H), 1.44-

1.41 (m, 8H). 13C NMR (175 MHz, CDCl3, δ): 162.10, 162.06, 142.12, 139.34, 1365.64, 

130.35, 128.97, 127.68, 125.76, 123.40, 115.58, 62.96, 41.19, 32.73, 28.06, 26.89, 25.50.  

Monomer NDI-T2-L1-BOC. In an oven dried flask, 4d (0.588 g, 0.75 mmol) was dissolved 

in 10 mL dry DCM, and EDCI (0.591 g, 3 mmol) and DIPEA (0.8 mL, 5 mmol) was added to 

this solution, followed by a solution of 1h (Lysine-Boc, 0.778g, 2.5 mmol) in DCM and DMAP 

(0.122 g, 1mmol). The reaction was stirred at RT for overnight in dark. The reaction mixture 

was washed with water for 3 times. After drying the organic layer with MgSO4, it was 

concentrated under reduced pressure at 40 °C and chromatographed (silica gel, 5% MeOH in 

DCM) to give NDI-T2-L1-BOC as a red solid (380 mg, 35%).1H NMR (400MHz, CDCl3, δ):  

8.71 (s, 2H), 7.16-7.15 (m, 2H), 7.08-7.07 (m, 2H), 5.08-5.07 (m, 2H), 4.58 (m, 2H), 4.25-4.24 

(m, 2H), 4.13-4.09 (m, 8H), 3.10-3.08 (m, 4H), 1.80-1.12 (m, 64H);13C NMR (175 MHz, 

CDCl3, δ): 172.98, 162.07, 162.03, 156.18, 155.60, 142.11, 139.33, 136.64, 130.34, 128.69, 

127.69, 125.75, 123.40, 115.54, 79.95, 79.26, 65.37, 55.43, 41.15, 40.29, 32.60, 29.74, 28.57, 

28.48, 27.96, 26.75, 25.69, 22.62. MALDI-TOF calcd for C66H88Br2N6O16S2, 1442.406; 

found, 1446.305.  
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Monomer NDI-T2-L2-BOC. NDI-T2-L2-BOC was synthesized using a similar procedure as 

described for compound NDI-T2-L1-BOC. The crude product was purified by flash 

chromatography (DCM/MeOH = 20:1) to give a red solid NDI-T2-L2-BOC (813 mg, 47%). 

was as a purple solid (380 mg, 35%). 1H NMR (400MHz, CDCl3, δ): 8.71 (s, 2H), 7.16-7.15 

(m, 2H), 7.08-7.07 (m, 2H), 6.26 (m, 2H), 5.18-5.17 (m, 4H), 4.62 (m, 2H), 4.25-4.24 (m, 2H), 

4.20-3.99 (m, 12H), 3.27-3.21 (m, 4H), 3.09 (t, 4H), 1.79-1.34 (m, 92H);13C NMR (175 MHz, 

CDCl3, δ): 172.94, 172.32, 162.08, 162.04, 156.33, 156.00, 155.65, 142.11, 139.31, 136.62, 

130.34, 128.99, 127.69, 125.75, 123.40, 115.52, 80.18, 79.99, 79.34, 65.36, 54.55, 53.51, 41.48, 

41.15, 38.96, 36.20, 32.22, 32.04, 29.83, 29.19, 29.16, 28.59, 28.56, 28.51, 28.48, 27.96, 27.80, 

26.76, 25.68, 22.80, 22.76, 22.64, 20.58, 19.57, 18.90, 14.46, 11.57. MALDI-TOF calcd for 

C88H128Br2N10O22S2, 1898.701; found, 1900.856.  

Monomer NDI-T2-L3-BOC. NDI-T2-L3-BOC was synthesized using a similar procedure as 

described for compound NDI-T2-L1-BOC. The crude product was purified by flash 

chromatography (DCM/MeOH = 20:1) to give a red solid NDI-T2-L3-BOC (513 mg, 31%). 

was as a purple solid (380 mg, 35%). 1H NMR (400MHz, CDCl3, δ): 8.70 (s, 2H), 7.16-7.15 

(m, 2H), 7.08-7.07 (m, 2H), 6.55 (m, 4), 5.46-5.24 (m, 6H), 4.74 (m, 2H), 4.20-3.98 (m, 16H), 

3.22-3.09 (m, 12H), 1.80-1.12 (m, 122H);13C NMR (175 MHz, CDCl3, δ): 172.99, 162.07, 

162.03, 156.36, 155.03, 155.66 142.11, 139.29, 136.61, 130.33, 128.99, 127.69, 125.75, 123.39, 

115.49, 80.17, 79.93, 79.27, 65.35, 54.56, 53.57, 41.47, 41.13, 40.13, 38.97, 38.62, 36.19, 

33.84, 32.19, 31.65, 29.78, 29.18, 29.08, 29.02, 28.59, 28.52, 28.50, 28.38, 27.95, 27.89, 27.79, 

26.75, 25.67, 22.79, 22.75, 22.72, 20.57, 19.56, 18.89. 14.45, 11.56. MALDI-TOF calcd for 

C110H168Br2N14O28S2, 2354.996; found, 2356.842.  

pNDI-T2-L1-BOC. A mixture of monomer NDI-T2-L1-BOC (108.3 mg, 0.075 mmol), 2,5- 

1,1,1,2,2,2-hexabutyldistannane (43.5 mg, 0.075 mmol), Pd2(dba)3 (1.4 mg), P(o-tolyl)3 (1.8 

mg) and degassed DMF (4 mL) was vigorously stirred at 80 oC under argon for 24h. After 

cooling to room temperature, the mixture was poured into Et2O and the precipitate collected 

by filtration. The crude polymer was purified in Soxhlet apparatus, washed with n-hexane, 

acetone sequentially. The acetone fraction was concentrated and poured into Et2O. The 

polymer was recovered by filtration and dried in vacuum overnight. Yield: (50 mg, 52 %).  

pNDI-T2-L1-BOC. A mixture of monomer NDI-T2-L1-BOC (108 mg, 0.0567 mmol), 2,5- 

1,1,1,2,2,2-hexabutyldistannane (33 mg, 0.0567 mmol), Pd2(dba)3 (1.2 mg), P(o-tolyl)3 (1.8 

mg) and degassed DMF (4 mL) was vigorously stirred at 80 oC under argon for 24h. After 

cooling to room temperature, the mixture was poured into Et2O and the precipitate collected 

by filtration. The crude polymer was purified in Soxhlet apparatus, washed with n-hexane, 
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acetone sequentially. The acetone fraction was concentrated and poured into Et2O. The 

polymer was recovered by filtration and dried in vacuum overnight. Yield: (79 mg, 81 %).  

pNDI-T2-L3-BOC. A mixture of monomer NDI-T2-L3-BOC (176.8 mg, 0.075 mmol), 2,5- 

1,1,1,2,2,2-hexabutyldistannane (43.5 mg, 0.075 mmol), Pd2(dba)3 (1.4 mg), P(o-tolyl)3 (1.8 

mg) and degassed DMF (4 mL) was vigorously stirred at 80 oC under argon for 24h. After 

cooling to room temperature, the mixture was poured into Et2O and the precipitate collected 

by filtration. The crude polymer was purified in Soxhlet apparatus, washed with n-hexane, 

acetone sequentially. The acetone fraction was concentrated and poured into Et2O. The 

polymer was recovered by filtration and dried in vacuum overnight. Yield: (118 mg, 70 %).  

pNDI-T2-L1-TFA. 5 mL trifluoroacetic acid was added into solution of pNDI-T2-L1-TFA 

(35 mg) in 30 mL CHCl3. The mixture was concentrated after stirring 2h at room temperature, 

then poured into Et2O and the precipitate collected by filtration. The collection was dried after 

washing with CHCl3 for three times to afford dark solid with the yield (30 mg, 86%).  

pNDI-T2-L2-TFA. 5 mL trifluoroacetic acid was added into solution of pNDI-T2-L2-BOC 

(47 mg) in 30 mL CHCl3. The mixture was concentrated after stirring 2h at room temperature, 

then poured into Et2O and the precipitate collected by filtration. The collection was dried after 

washing with CHCl3 for three times to afford dark solid with the yield (34 mg, 72%).  

pNDI-T2-L3-TFA. 5 mL trifluoroacetic acid was added into solution of pNDI-T2-L3-BOC 

(118 mg) in 50 mL CHCl3. The mixture was concentrated after stirring 2h at room temperature, 

then poured into Et2O and the precipitate collected by filtration. The collection was dried after 

washing with CHCl3 for three times to afford dark solid with the quantitate yield.  

pNDI-T2-C8,12. A mixture of monomer NDI-T2-C8,12 (114.2 mg, 0.1mmol), 2,5- 1,1,1,2,2,2-

hexabutyldistannane (33 mg, 0.1 mmol), Pd2(dba)3 (1.8 mg), P(o-tolyl)3 (2.4 mg) and degassed 

toluene (5 mL) was vigorously stirred at 100 oC under argon for 24h. After cooling to room 

temperature, the mixture was poured into MeOH and the precipitate collected by filtration. The 

crude polymer was purified in Soxhlet apparatus, washed with n-hexane, acetone and 

chloroform sequentially. The chloroform fraction was concentrated and poured into MeOH. 

The polymer was recovered by filtration and dried in vacuum overnight. Yield: (72 mg, 73 %).  

Scheme S8. Synthesis Routes of the clickable P3HT variants.  
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3-bromohexylthiophene (5a). To an oven dried 250-mL schlenk round-bottom flask equipped 

with stirring was added 3-bromothiophene (9.4 mL 100 mmol) followed by syringe addition 

of dry hexane 100 mL). The flask was chilled to -40 °C, and the solution was stirred for 10 

min. n-BuLi (40 mL, 100 mmol) was added dropwise via syringe, and stirring was continued 

for 10 min. THF (10 mL) was then added dropwise via syringe. The solution was stirred for 1 

h. The cooling bath was removed, and the reaction mixture was allowed to warm to -10 °C. 

Dibromohexane (62.2 mL, 400 mmol) was added neat in one portion, and the solution slowly 

warmed to room temperature. The solution was stirred for 5 h; then water (20 mL) was added 

and the mixture was extracted with Et2O (3 × 20 mL). The combined organic extracts were 

washed with water (3×20mL) and dried(MgSO4). Removal of solvent under reduced pressure 

afforded a yellow oil. Distillation of the crude product gave 7.46 g of a colorless oil (30%). 1H 

NMR 1H NMR (400MHz, CDCl3, δ): 7.25-7.24 (m, 1H), 6.94-6.92 (m, 2H), 3.41(t, 2H), 2.63 

(t, 2H), 1.89-1.84 (m, 2H), 1.65-1.57 (m, 2H), 1.48-1.44 (m, 2H), 1.39-1.34 (m, 2H).  

2,5-Dibromo-3-bromohexylthiophene (5b).  3-bromohexylthiophene (5a, 7.46 g, 30 mmol) 

was dissolved in THF and chloroform (35 mL:35 mL/v:v) in a 100 mL one-necked flask 

equipped for stirring. NBS (11.8 g, 66 mmol) was added to the solution in one portion, and the 
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solution was stirred in dark for 3 h. Then the solution was extracted with Et2O (3 × 50 mL); 

the organic extracts were washed with water (3 × 50 mL) and Na2S2O3(aq) (2 × 50 mL). The 

organic layer was dried over anhydrous MgSO4 and the removal of solvent gave a crude 

product to be purified by flash chromatography. 5b was obtained 10.5 g of colorless oil (88%). 
1H NMR 1H NMR (400MHz, CDCl3, δ): 6.77 (s, 1H), 3.41(t, 2H), 2.52 (t, 2H), 1.89-1.84 (m, 

2H), 1.58-1.53 (m, 2H), 1.48-1.43 (m, 2H), 1.37-1.32 (m, 2H).  

 

P3HT-Br. To an oven dried three-necked 100 mL round-bottom flask equipped for stirring 

was added 5b (1.46 g, 3.6 mmol), 2,5-dibromo-3-hexylthiophene (1.17 g, 3.6 mmol), and 50 

mL anhydrous THF. Butylmagnesium chloride (3.5 mL, 7 mmol) was added via syringe. The 

solution was heated to reflux and stirred for 2 h, and Ni(dppp)Cl2 (100 mg, 2.5% mmol) was 

added. The mixture was stirred for 1 h, and then the reaction was quenched with methanol. The 

crude polymer was purified in Soxhlet apparatus, washed with MeOH, acetone n-hexane and 

chloroform sequentially. The chloroform fraction was concentrated and poured into MeOH, 

and the collection was dried under vacuum to yield 0.638 g of 90% head-to-tail coupled poly- 

(3-bromohexylthiophene) with 44% yield.1H NMR (δ, CDCl3): 6.98 (s, 2H), 3.42 (t, 2H), 2.80 

(t, 4H), 1.88 (m, 2H), 1.73-1.69 (m, 4H), 1.47-1.33 (m. 8H), 0.91 (m, 3H), (Mn = 14768 and 

DP=1.6 by GPC)  

 

P3HT-N3. To a one-necked 100 mL round-bottom flask equipped for stirring was added 

P3HT-Br (206 mg, 1 mmol) to 100 mL of THF and DMF (50 mL:50 mL/v:v), followed to add 

sodium azide (0.325 g, 5 mmol) in one portion, and the solution was heated to reflux under 

Argon for overnight. The reaction was quenched in methanol. The solid polymer was washed 

with methanol and chloroform by using a Soxhlet extractor. Thus, 114 mg polymer was 

obtained in 61% yield. 1H NMR (δ, CDCl3): 6.98 (s, 2H), 3.28 (t, 2H), 2.81 (t, 4H), 1.72-1.69 

(m, 2H), 1.69-1.63 (m, 4H), 1.46-1.35 (m. 8H). 0.91 (m, 3H), (Mn = 17389 and DP=1.7 by 

GPC).  

P3HT-Norbornene. To a one-necked 100 mL round-bottom flask equipped for stirring was 

added P3HT-Br (206 mg, 1 mmol) to 100 mL of THF and DMF (50 mL:50 mL/v:v), followed 

to add 3a,4,7,7a-tetrahydro-1H-4,7-methanoisoindole-1,3(2H)-dione (0.245 g, 1.5 mmol) and 

K2CO3 (276 mg, 2 mmol) in one portion. And the solution was heated to reflux under Argon 

for overnight. The reaction was quenched in methanol. The solid polymer was washed with 

methanol and chloroform by using a Soxhlet extractor. Thus, 203 mg polymer was obtained in 
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82% yield. 1H NMR (δ, CDCl3): 6.98 (s, 2H), 6.26 (s, 2 H), 3.47 (t, 2H), 3.25 (s, 2H), 2.80 (m, 

4H), 2.65 (m, 2H), 1.72-1.35 (m, 28H), 0.91 (m, 3H), (Mn = 13961 and DP=1.8 by GPC).  

Scheme S9. Synthesis Routes of the clickable oligo lysine units. 

 
 

Alkyne-L1-TFA. Alkyne-L1-BOC was obtained using a similar procedure as described for 

compound 1j. Thus, 4 g white solid Alkyne-L1-BOC was obtained in 56% yield. 1H NMR (δ, 

CDCl3): 6.65 (s, 1H), 5.21-5.20 (m, 1H), 4.65 (s, 1H), 4.08-4.03 (m, 3H), 3.10 (m, 2H), 2.22 

(s, 1H), 1.85-1.34 (m ,24 H). Alkyne-L1-TFA was synthesized from deprotection of Alkyne-

L1-BOC. Alkyne-L1-BOC was treated with 20 mL of TFA and DCM (10 mL:10 mL/v:v) at 

room temperature for 2 h to remove Boc groups to obtain Alkyne-L1-TFA. 1H NMR (400 MHz 

δ, D2O): 4.06-3.93 (m, 3H), 2.98 (t, 2H), 2.61 (s, 1H), 1.88 (m, 2H), 1.71-1.65(m, 2H), 1.43-

1.38 (m, 2H). 19F NMR (400 MHz, D2O, δ): -74.61 (s, 6F).  

Alkyne-L2-TFA. Alkyne-L2-BOC was obtained using a similar procedure as described for 

compound 1j. 1H NMR (δ, DMSO): 7.76-7.73 (m, 1H), 7.00-6.98 (m, 1H), 6.74-6.67 (m, 2H), 

3.85-3.77 (m, 4H), 3.08-3.02 (m, 3H), 2.98-2.84 (m, 2H), 1.63-1.16 (m, 39H). Alkyne-L2-TFA 

was synthesized from deprotection of Alkyne-L2-BOC. Alkyne-L2-BOC was treated with 20 

mL of TFA and DCM (10 mL:10 mL/v:v) at room temperature for 2 h to remove Boc groups 

to obtain Alkyne-L2-TFA (1.28 g, 64% for two steps). 1H NMR (400 MHz δ, DMSO): 8.13 

(br, 9H), 3.95-3.94 (m, 1H), 3.71-3.59 (m, 3H), 3.17 (s, 1H), 3.08-3.05 (m, 2H), 1.75-1.71 (m, 

4H), 1.69-1.52(m, 4H), 1.44-1.29 (m, 4H). 19F NMR (400 MHz, DMSO, δ): -74.61 (s, 6F).  

Alkyne-L3-TFA. Alkyne-L3-BOC was obtained using a similar procedure as described for 

compound 1j. 1H NMR (δ, DMSO): 7.76-7.72 (m, 2H), 6.81-6.67 (m, 4H), 3.85-3.77 (m, 5H), 

3.08-3.02 (m, 5H), 2.98-2.84 (m, 2H), 1.63-1.16 (m, 54H). Alkyne-L3-TFA was synthesized 

from deprotection of Alkyne-L3-BOC. Alkyne-L3-BOC was treated with 20 mL of TFA and 

DCM (10 mL:10 mL/v:v) at room temperature for 2 h to remove Boc groups to obtain Alkyne-

L3-TFA (3.5 g, 67% for two steps). 1H NMR (400 MHz δ, DMSO): 8.19 (br, 12H), 3.97-3.94 
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(m, 1H), 3.75-3.66 (m, 4H), 3.16 (s, 1H), 3.08-3.05 (m, 4H), 1.75-1.71 (m, 6H), 1.55-1.28 (m, 

12H), 19F NMR (400 MHz, DMSO, δ): -74.61 (s, 6F).  

Scheme S9. Synthesis Routes of monomers NDI-Br2-Cx. 

 
 

15-bromo-2,5,8,11-tetraoxapentadecane (6a). Triethyleneglycol monomethyl ether (12.7 

mL, 80 mmol) was added dropwise for 15 min to a solution of 60% of sodium hydride (4.8 g, 

120 mmol) in DMF (100 ml) while stirring in an ice bath. The resulting solution was stirred at 

room temperature for another half hour before add to a solution of 1,6-dibromohexane (43.2 g, 

200 mmol) in DMF (100 ml) while stirring in an ice bath under nitrogen atmosphere. The 

solution was thus stirred at room temperature overnight before pour to H2O (200 mL) and then 

extracted with DCM three times. The combined DCM solutions were dried over MgSO4 and 

evaporated. The crude mixture obtained was used for next step without purification, yield 8.5 

g, 36%. 1H NMR (400MHz, CDCl3, δ): 3.65-3.62 (m, 8H), 3.58-3.53 (m, 4H), 3.49 (t, 2H), 

3.43 (t, 2H), 3.37 (s, 3H), 1.95-1.92 (m, 2H), 1.73-1.70 (m, 2H).  

17-bromo-2,5,8,11-tetraoxaheptadecane (7a). 7a was synthesized according to compound 

6a: 17.3 g (yellow oil, 53%). 1H NMR (400MHz, CDCl3, δ): 3.65-3.61 (m, 8H), 3.57-3.52 (m, 

4H), 3.44 (t, 2H), 3.39 (t, 2H), 3.36 (s, 3H), 1.84-1.81 (m, 2H), 1.60-1.55 (m, 2H), 1.45-1.40 

(m, 2H), 1.38-1.33 (m, 2H).  

19-bromo-2,5,8,11-tetraoxanonadecane (8a). 8a was synthesized according to compound 6a: 

15 g (yellow oil, 53%). 1H NMR (400MHz, CDCl3, δ): 3.65-3.62 (m, 8H), 3.57-3.53 (m, 4H), 

3.44 (t, 2H), 3.40-3.37 (m, 5H), 1.85-1.82 (m, 2H), 1.58-1.55 (m, 2H), 1.41-1.40 (m, 2H), 1.32-

1.29 (m, 6H).  

2-(2,5,8,11-tetraoxapentadecan-15-yl)isoindoline-1,3-dione (6b). In an oven dried schlenk 

flask, potassium phthalimide (3.48 g, 18 mmol) was dissolved in DMF (100 ml), followed by 
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addition of 6a (4.48g, 15 mmol). And the solution was heated at 80 °C with stirring for 

overnight. The mixture was then diluted with H2O and extracted with DCM for three times. 

The combined DCM solution was dried over MgSO4 and evaporated to afford 6b. Colorless 

oil, yield 3.5 g, 64%. 1H NMR (400MHz, CDCl3, δ): 7.83-7.81 (m, 2H), 7.70-7.69 (m, 2H), 

3.70 (t, 2H), 3.64-3.60 (m, 8H), 3.57-3.52 (m, 4H), 3.48 (t, 2H), 3.36 (s, 3H), 1.76-1.72 (m, 

2H), 1.63-1.60 (m, 2H). 13C NMR (175 MHz, CDCl3, δ):168.54, 134.00, 132.25, 123.29, 72.04, 

70.77, 70.71, 70.69, 70.61, 70.28, 59.14, 37.89, 20.07, 25.48.  

2-(2,5,8,11-Tetraoxaheptadecan-17-yl)isoindoline-1,3-dione (7b). 7b was synthesized 

according to compound 6b: 3.7 g (yellow oil, 55%). 1H NMR (400MHz, CDCl3, δ): 7.72-7.69 

(m, 2H), 7.61-7.57 (m, 2H), 3.56-3.48 (m, 10H), 3.46-3.40 (m, 4H), 3.32 (t, 2H), 3.256 (s, 3H), 

1.56-1.43 (m, 2H),1.26-1.12 (m, 4H), 0.75-0.72 (m, 2H). 

2-(2,5,8,11-Tetraoxaheptadecan-19-yl)isoindoline-1,3-dione (8b). 8b was synthesized 

according to compound 6b: 2.2 g (yellow oil, 53%). 1H NMR (400MHz, CDCl3, δ): 7.80-7.89 

(m, 2H), 7.68-7.66 (m, 2H), 3.64-3.59 (m, 10H), 3.54-3.50 (m, 4H), 3.40 (t, 2H), 3.34 (s, 3H), 

1.64-1.61 (m, 2H), 1.53-1.50 (m, 2H), 1.29-1.22 (m, 8H).  

15-Amino-2,5,8,11-tetraoxaheptadecane (6c). The solution of 6b (3.5 g, 9.5 mmol) and 

hydrazine monohydrate (2.1 ml, 28 mmol) dissolved in MetOH (100 ml) was refluxed for 3 hr. 

The solution was evaporated to afford a white powder. 50 mL NaOH (2M, aq) was added, and 

extracted with DCM for three times. The combined DCM solution was dried over MgSO4 and 

evaporated to afford 6c. Colorless oil, yield 2.2 g, 99%. 1H NMR (400MHz, CDCl3, δ): 3.69-

3.65 (m, 10H), 3.63-3.61 (m, 2H), 3.58-3.53 (m, 4H), 3.40 (s, 3H), 1.72-1.67 (m, 4H).  

17-Amino-2,5,8,11-tetraoxaheptadecane (7c). 7c was synthesized according to compound 6c: 

2.37 g, 99%. 1H NMR (400MHz, CDCl3, δ): 3.65-3.62 (m, 8H), 3.59-3.54 (m, 4H), 3.50-3.46 

(m, 2H), 3.38 (s, 3H), 2.99-2.95 (m, 2H), 1.71-1.68 (m, 2H), 1.61-1.58 (m, 2H), 1.43-1.37 (m, 

4H). 

19-Amino-2,5,8,11-tetraoxaheptadecane (8c). 8c was synthesized according to compound 6c: 

2.8g, 99%. 1H NMR (400MHz, CDCl3, δ): 3.64-3.61 (m, 8H), 3.58-3.54 (m, 4H), 3.44 (t, 2H), 

3.37 (s, 3H), 2.87-2.82 (m, 2H), 1.59-1.54 (m, 4H), 1.30 (brs, 8H). 

Monomer NDI-Br2-C4. 4,9-Dibromoisochromeno[6,5,4-def]isochromene-1,3,6,8-tetraone 

(NDA-Br2) (732 g, 1.7 mmol) and 6c (1 g, 4.3 mmol) were added in acetic acid (20 mL). The 

reaction mixture was refluxed under Argon for 1 h. Then the reaction mixture was poured onto 

water and extracted with CHCl3.  The combined CHCl3 solution was evaporated to afford the 

crude product which was purified via column chromatography over silica gel 

(dichloromethane/hexane, 1/1). NDI-Br2-C4 was obtained as a yellow solid. Yield: 42 % (0.65 
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g). 1H NMR (400MHz, CDCl3, δ): 8.98 (s, 2H), 4.22 (t, 4H), 3.65-3.62 (m, 16H), 3.60-3.58 (m, 

4H), 3.54-3.51 (m, 8H), 3.36 (s, 6H), 1.83-1.80 (m, 4H), 1.73-1.70 (m, 4H); 13C NMR (175 

MHz, CDCl3, δ): 160.88, 139.22, 128.48, 125.47, 124.22, 72.08, 70.97, 70.74, 70.66, 70.36, 

59.18, 41.44, 27.34, 24.93. MALDI-TOF calcd for C36H48Br2N2O12, 858.157; found, 

860.770.  

Monomer NDI-Br2-C6. NDI-Br2-C6 was synthesized according to compound NDI-Br2-C4: 

2.8g, 99%. 1H NMR (400MHz, CDCl3, δ): 8.98 (s, 2H), 4.18 (t, 4H), 3.66-3.62 (m, 16H), 3.58-

3.53 (m, 8H), 3.46 (t, 4H), 3.37 (s, 6H), 1.75-1.71 (m, 8H), 1.62-1.59 (m, 4H), 1.45-1.42 (m, 

8H); 13C NMR (175 MHz, CDCl3, δ): 160.90, 139.21, 128.47, 127.88, 125.51, 124.24, 75.57, 

72.06, 71.72, 70.757, 70.71, 70.64, 70.14, 59.23, 41.76, 29.65, 29.59, 29.42, 29.24, 28.05, 

28.01, 27.22, 26.19. MALDI-TOF calcd for C40H56Br2N2O12, 914.220; found, 916.604.  

Monomer NDI-Br2-C8. 8c was synthesized according to compound NDI-Br2-C4: 0.653 g, 

23%. 1H NMR (400MHz, CDCl3, δ): 8.98 (s, 2H), 4.18 (t, 4H), 3.66-3.62 (m, 16H), 3.58-3.53 

(m, 8H), 3.44 (t, 4H), 3.37 (s, 6H), 1.74-1.69 (m, 8H), 1.58-1.56 (m, 4H), 1.43-1.20 (m, 16H); 
13C NMR (175 MHz, CDCl3, δ):160.85, 160.82, 139.17, 128.44, 127.84, 125.46, 124.20, 72.06, 

71.59, 70.75, 70.71, 70.64, 70.19, 59.17, 41.70, 29.72, 29.47, 29.36, 28.01, 27.15, 26.15. 

MALDI-TOF calcd for C44H64Br2N2O12, 970.283; found, 972.768.  

 

 

Scheme S10. Synthesis Routes of monomers NDI-Br2-C2. 

 

 
 

2,5,8,11-tetraoxatridecan-13-yl 4-methylbenzenesulfonate (9a). A solution of NaOH (5 g, 
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0°C was treated with dropwise a solution of TsCl (22.9 g, 120 mmol) in 100 mL of THF. After 

addition, the solution was warmed to room temperature for another 3 h, after which the reaction 

mixture was concentrated under pressure. The water mixture was extracted with DCM for three 

times and the combined organic extracts were washed with saturated aqueous NaCl, dried with 

Na2SO4, and concentrated. 9a: (27.5 g, 95%). 1H NMR (400MHz, CDCl3, δ): 7.80-7.78 (d, 2H), 

7.34-7.32 (d, 2H), 4.15 (t, 2H), 3.68 (t, 2H), 3.63-3.57 (m, 10H), 3.54-3.52 (m, 2H), 3.36 (s, 

3H), 2.44 (s, 3H).  

2-(2,5,8,11-tetraoxatridecan-13-yl)isoindoline-1,3-dione (9b). 9b was synthesized 

according to compound 6b: 3.7 g, 35%. 1H NMR (400MHz, CDCl3, δ): 7.84-7.82 (m, 2H), 

7.71-7.69 (m, 2H), 3.89 (t, 2H), 3.73 (t, 2H), 3.64-3.57 (m, 10H), 3.53-3.50 (m, 2H), 3.36 (s, 

3H).  

2,5,8,11-tetraoxatridecan-13-amine (9c). 9c was synthesized according to compound 6c: 3.9 

g, 64%. 1H NMR (400MHz, CDCl3, δ): 3.67-3.61 (m, 10H), 3.55-3.50 (m, 4H), 3.36 (s, 3H), 

2.88-2.85 (m, 2H).   

Monomer NDI-Br2-C2. NDI-Br2-C2 was synthesized according to compound NDI-Br2-C4: 

0.614 g, 31%. 1H NMR (400MHz, CDCl3, δ): 8.98 (s, 2H), 4.46 (t, 4H), 3.84 (t, 4H), 3.70 (t, 

4H), 3.62-3.58 (m, 16H), 3.51 (t, 4H), 3.35 (s, 6H); 13C NMR (175 MHz, CDCl3, δ): 161.01, 

160.91, 139.19, 128.49, 127.94, 125.50, 124.28, 72.05, 70.74, 70.70, 70.63, 70.23, 67.73, 59.17, 

40.19. MALDI-TOF calcd for C32H40Br2N2O12, 802.095; found, 804.183.  

pNDI-C2-T2. A mixture of monomer NDI-Br2-C2 (76.3 mg, 0.095 mmol), 5,5'-

bis(trimethylstannyl)-2,2'-bithiophene (49.1 mg, 0.1 mmol), Pd(PPh3)4 (2.3 mg) and degassed 

chlorobenzene (5 mL) was vigorously stirred at 100 oC under argon for 3h. After cooling to 

room temperature, the mixture was poured into Et2O and the precipitate collected by filtration. 

The crude polymer was purified in Soxhlet apparatus, washed with n-hexane, acetone and 

chloroform sequentially. The chloroform fraction was concentrated and poured into Et2O. The 

polymer was recovered by filtration and dried in vacuum overnight. Yield: (30 mg, 39 %).  

pNDI-C4-T2. A mixture of monomer NDI-Br2-C4 (81.7 mg, 0.095 mmol), 5,5'-

bis(trimethylstannyl)-2,2'-bithiophene (49.1 mg, 0.1 mmol), Pd(PPh3)4 (2.3 mg) and degassed 

chlorobenzene (5 mL) was vigorously stirred at 100 oC under argon for 3h. After cooling to 

room temperature, the mixture was poured into Et2O and the precipitate collected by filtration. 

The crude polymer was purified in Soxhlet apparatus, washed with n-hexane, acetone and 

chloroform sequentially. The chloroform fraction was concentrated and poured into Et2O. The 

polymer was recovered by filtration and dried in vacuum overnight. Yield: (35 mg, 43 %).  
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pNDI-C6-T2. A mixture of monomer NDI-Br2-C6 (87.0 mg, 0.095 mmol), 5,5'-

bis(trimethylstannyl)-2,2'-bithiophene (49.1 mg, 0.1 mmol), Pd(PPh3)4 (2.3 mg) and degassed 

chlorobenzene (5 mL) was vigorously stirred at 100 oC under argon for 3h. After cooling to 

room temperature, the mixture was poured into Et2O and the precipitate collected by filtration. 

The crude polymer was purified in Soxhlet apparatus, washed with n-hexane, acetone and 

chloroform sequentially. The chloroform fraction was concentrated and poured into Et2O. The 

polymer was recovered by filtration and dried in vacuum overnight. Yield: (32 mg, 37 %).  

pNDI-C8-T2. A mixture of monomer NDI-Br2-C8 (138.5 mg, 0.1425 mmol), 5,5'-

bis(trimethylstannyl)-2,2'-bithiophene (73.65 mg, 0.15 mmol), Pd(PPh3)4 (3.5 mg) and 

degassed chlorobenzene (8 mL) was vigorously stirred at 100 oC under argon for 3h. After 

cooling to room temperature, the mixture was poured into Et2O and the precipitate collected 

by filtration. The crude polymer was purified in Soxhlet apparatus, washed with n-hexane, 

acetone and chloroform sequentially. The chloroform fraction was concentrated and poured 

into Et2O. The polymer was recovered by filtration and dried in vacuum overnight. Yield: (80 

mg, 57 %).  

Scheme S11. Synthesis Routes of monomers T2-OMe-Tin. 

 
 

3,3'-dimethoxy-2,2'-bithiophene: An oven dried 100 mL schlenk flask with magnetic stir bar 

was charged with 3-methoxy-thiophene (2.28g, 20 mmol) and 20 mL of dry THF. The reaction 

mixture was cooled to 0 oC in an ice bath over 15 min. 12.5 mL of 1.6 M n-butyllithium in 

hexanes (20mmol) was then added dropwise over 10 min, and the reaction was stirred for 2 h 

at oC. This solution was then added to another oven dried 100 mL three-neck round bottom 

flask with condenser and magnetic stir bar that had been charged with 7.08 g iron(iii) 

acetylacetonate (20 mmol) and 50 mL of dry THF. The reaction mixture was then heated to 

reflux and stirred for 2 h. After cooling to room temperature, the mixture was put through a 

short silica plug eluting with DCM to remove inorganics. The crude material was concentrated 

under pressure and purified via column chromatography, giving of a white solid (1.07 g, 47 %).  
1H NMR (400MHz, CDCl3, δ): 7.14-7.13 (d, 2H), 6.90-6.89 (d, 2H), 3.97 (s, 6H).  

T2-OMe-Tin. The solution of 3,3'-dimethoxy-2,2'-bithiophene (1 g, 4.4 mmol) in anhydrous 

THF (40mL) was cooled to -78 oC, followed n-BuLi (10.0 mL, 6 mmol, 1.6 M in hexane). The 
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mixture was maintained at this temperature for 15 min, warmed to room temperature for 

another 1h, and then re-cooled to -78 oC. Trimethyltin chloride (11 mL, 1M in THF, 11 mmol) 

was added in portion. The mixture was slowly warmed up to room temperature and stirred 

overnight, before which poured into water for extraction with ethyl acetate (3x50 mL). The 

combined organic layers were washed with brine (1x50 mL) and dried over MgSO4. After the 

solvent had been removed under reduced pressure, the residue was recrystallized from MeCN 

to obtain (0.787 g, yield 20%). 1H NMR (400MHz, CD2Cl2, δ): 6.94 (s, 2H), 3.94 (s, 6H), 0.43-

0.31 (t, 18H).  

pNDI-C2-T2-OMe. A mixture of monomer NDI-Br2-C2 (40.2 mg, 0.05 mmol), T2-OMe-Tin 

(24.8 mg, 0.045 mmol), Pd2(dba)3 (1.0 mg), (o-tol)3P (1.2 mg) and degassed chlorobenzene (5 

mL) was vigorously stirred at 100 oC under argon for 3h. After cooling to room temperature, 

the mixture was poured into Et2O and the precipitate collected by filtration. The crude polymer 

was purified in Soxhlet apparatus, washed with n-hexane, acetone and chloroform sequentially. 

The chloroform fraction was concentrated and poured into Et2O. The polymer was recovered 

by filtration and dried in vacuum overnight. Yield: (30 mg, 69 %).  

pNDI-C4-T2-OMe. A mixture of monomer NDI-Br2-C4 (86.0 mg, 0.1 mmol), T2-OMe-Tin 

(55.2 mg, 0.1 mmol), Pd2(dba)3 (1.8 mg), (o-tol)3P (2.4 mg) and degassed chlorobenzene (5 

mL) was under Microwave reactor at 140 oC, 160 oC and 180 oC for 2 min, 2 min and 20 mins, 

respectively. After cooling to room temperature, the mixture was poured into Et2O and the 

precipitate collected by filtration. The crude polymer was purified in Soxhlet apparatus, washed 

with n-hexane, acetone and chloroform sequentially. The chloroform fraction was concentrated 

and poured into Et2O. The polymer was recovered by filtration and dried in vacuum overnight. 

Yield: (50 mg, 58 %).  

pNDI-C6-T2-OMe. A mixture of monomer NDI-Br2-C6 (91.6 mg, 0.1 mmol), T2-OMe-Tin 

(55.2 mg, 0.1 mmol), Pd2(dba)3 (1.8 mg), (o-tol)3P (2.4 mg) and degassed chlorobenzene (5 

mL) was under Microwave reactor at 140 oC, 160 oC and 180 oC for 2 min, 2 min and 20 mins, 

respectively. After cooling to room temperature, the mixture was poured into Et2O and the 

precipitate collected by filtration. The crude polymer was purified in Soxhlet apparatus, washed 

with n-hexane, acetone and chloroform sequentially. The chloroform fraction was concentrated 

and poured into Et2O. The polymer was recovered by filtration and dried in vacuum overnight. 

Yield: (85 mg, 86 %).  

pNDI-C8-T2-OMe. A mixture of monomer NDI-Br2-C8 (97.2 mg, 0.1 mmol), T2-OMe-Tin 

(55.2 mg, 0.1 mmol), Pd2(dba)3 (1.8 mg), (o-tol)3P (2.4 mg) and degassed chlorobenzene (5 

mL) was under Microwave reactor at 140 oC, 160 oC and 180 oC for 2 min, 2 min and 20 mins, 
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respectively. After cooling to room temperature, the mixture was poured into Et2O and the 

precipitate collected by filtration. The crude polymer was purified in Soxhlet apparatus, washed 

with n-hexane, acetone and chloroform sequentially. The chloroform fraction was concentrated 

and poured into Et2O. The polymer was recovered by filtration and dried in vacuum overnight. 

Yield: (75 mg, 77 %).  

Scheme S11. Synthesis Routes of monomers T2-Cy-Tin. 

 
 

2-(2-(2-methoxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate. 2-(2-(2-

methoxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate was synthesized synthesized 

according to compound 9a: 25.2 g, 79%. 1H NMR (400MHz, CDCl3, δ): 7.80-7.78 (d, 2H), 

7.34-7.32 (d, 2H), 4.15 (t, 2H), 3.68 (t, 2H), 3.63-3.57 (m, 8H), 3.54-3.52 (m, 2H), 3.36 (s, 3H), 

2.44 (s, 3H).  

2,5,8,11-tetraoxapentadecan-15-ol (11a). Butane-1,4-diol (10.6 mL, 120 mmol) was added 

dropwise for 15 min to a solution of 60% of sodium hydride (2.4 g, 60 mmol) in DMF (200 

ml) while stirring in an ice bath. The resulting solution was stirred at room temperature for 

another half hour before dropwise a solution of 2-(2-(2-methoxyethoxy)ethoxy)ethyl 4-

methylbenzenesulfonate (12.7 g, 40 mmol) in DMF (20 ml) while stirring in an ice bath under 

nitrogen atmosphere. The solution was thus stirred at room temperature overnight before pour 

to H2O (200 mL) and then extracted with DCM three times. The combined DCM solutions 

were dried over MgSO4 and evaporated. The crude mixture obtained was used for next step 

without purification, yield 6.3 g, 67%. 1H NMR (400MHz, CDCl3, δ): 3.64-3.61 (m, 10H), 

3.59-3.58 (m, 2H), 3.54-3.52 (m, 2H), 3.50 (t, 2H), 3.43 (t, 2H), 3.36 (s, 3H), 1.67-1.63 (m, 

4H); 13C NMR (175MHz, CDCl3, δ): 72.02, 71.41, 70.71, 70.68, 70.58, 70.18, 62.69, 59.11, 

30.29, 26.71. 
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2,5,8,11-tetraoxapentadecan-17-ol (12a). 12a was synthesized synthesized according to 

compound 9a: 12.7 g, 99% (containing DMF solvent). 1H NMR (400MHz, CDCl3, δ): 3.64-

3.59 (m, 10H), 3.56-3.51 (m, 4H), 3.43-3.42 (m, 2H), 3.35 (s, 3H), 1.58-1.53 (m, 4H), 1.36-

1.33 (m, 4H); 13C NMR (175MHz, CDCl3, δ): 72.01, 71.39, 70.70, 70.65, 70.58, 70.14, 62.85, 

62.82, 59.10, 32.75, 29.62, 25.96, 25.63. 

13-(thiophen-3-yloxy)-2,5,8,11-tetraoxatridecane (10b). A 100-mL round flask with 

magnetic stir bar was charged with 3-methoxy-thiophene (3.42 g, 30 mmol) and 100 mL 

toluene. PTSA (0.95 g, 5 mmol) was added. The reaction mixture was refluxed monitoring 

with GC-MS, if it is necessary another batch PTSA will be added. Then, toluene was removed 

under pressure and the residue was purified via column chromatography, giving of 10b (3g, 

41%). 1H NMR (400MHz, CDCl3, δ): 7.16-7.14 (m, 1H), 6.77-6.75 (m, 1H), 6.25-6.24 (m, 1H), 

4.10 (t, 2H), 3.84-3.80 (m, 2H), 3.72-3.60 (m, 10H), 3.55-3.52 (m, 2H), 3.36 (s, 3H); 13C NMR 

(175MHz, CDCl3, δ): 157.67, 124.72, 119.68, 97.59, 72.67, 72.02, 70.87, 70.71, 70.64, 70.60, 

70.57, 70.39, 69.77, 69.66, 61.84, 59.13. 

15-(thiophen-3-yloxy)-2,5,8,11-tetraoxatridecane (11b). 11b was synthesized synthesized 

according to compound 10b: 1.25 g, 22%. 1H NMR (400MHz, CDCl3, δ): 7.17-7.15 (m, 1H), 

6.74-6.73 (m, 1H), 6.23-6.22 (m, 1H), 3.96 (t, 2H), 3.66-3.64 (m, 8H), 3.61-3.59 (m, 2H), 3.56-

3.51 (m, 4H), 3.38 (s, 3H), 1.86-1.83 (m, 2H), 1.76-1.73 (m, 2H); 13C NMR (175MHz, CDCl3, 

δ): 161.27, 158.06, 129.95, 128.02, 124.76, 124.67, 119.64, 97.16, 72.07, 71.03, 70.77, 70.75, 

70.67, 70.57, 70.38, 70.30, 70.26, 70.02, 63.96, 59.18, 26.34, 26.17, 26.16, 25.92, 25.72, 25.52.  

17-(thiophen-3-yloxy)-2,5,8,11-tetraoxatridecane (12b). 12b was synthesized synthesized 

according to compound 10b: 2.2 g, 25%. 1H NMR (400MHz, CDCl3, δ): 7.17-7.15 (m, 1H), 

6.74-6.73 (m, 1H), 6.23-6.22 (m, 1H), 3.93 (t, 2H), 3.66-3.63 (m, 8H), 3.59-3.54 (m, 4H), 3.4 

7-3.45 (m, 4H), 3.38 (s, 3H), 1.78-1.75 (m, 2H), 1.62-1.58 (m, 2H), 1.47-1.37 (m ,4H); 13C 

NMR (175MHz, CDCl3, δ): 157.99, 124.53, 119.52, 96.98, 71.96, 71.35, 71.26, 70.65, 70.61, 

70.54, 70.12, 70.10, 63.93, 59.07, 58.71, 29.58, 29.54, 29.50, 29.23, 28.47, 25.93, 25.91, 25.74, 

25.65, 25.36. 

13-((2-bromothiophen-3-yl)oxy)-2,5,8,11-tetraoxatridecane (10c). To a solution of 10b (3g, 

10.3 mmol) in 50 mL degassed THF in the ice bath, NBS (1.75g, 9.8 mmol) was added 

potionwisely. The mixture was stirred at 0 oC for 1 hour, after which was washed with Na2S2O3 

(aq) and extracted with DCM. The combined organic solution was concentrated under pressure 

to give 10c (3.2g, 84%). 1H NMR (400MHz, CDCl3, δ): 7.18-7.17 (d, 1H), 6.77-6.76 (d, 1H), 

4.19 (t, 2H), 3.82-3.80 (m, 2H), 3.72-3.60 (m, 10H), 3.55-3.52 (m, 2H), 3.36 (s, 3H); 13C NMR 
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(175MHz, CDCl3, δ): 154.47, 124.33, 118.09, 97.16, 72.04, 71.80, 71.06, 70.75, 70.72, 70.61, 

69.95, 59.15.  

15-((2-bromothiophen-3-yl)oxy)-2,5,8,11-tetraoxatridecane (11c). 11c was synthesized 

synthesized according to compound 10c: 2.45 g, 89%. 1H NMR (400MHz, CDCl3, δ): 7.19-

7.18 (d, 1H), 6.74-6.73 (d, 1H), 4.06 (t, 2H), 3.66-3.52 (m, 14H), 3.37 (s, 3H), 1.83-1.81 (m, 

2H), 1.78-1.75 (m, 2H); 13C NMR (175MHz, CDCl3, δ): 154.58, 124.32, 117.61, 91.72, 72.07, 

72.04, 71.01, 70.75, 70.73, 70.65, 70.23, 59.18, 26.44, 26.17.  

17-((2-bromothiophen-3-yl)oxy)-2,5,8,11-tetraoxatridecane (12c). 12c was synthesized 

synthesized according to compound 10c: 2.75 g, 89%. 1H NMR (400MHz, CDCl3, δ): 7.07-

7.06 (d, 1H), 6.83-6.82 (d, 1H), 4.09 (t, 2H), 3.66-3.63 (m, 8H),3.58-3.53 (m, 4H), 3.48 (t, 2H) 

3.37 (s, 3H), 1.86-1.79 (m, 2H), 1.64-1.61 (m, 2H), 1.57-1.53 (m, 2H), 1.44-1.40 (m, 2H); 13C 

NMR (175MHz, CDCl3, δ): 152.01, 121.78, 116.14, 114.20, 70.07, 71.95, 71.51, 70.76, 70.72, 

70.65, 70.23, 59.17, 29.78, 29.70, 26.07, 25.99.  

3,3'-bis((2,5,8,11-tetraoxatridecan-13-yl)oxy)-2,2'-bithiophene (10d). An oven dried three-

neck flask equipped with a condenser was charged with 10c (3.2g, 8.4 mmol) and 60 mL 

anhydrous THF. BuMgCl (2.1 mL, 2M in THF, 4.2 mmol) was added via syringe, after which 

was refluxed for 2h. During this process, GCMS was used to monitor the conversion of 10c. If 

it was less than 50%, more BuMgCl was needed. The mixture was cooled to room temperature 

before Ni(dpp)Cl2 (227 mg, 5%) was added. Then, the mixture was refluxed for another 3 hours.  

The extra solvent was removed under pressure and the crude product was than purified via 

column chromatography using neutral Al2O3, giving of 10d (660 mg, 28%). 1H NMR (400MHz, 

CDCl3, δ): 7.08-7.07 (d, 2H), 6.86-6.84 (d, 2H), 4.24 (t, 4H), 3.90 (t, 4H), 3.75 (t, 4H), 3.68-

3.62 (m, 16H), 3.53 (t, 4H), 3.37 (s, 6H); 13C NMR (175MHz, CDCl3, δ): 151.85, 122.05, 

116.70, 114.89, 72.07, 71.52, 71.06, 70.82, 70.76, 70.65, 70.16, 70.04, 59.17.  

3,3'-bis((2,5,8,11-tetraoxatridecan-15-yl)oxy)-2,2'-bithiophene (11d). 11d was synthesized 

synthesized according to compound 10d: 1.36 g, 70%. 1H NMR (400MHz, CDCl3, δ): 7.07-

7.06 (d, 2H), 6.83-6.82 (d, 2H), 4.12 (t, 2H), 3.66-3.63 (m, 16H), 3.61-3.59 (m, 4H), 3.56-3.53 

(m, 8H), 3.37 (s, 6H), 1.93-1.90 (m, 4H), 1.85-1.82 (m, 4H); 13C NMR (175MHz, CDCl3, δ): 

151.95, 121.80, 116.12, 114.17, 72.08, 71.74, 71.07, 70.67, 70.23, 59.18, 26.44, 26.40.  

3,3'-bis((2,5,8,11-tetraoxatridecan-17-yl)oxy)-2,2'-bithiophene (12d). 12d was synthesized 

synthesized according to compound 10d: 1.05 g, 66%. 1H NMR (400MHz, CDCl3, δ): 7.07-

7.06 (d, 2H), 6.83-6.82 (d, 2H), 4.09 (t, 2H), 3.66-3.63 (m, 16H), 3.61-3.59 (m, 4H), 3.58-3.53 

(m, 8H),3.46 (t, 4H), 3.37 (s, 6H), 1.85-1.83 (m, 4H), 1.62-1.61 (m, 4H), 1.57-1.53 (m, 4H), 
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1.44-1.40 (m, 4H); 13C NMR (175MHz, CDCl3, δ): 152.01, 121.78, 116.14, 114.20, 72.07, 

71.95, 71.51, 70.76, 70.72, 70.65, 70.23, 59.17, 29.78, 29.70, 26.07, 25.99.  

(3,3'-bis((2,5,8,11-tetraoxatridecan-13-yl)oxy)-[2,2'-bithiophene]-5,5'-diyl)bis(trimethyl 

stannane) (T2-C2-Tin). The solution of 10d (0.66 g, 1.13 mmol) in anhydrous THF (15mL) 

was cooled to -78 oC, followed n-BuLi (4.2 mL, 6.8 mmol, 1.6 M in hexane). The mixture was 

maintained at this temperature for 15 min, warmed to room temperature for another 1h, and 

then re-cooled to -78 oC. Trimethyltin chloride (7.5 mL, 1M in THF, 7.5 mmol) was added in 

portion. The mixture was slowly warmed up to room temperature and stirred overnight, before 

which poured into water for extraction with ethyl acetate (3x50 mL). The combined organic 

layers were washed with brine (1x50 mL) and dried over MgSO4. After the solvent had been 

removed under reduced pressure, the residue was purified via column chromatography using 

polystyrene eluted with DCM. The product was isolated as a brown-yellow oil (0.6 g, yield 

59%). 1H NMR (400MHz, CDCl3, δ): 6.93 (s, 2H), 6.86-6.84 (d, 2H), 4.25 (t, 4H), 3.88 (t, 4H), 

3.74-3.71 (m, 4H), 3.64-3.61 (m, 4H), 3.59-3.56 (m, 8H), 3.50-3.48 (m, 4H), 3.33 (s, 6H), 0.37 

(t, 18H); 13C NMR (175MHz, CDCl3, δ): 154.18, 134.79, 124.73, 120.72, 72.44, 72.03, 71.41, 

71.13, 71.10, 71.02, 70.91, 70.62, 59.16, 54.54, 52.27, 54.00, 53.73, 53.46, -8.09. MALDI-

TOF calcd for C32H58O10S2Sn2, 906.152; found, 901.336. 

(3,3'-bis((2,5,8,11-tetraoxatridecan-15-yl)oxy)-[2,2'-bithiophene]-5,5'-diyl)bis(trimethyl 

stannane) (T2-C4-Tin). T2-C4-Tin was synthesized according to compound T2-C2-Tin: 1.5 

g, 75%. 1H NMR (400MHz, CDCl3, δ): 6.96 (s, 2H), 4.18 (t, 4H), 3.64-3.53 (m, 24H), 3.37 (s, 

6), 0.41 (t, 18H); 13C NMR (175MHz, CDCl3, δ): 154.33, 134.31, 124.18, 120.22, 72.44, 72.20, 

71.42, 71.09, 71.05, 70.92, 70.65, 59.16, 54.43, 54.22, 54.00, 53.78, 53.57, 27.15, 26.93, -8.11. 

MALDI-TOF calcd for C36H66O10S2Sn2, 962.214; found, 956.011. 

(3,3'-bis((2,5,8,11-tetraoxatridecan-17-yl)oxy)-[2,2'-bithiophene]-5,5'-diyl)bis(trimethyl 

stannane) (T2-C6-Tin).  T2-C6-Tin was synthesized according to compound T2-C2-Tin: 1.9 

g, 90%. 1H NMR (400MHz, CD2Cl2, δ): 6.90 (S, 2H), 4.10 (t, 4H), 3.58-3.49 (m, 20H), 3.44 

(t, 4H), 3.33 (s, 6H); 13C NMR (175MHz, CD2Cl2, δ): 154.41, 134.28, 124.18, 120.23, 72.44, 

71.83, 71.10, 70.16, 70.92, 70.64, 68.14, 59.18, 30.34, 26.59, -8.13. MALDI-TOF calcd for 

C40H74O10S2Sn2, 1018.277; found, 1016.337. 

pNDI-C2-T2-C2. A mixture of monomer NDI-Br2-C2 (40.2 mg, 0.05 mmol), T2-C2-Tin (45.2 

mg, 0.05 mmol), Pd2(dba)3 (1.0 mg), (o-tol)3P (1.2 mg) and degassed chlorobenzene (2 mL) 

was under Microwave reactor at 140 oC, 160 oC and 180 oC for 2 min, 2 min and 20 mins, 

respectively. After cooling to room temperature, the mixture was poured into Et2O and the 

precipitate collected by filtration. The crude polymer was purified in Soxhlet apparatus, washed 
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with n-hexane, MeOH, and acetone sequentially. The acetone fraction was concentrated and 

poured into Et2O. The polymer was recovered by filtration and dried in vacuum overnight. 

Yield: (45 mg, 74 %).  

pNDI-C2-T2-C4. A mixture of monomer NDI-Br2-C2 (80.4 mg, 0.1 mmol), T2-C4-Tin (96 

mg, 0.1 mmol), Pd2(dba)3 (1.8 mg), (o-tol)3P (2.4 mg) and degassed chlorobenzene (3 mL) was 

under Microwave reactor at 140 oC, 160 oC and 180 oC for 2 min, 2 min and 20 mins, 

respectively. After cooling to room temperature, the mixture was poured into Et2O and the 

precipitate collected by filtration. The crude polymer was purified in Soxhlet apparatus, washed 

with n-hexane, MeOH, and acetone sequentially. The acetone fraction was concentrated and 

poured into Et2O. The polymer was recovered by filtration and dried in vacuum overnight. 

Yield: (113 mg, 88 %).  

pNDI-C2-T2-C6. A mixture of monomer NDI-Br2-C2 (40.2 mg, 0.05 mmol), T2-C6-Tin (50.8 

mg, 0.05 mmol), Pd2(dba)3 (1.0 mg), (o-tol)3P (1.2 mg) and degassed chlorobenzene (2 mL) 

was under Microwave reactor at 140 oC, 160 oC and 180 oC for 2 min, 2 min and 20 mins, 

respectively. After cooling to room temperature, the mixture was poured into Et2O and the 

precipitate collected by filtration. The crude polymer was purified in Soxhlet apparatus, washed 

with n-hexane, MeOH, and acetone sequentially. The acetone fraction was concentrated and 

poured into Et2O. The polymer was recovered by filtration and dried in vacuum overnight. 

Yield: (40 mg, 60 %).  

 

 

pNDI-C4-T2-C2. A mixture of monomer NDI-Br2-C4 (86 mg, 0.1 mmol), T2-C2-Tin (90.4 

mg, 0.1 mmol), Pd2(dba)3 (1.8 mg), (o-tol)3P (2.4 mg) and degassed chlorobenzene (3 mL) was 

under Microwave reactor at 140 oC, 160 oC and 180 oC for 2 min, 2 min and 20 mins, 

respectively. After cooling to room temperature, the mixture was poured into Et2O and the 

precipitate collected by filtration. The crude polymer was purified in Soxhlet apparatus, washed 

with n-hexane, MeOH, and acetone sequentially. The acetone fraction was concentrated and 

poured into Et2O. The polymer was recovered by filtration and dried in vacuum overnight. 

Yield: (114 mg, 89 %).  

pNDI-C4-T2-C6. A mixture of monomer NDI-Br2-C4 (86 mg, 0.1 mmol), T2-C4-Tin (96 mg, 

0.1 mmol), Pd2(dba)3 (1.8 mg), (o-tol)3P (2.4 mg) and degassed chlorobenzene (3 mL) was 

under Microwave reactor at 140 oC, 160 oC and 180 oC for 2 min, 2 min and 20 mins, 

respectively. After cooling to room temperature, the mixture was poured into Et2O and the 

precipitate collected by filtration. The crude polymer was purified in Soxhlet apparatus, washed 
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with n-hexane, MeOH and acetone sequentially. The acetone fraction was concentrated and 

poured into Et2O. The polymer was recovered by filtration and dried in vacuum overnight. 

Yield: (95 mg, 71 %).  

pNDI-C4-T2-C6. A mixture of monomer NDI-Br2-C4 (86 mg, 0.1 mmol), T2-C6-Tin (90.4 

mg, 0.1 mmol), Pd2(dba)3 (1.8 mg), (o-tol)3P (2.4 mg) and degassed chlorobenzene (3 mL) was 

under Microwave reactor at 140 oC, 160 oC and 180 oC for 2 min, 2 min and 20 mins, 

respectively. After cooling to room temperature, the mixture was poured into Et2O and the 

precipitate collected by filtration. The crude polymer was purified in Soxhlet apparatus, washed 

with n-hexane, MeOH, and acetone sequentially. The acetone fraction was concentrated and 

poured into Et2O. The polymer was recovered by filtration and dried in vacuum overnight. 

Yield: (90 mg, 65 %).  
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