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Abstract 

Organic solar cells (OSCs), also known as, organic photovoltaics (OPVs), appear as a promising 

technology for renewable energy owing to their light weight, great flexibility and low-cost fabrication 

process. So far most of the OPVs have been using fullerene derivatives, such as PCBM or PC71BM, 

as the electron acceptor in the active layer, which have been proven to a bottleneck for this technology. 

Therefore, developing non-fullerene acceptors has become the new driving force for this field. All-

polymer solar cells (all-PSCs) that have the advantages of robustness, stability and tunability have 

already achieved PCE up to 9%. However, there is still a significant gap between the all-PSCs and 

fullerene-based OSCs (PCE approaching 12%) despite tremendous effort that has been put into the 

optimization of both material and device. Thus, developing novel acceptor materials is imperative for 

improving the performance of all-PSCs. In this thesis, three classes of π-conjugated polymers were 

designed and synthesized for the application of all-PSC. The first class of polymers is based on an novel 

electron-deficient moiety, (3E,7E)-3,7-bis(2-oxoindolin-3-ylidene)-5,7-dihydropyrrolo[2,3-f]indole-

2,6(1H,3H)-dione (IBDP). The IBDP-based polymers (P1 and P2) showed balanced ambipolar 

transport property (electron mobility up to 0.10 cm2 V-1 s-1 and hole mobility up to 0.19 cm2 V-1 s-1) in 

OTFTs. In addition to the good charge transport properties, the IBDP polymers exhibited strong and 

broad adsorption profile across the visible and NIR region up 1100 nm as well as elevated LUMO levels 

at -3.70 eV. With these advantageous features, these IBDP polymers were used as acceptor with poly(3-

hexylthiophene-2,5-diyl) (P3HT) as the donor in all-PSCs. After donor/acceptor ratio optimization, the 

resultant all-PSC devices showed high PCE of 3.38%, which is the highest PCE that has been obtained 

from P3HT-based all-PSCs so far. The second class consists of three (3E,7E)-3,7-bis(2-oxoindolin-3-

ylidene)benzo[1,2-b:4,5-b’]difuran-2,6(3H,7H)-dione (IBDF)-based polymers that feature a new type 

of side chains that contain an ester group. The resultant IBDF polymers exhibited excellent electron 

transport properties with electron mobility up to 0.35 cm2 V-1 s-1 in OTFTs. When used as acceptor in 
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all-PSCs with PTB7-Th as donor, low PCEs (<0.4%) were obtained, which was found to be caused by 

the poor miscibility of the donor and acceptor, as well as the inferior bulk charge transport properties 

of the IBDF polymers. Finally, a new building block, dihydroxylnaphthalene diimide (NDIO), was 

introduced for the first time into π-conjugated polymers. Due to the alkoxy groups, the electron affinity 

of the NDIO polymer is significantly higher than the NDI analogues, which led to an enhanced electron 

transport property and more stable performance in OTFTs upon air-exposure. When used as acceptor 

in all-PSCs with PTB7-Th as the donor, a decent PCE of 3.25 % was realized. In particular, the FF 

(0.61) of the solar cell devices is much higher than those of the NDI polymers based all-PSCs, which 

was attributed to the balanced charge transport for both hole and electron in the active layer, as well as 

the suppressed bimolecular recombination. 
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Chapter 1. Introduction 

1.1 Research Context 

As the demand for energy has been skyrocketing in last 30 years, nowadays it is imminent for us to 

seek new energy sources other than traditional ones such as petroleum and coal.[1] On the other hand, 

there are growing environmental concerns over the climate change and air pollution associated with 

using these traditional energy sources.[2] Therefore, numerous efforts have been spent finding new 

energy sources in the last two decades.[3,4] Solar energy is an ideal energy source, since it is completely 

renewable and environmentally friendly. Moreover, it is free of charge. A solar cell (Figure 1-1) is an 

electrical device that can convert solar energy into electricity, which can be of various uses such as 

residential supply and automotive transportation, without generating any air pollution or causing any 

negative impacts to the environment. As far as the technology of solar cell (also known as 

photovoltaics) has developed, it can be generally categorized into three generations.[5–7] The first 

generation of solar cells is based on single crystal silicon. With considerable efficiency and long 

lifespan, single crystal silicon solar cell panels are massively used for residential and plants nowadays, 

however, the initial production cost and heavy weight have refrained it from application in other areas, 

for instance, portable electronic devices.[8] The second generation of solar cells is called thin film solar 

cells, because they are made of thin layers of inorganic semiconductors such as cadmium telluride 

(CdTe) and copper indium gallium diselenium (CIGS). The combination of use of less material and 

lower production cost allows the manufacturers to produce and sell solar cells at a much lower price. 

However, it has turned out to be difficult to produce thin film solar cells in massive quantity with 

comparable efficiency level to that of single crystal silicon solar cells.[9] The third generation of solar 

cells usually refers to a variety of technologies that are still under research and development now, which 

include organic solar cells, dye sensitized solar cells and quantum dot solar cells.  Organic solar cells, 

also known as organic photovoltaics (OPVs), are mainly based on organic semiconductors. Thus, they 
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have several distinguished features.  First, they can be solution processed, which fundamentally allows 

the possibility of manufacturing a solar cell panel using printing technologies at high throughput. 

Compared with the fabrication of inorganic solar cells, using printing technologies will substantially 

lower the manufacturing cost and increase manufacturing efficiency.[10,11] Second, organic materials 

generally have light weight (due to the low density) and good flexibility. This feature is highly desired 

by the portable electronic devices.[12,13] Third, the diversity of organic materials provides means to 

tune and optimize the material properties to meet the criteria set by the applications.[14] Owing to these 

features, organic solar cells have been considered one of the promising photovoltaic technologies. 

 

Figure 1-1 The illustration of the structure of a typical solar cell device.[15] 
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1.2 Organic Solar Cells 

Solar cell is an electrical device that can steadily harvest the sunlight and generate electricity. In 1978, 

Morel et al. and Tang et al. individually introduced the first two organic solar cells with power-

conversion efficiencies (PCEs) of around 1%.[16][17] As shown in Figure 1-2, the cell was based on 

the two-layer planar heterojunction of two organic materials: copper phthalocyanine (CuPc) as donor 

and 3,4,9,10-perylenetetracarboxyl-bis-benzimidazole (PV) as acceptor. These two organic layers were 

sandwiched between ITO-coated glass (front contact) and Ag (back contact) to form a solar cell. When 

the light photon reaches the front contact, it transmits through the front contact and to the CuPc layer, 

where the photon will be absorbed by CuPc and generates an exciton. As the exciton travels to the 

interface between CuPc and the PV, the exciton gets split into an electron and a hole, and then the 

electron will transfer to the PV layer. Finally, the hole and electron will be collected by respective 

electrodes, forming the photovoltaic current. The driving force for the charge separation is provided by 

the energy difference between the lowest unoccupied molecular orbital (LUMO) of the donor (CuPc) 

and highest occupied molecular orbital (HOMO) of the acceptor (PV). One improvement to the OSC 

device was to use C60 fullerene and its derivatives to replace the n-type PV, since fullerene has stronger 

electronegativity and higher electron mobility. In 1993, researchers introduced the use of fullerene 

derivative, [6,6]-phenyl-C61-butyric acid methyl ester (PCBM, Figure 1-3) as the acceptor in planar 

heterojunction OSCs.[18] However, the cell only demonstrated a low PCE of 0.04%.  It was because 

the lifetime of the exciton in organic semiconductors (~10 nm)[19,20] is much shorter than that in 

single crystal silicon, which means only small portion of the generated excitons turn into charge 

carriers.[21] This problem was later addressed by introducing a bulk heterojunction (BHJ) system 

(Figure 1-4), which involves blending donor and acceptor materials in a single layer device. It was first 
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introduced by Hiramoto et al. through the co-evaporating donor and acceptor molecules simultaneously 

under high-vacuum condition.[22] In 1995, Heeger’s group reported the first polymer–fullerene 

(MEH-PPV and PCBM) bulk heterojunction solar cell with a high PCE.[23] This opened a new rea of 

polymer–fullerene system in the field of high-efficiency OSCs. Up to now the polymer–fullerene solar 

cell’s PCE has reached 11.7%[24], indicating remarkable progress towards a promising future. 

 

Figure 1-2 The device structure of the first OSC reported by Tang et al.[17] 
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Figure 1-3 The chemical structure of PCBM. 

 

Figure 1-4 The concept of bulk heterojunction (BHJ) that is used for OSCs. 
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  There are four parameters to characterize the performance of a solar cell: Open circuit voltage (VOC), 

short circuit current density (JSC), fill factor (FF) and power conversion efficiency (PCE), which all can 

be obtained from the V-J (voltage-current density) curve of a cell. As depicted in Figure 1-5, VOC is the 

output voltage when J is at zero, which represents the maximum voltage that can be obtained from the 

cell. There are many factors that can influence VOC of a solar cell (Figure 1-6). For organic solar cells, 

Cowan et al. proposed an equation derived from both theoretical study and experimental data[25]: 

𝑉"# = 	
1
𝑒
𝐸)*+", −	𝐸."+"/ −	∆ −

𝑘𝑇
𝑒
ln	(

𝑁7𝑁8
𝑁#

) 

Where Ne is termed the electron density in the acceptor domains and Nh is termed the hole density in 

the donor domains under open circuit conditions, and NC is the density of states (DOS) at the conduction 

band edge of the donor and acceptor. The energy shift, Δ, arises from disorder within the phase 

separated donor and acceptor domains. JSC is the measured current density when the external resistance 

is zero, which represents the maximum current density that can be obtained from the cell. This equation 

was also verified by Scharber’s work,[26] which gave a simplified equation: 

𝑉"# = 	
1
𝑒
𝐸)*+", −	𝐸."+"/ − 0.3𝑉 

A simple way to increase the JSC of a solar cell is to use a low bandgap and broaden the adsorption 

profile of semiconductor to promote the light harvesting and charge generation. In a device, however, 

JSC could also be determined by several non-trivial factors such as exciton dissociation, charge transport 

(bulk charge transport mobility) and germinate recombination. Achieving a proper morphology of the 

active layer is a key to the intrinsic performance for given a combination of donor/acceptor. The 

preferred morphology of the active layer is a bi-continuous interpenetration network (Figure 1-7)[27]. 

Donor and acceptor domains should be twice the size of the exciton diffusion length (around 10 nm), 
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which allows excitons to diffuse to the donor–acceptor interface and thus achieves efficient exciton 

dissociation and charge generation. After charge separation at the donor–acceptor interface, holes and 

electrons must travel to the positive and negative electrodes through the continuous donor and acceptor 

networks, respectively. Although VOC and JSC can indeed be improved by employing these strategies, 

it remains a challenge to improve both values simultaneously. Narrowing the bandgap can improve JSC, 

but VOC may correspondingly be decreased because of the higher HOMO level that results. Researchers 

recently demonstrated that structural fine-tuning is a powerful approach for improving both VOC and 

JSC simultaneously.[28–31] For example, introducing a fluorine atom into the TT unit reduces both 

HOMO and LUMO levels simultaneously, while also improving VOC and retaining the bandgap.[29,31] 

Fine-tuning the side-chain structure can also result in a similar effect. One example is to simultaneously 

lower both the HOMO and LUMO levels by replacing the electron-rich alkoxy side chain with the less 

electron-rich alkyl chain.[32] FF is the ratio of the maximum power output to the product of VOC and 

JSC. It is affected by many factors, including the balance of charge carrier mobility, interface 

recombination (bimolecular recombination), series and shunt resistances, film morphology and 

miscibility between the donor and acceptor. However, obtaining a clear understanding and the ability 

to modulate the FF remains a hurdle in the development of PSCs. Apart from the parameters above, the 

series resistance (RS) and shunt resistance (RSH) can also significantly affect the J-V curve, as shown in 

the equation below: 

𝐽 = 𝐽) − 𝐽> exp
𝑞 𝑉 + 𝐽𝑅E

𝑛𝐾𝑇
−
𝑉 + 𝐽𝑅E
𝑅E.

 

Where JL is the photocurrent, Jo is the dark saturation current and n is the ideality of the device. 

According to this equation, the higher RS or the low RSH is, the lower VOC and FF will become. The 
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PCE is ratio of maximum output to the power input (100 mW/cm2 for the standard AM1.5G spectrum 

multiplied by the area of the cell). Therefore, we have the expression for PCE:  

𝑃𝐶𝐸 =
𝐽E#×𝑉E#×𝐹𝐹
100	𝑚𝑊/𝑐𝑚P 

Since PCE represents the overall performance of a solar cell, the focus of organic photovoltaics has 

been achieving high PCE to compete with silicon solar cells. With all these parameters affecting the 

PCE of a solar cell, improving the PCEs of OSCs presents a great challenge to the researchers. Although 

optimizing the fabrication process can probe the intrinsic maximum performance of the materials, more 

efforts should be made to develop novel materials with excellent properties that can simultaneously 

boost all those parameters in order for OSCs’ performance to reach that of Silicon solar cells.  

 

Figure 1-5 The J-V and P-V characteristics of a solar cell.[33]  
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Figure 1-6 Factors that can affect the VOC in organic solar cells. 
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Figure 1-7 The ideal morphology (bi-continuous and interpenetrating network) for a bulk 

heterojunction of donor-acceptor. 

1.3 Organic Semiconductors 

Semiconductors are materials that show low conductivity at room temperature but significantly 

higher conductivity at elevated temperatures. This phenomenon can be explained by the band gap 

between valence band and conduction band in an inorganic solid. For a solid material, if the band 

gap is less than 3.0 eV[34], an appreciable number of electrons in the valence band will jump the gap 

and reach the conduction band (Figure 1-8). This behavior can be described by the following 

equation[35]: 

𝑛Q = 𝐴S/P𝑇T/Pexp	(−
𝐸U
2𝑘W𝑇

) 
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where A is a constant depending on the characteristics of the valence and conduction bands of the 

material, T is the absolute temperature, and kB is the Boltzmann constant. Thus, there will be free 

electrons populating in conduction band and the material becomes conductive when the temperature 

was increased. The modern theory of semiconductor physics is based on quantum mechanics to 

explain the movement of charge carriers in a crystal lattice. Depending on which type of charge 

carriers (electrons and holes) the material is conducting, the semiconductor can be categorized into 

3 types: n-type (electron conduction), p-type (hole conduction) and ambipolar type (both electron 

and hole conduction). The semiconductor materials can be doped under precise conditions to control 

the charge carrier concentration and regions of p- and n-type dopants to realize hole conduction and 

electron conduction (Figure 1-9). 

 

Figure 1-8 The difference among insulator, semiconductor and conductor.[36] 
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Figure 1-9 The illustration of impurity doping to realize n-type or p-type semiconductor.[37] 

  In the 1954, researchers discovered that polycyclic aromatic compounds can form semiconducting 

charge-transfer complex salts with halogens. Electrical conductivity of 0.12 S/cm was observed in 

perylene-iodine complex.[38] This finding showed that materials could carry charge. In theory, 

carbon is a Group IV atom with four valence electrons, which can form four bonds through orbital 

hybridization in three forms, sp, sp2, and sp3 (Figure 1-10). The sp2 orbital is formed by hybridization 

of s, px and py orbitals along a plane separated from each other by 120 degrees. While the sp2 orbitals 

can form the σ-bonding, the remaining pz   orbitals (out of plane) form delocalized orbitals, which are 

called the π-bonding. When two orbitals overlap to form the bonding, there will be two new orbitals: 

one bonding orbital and one anti-bonding orbital (marked with *). The bonding orbital will be 

occupied by two electrons with spin-up and -down, while the anti-bonding orbital is unoccupied. 

When many π-bonds are conjugated together, for example, π-conjugated polymers, these 

bonding/anti-bonding orbitals will form two continuous energy level bands, respectively as shown in 

Figure 1-11 and the π electrons will fill the energy levels from lowest to highest. The frontier orbital 
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of the π-orbitals is called HOMO (the highest occupied molecular orbital) and the frontier orbital of 

the π*-orbitals is called LUMO (the lowest occupied molecular orbital). This concept is similar to 

the top of the valence band and the bottom of the conduction band in inorganic semiconductors. As 

π-conjugation grows larger, the HOMO-LUMO band gap becomes smaller. If the band gap is small 

enough (< 3.0 eV), the organic material starts to have semiconducting properties, just like the 

inorganic semiconductors. For organic semiconductors, the HOMO and LUMO levels determine the 

type of charge carriers they can conduct. An organic semiconductor with a high HOMO level tends 

to transport positive holes and it is called a p-type semiconductor or an electron donor material, a 

term widely used for OSCs. In contrast, an organic semiconductor with a low LUMO level favors 

the transport of negative electrons and behaves as an n-type semiconductor or an electron acceptor 

material. Previous studies have already shown that a LUMO level that is close or below -4.0 eV is 

needed to stabilize the electron transport in the organic semiconductor.[39,40] Similarly, a HOMO 

level close or below -5.0 eV is also required for hole transport in organic semiconductor.[41,42] The 

HOMO and LUMO levels of an organic semiconductor are governed by the chemical functional 

groups in the π-conjugation. An electron deficient or electron-accepting moiety would decrease the 

energy levels such as carboxyl groups. On the other hand, an electron rich or electron-donating 

moiety would increase the energy levels such as alkoxyl groups. Due to the variety of functional 

groups available for organic compounds, the development of organic semiconductors becomes 

promising and diversified. In particular polymeric semiconductors have the merits of high 

mechanical robustness and fully compatibility with printing technology and therefore receive a lot 

of research attention.[43] For charge transport within π-conjugated polymer semiconductors, two 

aspects can be looked at: i) intrachain transport and ii) interchain transport (Figure 1-12). The 
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intrachain charge transport mainly depends on the effective π-conjugation length along the polymer 

backbone. Generally high coplanarity along the backbone will result in effective π-conjugation and 

hence efficient intrachain charge transport. The interchain charge transport is determined by the 

interchain distance and the charge transport between polymer chains is highly anisotropic. The most 

favored direction is along the π–π stacks, which usually has the shortest interchain distance among 

all directions and it is the most beneficial for charge hopping between chains. In general, since the 

intrachain transport is much faster than the interchain transport, interchain charge hopping is usually 

the rate limiting step. 

 

Figure 1-10 The geometry of sp, sp2 and sp3 orbitals. 
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Figure 1-11 Energy band diagram of a π-conjugated polymer.[44] 

 

Figure 1-12 Intramolecular charge transport and intermolecular charge transport mechanism. 
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1.4 Π-conjugated Polymers for Organic Solar Cells 

π-conjugated polymers/fullerene based solar cells (PSCs) initially have limited PCEs below 5% since 

the donor materials, mainly MEH-PPV or poly(3-hexylthiophene-2,5-diyl) (P3HT) in most cases, 

have narrow absorption range and low hole mobility.[45–48] In 2006, a novel low band gap polymer, 

poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4,7-(2,1,3-

benzothiadiazole)] (PCPDTBT, Figure 1-13) was reported for PSCs and high PCE up to 5.5 % was 

achieved[49,50], which was attributed to the higher hole mobility and extended absorption up to 900 

nm. PCPDTBT represents a new class of π-conjugated polymers, whose backbone is comprised of 

alternating donor-acceptor (D-A) arrangement. Herein, donors refer to those electron-rich moieties, for 

example, thiophene and bithiophene and acceptors refer to those electron-deficient moieties such as 

diketopyrrolopyrrole and naphthalene diimide. According to the orbital hybridization theory, the 

HOMO and LUMO levels of a D-A polymer are mainly determined by the donor building block and 

acceptor building block, which generally leads to an elevated HOMO level, deep-lying LUMO level 

and narrow bandgap. This provides a useful tool to optimize the energy band alignment and solar energy 

harvest. In addition, the induced intermolecular D–A interaction can shorten the π–π stacking distance 

to help bring about efficient charge transport in D–A polymers. Since then substantial progress has 

been made in development of various D–A polymers for high-performance PSCs[51] and recently 

PCEs over 10% were achieved with poly [[2,6’-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,3-

b]dithiophene] [3-fluoro-2[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl] (PTB7-Th) (Figure 1-

13) as donor material in PSCs.[52,53] Nowadays, this low-bandgap polymer has been a research focus 

and served as a benchmark material in this field.[51] Numerous structural parameters such as side chain 

length and molecular weight, and fabrication conditions such as solvent, additives and post-treatments 
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were engineered to achieve higher PCE and establish more accurate structure-property 

relationships.[54–57] Due to these efforts and guidance, researchers were able to discover more donor 

materials and now the PCE of PSC has reached 11.7%.[24] 

 

Figure 1-13 The chemical structure of polymer PCPDTBT and PTB7-Th. 

  On the other hand, the most commonly used acceptors in PSC are PCBM and PC71BM (Figure 1-14). 

PC71BM was used to replace PCBM in PSCs to extend the absorption to 380–500 nm and increase the 

electron affinity.[45] It has been demonstrated PSCs with PC71BM showed enhanced device 

performance compared to those with PCBM.[58] With fullerene’s excellent electron transport 

properties, high electron affinity and the ability to form favorable nanoscale network with donors, 

almost all reported high efficiency PSCs used these two fullerene derivatives as acceptor. However, 

fullerene derivatives also exhibit several non-trivial drawbacks that hinder its progress in practical 
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applications. First, the relatively low lowest unoccupied molecular orbital (LUMO) energy level (~4.1 

to -4.3 eV)[59] set a limitation for the open-circuit voltage of the resultant cells.[60] Second, fullerene 

derivatives fullerenes have strong tendency to crystallize and aggregate causing a performance 

degradation in long term.[61–63] Third, fullerene derivatives have very poor light absorption profile in 

the visible and infrared region.[64] Besides, several studies have shown that fullerene will undergo 

dimerization under photo stress, which also hurts the device’s long-term stability.[58,65] In this regard, 

alternative systems with non-fullerene acceptors attracted intensified research attention in recent 

years.[66–69]Among them, all-polymer solar cells (all-PSCs), consisting of polymer donors (PD) and 

polymer acceptors (PA), have recently been studied extensively as replacement for conventional 

fullerene based PSCs.[13,70–77] For example, Figure 1-15a represents the dramatically increasing 

trend in the number of SCI publications regarding all-PSCs.  In accordance with these trends, the PCE 

values of all-PSCs have risen from 2% to 8% over the last three years (Figure 1-15b). Currently most 

of the acceptor polymers are based on the electron-deficient building block naphthalene diimide (NDI) 

and their all-PSCs have already achieved high PCEs over 9% with the efforts of material and device 

optimization.[78–83] Despite all these efforts, there is still a non-negligible gap in PCE between 

fullerene-based PSCs and all-PSCs. Specifically, the JSC for PSCs can be up to 20 mA/cm2 and only 

around 12 mA/cm2 for all-PSCs.[66,84] Similarly, the FF for PSCs usually falls in the range of 60-80% 

while for all-PSCs the FF is rarely over 60%.[66,84] There are several factors accountable for this gap. 

First, the charge transport is fully anisotropic in polymer acceptors while it is isotropic in fullerene. 

Therefore enhancing the electron mobility of acceptor and matching the molecular orientation of donor 

and acceptor as face-to-face at the interface become keys for improving charge carrier generation, 

charge carrier transport, and the resulting PCE of all-PSCs.[85] In addition, precise control of the BHJ 
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morphology should be achieved in a rational manner. the blending of two polymers is less 

thermaldynamically favored due to the reduced gain of entropy by the presence of long polymer chains. 

Therefore, achieving an optimal BHJ morphology of polymer/polymer blend is particularly challenging. 

It is of great importance to control the molecular weight of both PD and PA to realize highly crystalline 

domains of PD and PA as well as well-intermixed D-A phases. One of the reasons accountable for the 

low FF in all-PSCs is the inferior electron transport property in those NDI-based polymers. For example, 

the space charge limited current (SCLC) measured electron mobility in PC71BM is usually around 

5×10-3 cm2 V-1 s-1[86,87] while that of the NDI-based polymers is usually on the order of 10-4 cm2 V-1 

s-1.[73,74,83] On the other hand, NDI polymers have been found to show narrow adsorption (600-700 

nm) and fairly low adsorption coefficient (~104 cm-1) in the visible region. Therefore, future work 

should be focused on the development of new PA materials with high electron mobility and broader 

absorption in the visible-NIR region to bring new possibilities of achieving high performance all-PSCs. 
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Figure 1-14 The chemical structure of PC71BM. 
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Figure 1-15 (a) Numbers of SCI papers on the key word: all-polymer solar cells and (b) efficiency 

enhancements regarding all-PSCs for the last two decades.[66] 

1.5 Π-conjugated Polymers for Organic Thin Film Transistors 

Charge mobility is one of the most important parameters to evaluate the charge transport property of 

a material. Organic thin film transistor (OTFT) is a useful tool to test the charge carrier mobility 

extrinsically. In the same time, OTFTs can be used for various applications such as logic circuits, 

biosensors, photodetectors and flexible displays. Figure 1-16 shows two types of OTFT devices: 

bottom gate bottom contact (BGBC) and top gate bottom contact (TGBC) structures, wherein the 

gate controls the current between the source and drain electrodes, similar to a tap that controls the 

water flow. The source electrode (S) is where the majority carriers enter the channel, the drain (D) is 

where the majority carriers leave the channel, and the gate (G) terminal controls the channel 

conductivity. By controlling the gate voltage, the current from source to drain can be adjusted for the 

transistor to function as a switch. In the last few years, several new polymer semiconductors with 

mobilities above 1 cm2 V-1 s-1 have been reported[88–91], outperforming amorphous silicon (0.1~1 

cm2V-1s-1).[92] Most of these high mibilities were achieved with polymers having alternating electron 

donating (D) and accepting (A) building blocks in the backbone.[14,93] These D-A polymers also 

have larger conjugated units. The strong intermolecular static attraction between backbones due to 

the D-A interaction and large overlapping area gives a much closer π-π stacking distance, which 

dramatically facilitates the inter-chain charge hopping. Thus, the D-A strategy has been widely 

adopted for developing high mobility π-conjugated polymers.  
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  For complementary logic applications, p-type and n-type transistors with balanced hole and electron 

mobilities are required. While many high-performance p-type polymer semiconductors have been 

reported, high performance n-type unipolar polymer semiconductors are rare. Currently there are 4 

n-type polymer semiconductors with electron mobility higher than 1 cm2 V-1 s-1 listed in Figure 1-17. 

For example, the widely investigated P(NDI2OD-T2) developed by Yan et al. achieved electron 

mobility as high as 0.85 cm2 V-1 s-1 in top gate bottom contact (TGBC) OTFTs.[94] In addition, the 

electron mobility can be improved to up to 3 cm2 V-1 s-1 by controlling the defect amount in the 

backbone.[95]  Lei et.al. reported a PPV-like acceptor based polymer, BDOPV-2T, which displayed 

unipolar electron mobility up to 1.75 cm2 V-1  s-1. Recently, our group reported two electron deficient 

building blocks: pyridine-flanked diketopyrrolopyrrole (DPPy) and thiophene-S,S-dioxidized 

indophenine (IDTO). The DPPy-BT copolymer, PDBPyBT, showed record high electron mobility 

up to 6.3 cm2 V-1  s-1. These 4 polymers represent best n-type polymers available for OTFTs, while p-

type polymer semiconductors can already achieve hole mobility up 52.7 cm2 V-1  s-1.[96] 

 

Figure 1-16 Two types of OTFTs (BGBC and TGBC) that are commonly used. 
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Figure 1-17 Some of the best n-type/n-type dominant polymer semiconductors available. 

1.6 Objective and Structure of This Thesis 

Despite the rapid development of all-PSCs in recent years, there is still a significant gap between all-

PSCs and fullerene-based OSCs in terms of device performance. This is mainly due to relatively low 

charge mobility, low absorption coefficient and narrow absorption range in the visible and NIR region 

of the acceptor materials (mainly NDI polymers). Therefore, developing new n-type polymers that can 

overcome these drawbacks is of great importance. Due to the lack of suitable electron-deficient building 
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blocks available for π-conjugated polymers,[97] developing new n-type polymer semiconductors have 

been a huge challenge for material chemists. This is evident by the number of newly developed n-type 

polymers versus the number of p-type within last decade.[14,93] Therefore, the objective of this work 

is to develop novel electron deficient building blocks and n-type polymeric semiconductors with good 

electron transport properties and enhanced absorption profile, and then utilize them to improve the 

performance of all-PSCs. The strategy employed in this work is given as follows:  

1) Develop a novel electron-deficient building block to construct D-A polymer semiconductors D-

A polymers. Inspired by the high electron affinity of (3E,7E)-3,7-bis(2-oxoindolin-3-ylidene)- 

benzo[1,2-b:4,5-b’]difuran-2,6(3H,7H)-dione (IBDF) and the excellent electron transport 

properties of IBDF-based polymers[98–100], a new electron-deficient building block, (3E,7E)-

3,7-bis(2-oxoindolin-3-ylidene)-5,7- dihydropyrrolo[2,3-f]indole-2,6(1H,3H)-dione (IBDP) is 

designed and synthesized. The resultant IBDP-based polymers will be characterized to study the 

optical and electronic properties. A suitable donor material and the standard device configuration 

will be used to fabricate the all-PSCs to investigate the photovoltaic properties of the polymers. 

2) A new series of ester side chains will be designed and synthesized for IBDF-based polymers with 

enhanced solubility. The side chain for IBDF-based polymers will be engineered to optimize the 

electron transport property and then the resultant polymers will be used with a suitable donor in 

active layer of all-PSCs. The standard device configuration will be used in this work. The 

structure-property relationship will be studied using several tools, which include EQE, XRD, 

AFM and SCLC measurements. 

3) A novel electron-deficient building block, dihydroxylnaphthalene diimide (NDIO), will be used 

for the first time to form a D-A polymer towards air-stable unipolar n-type charge transport. With 
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addition of alkoxy side chain, the LUMO and HOMO levels of the NDIO polymers are 

substantially lowered, yielding larger HOMO/LUMO offsets in all-PSCs, which is believed to 

help facilitate the electron transport and charge generation. The polymers will first be tested in 

OTFTs to evaluate the electron transport property in nitrogen and air, respectively, to test the 

performance robustness and stability in air. The all-PSCs will be fabricated using the NDIO 

polymers as acceptor in the standard device configuration. The structure-property relationship 

will be studied using several techniques, which includes external quantum efficiency (EQE), 

AFM and XRD and SCLC measurements. 

The thesis is organized as follows: 

1) In chapter 2, the design and synthesis of a novel electron deficient building block (IBDP) will be 

described and two IBDP polymers (P1 and P2). The resultant polymers will then be characterized 

using several techniques such as atomic force microscope (AFM), X-ray diffraction (XRD), UV-

Vis absorption spectroscopy and cyclic voltammetry (CV) will be used to study the optical and 

electronic properties. Then the polymer will be used for bottom-gate bottom-contact (BGBC) 

OTFTs to investigate their charge transport properties. Furthermore, the polymers will be used 

as acceptor in all-PSCs with P3HT as the donor. Only preliminary results will be presented due 

to the limited amount of materials. 

2) In chapter 3, a series of ester side chains will be synthesized and used for the copolymers of 

IBDF and bithiophene (BT) to yield n-type dominant solution-processable IBDF-based polymers. 

First, the optical and electrochemical properties of these polymers will be systematically studied 

using UV and CV. Then the charge transport properties of these polymers will be evaluated in 

bottom-gate bottom-contact (BGBC) OTFTs. The polymers then will be mixed with PTB7-Th 
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in a standard device structure: ITO/PEDOT:PSS/Polymer blend/LiF/Al to investigate the 

photovoltaic properties. Finally, SCLC, external quantum efficiency (EQE), AFM and XRD will 

be used to study the structure-property relationships. 

3) In chapter 4, a new building block, dihydroxylnaphthalene diimide (NDIO), will be used to form 

two NDIO-based unipolar n-type polymers. The polymers demonstrated deeper HOMO and 

LUMO levels. The polymers then will be mixed with PTB7-Th in a standard device structure: 

ITO/PEDOT:PSS/Polymer blend/LiF/Al. The all-PSCs will be characterized and compared with 

the bench mark PA material, P(NDI2OD-T2).  OTFTs, SCLC, external quantum efficiency 

(EQE), AFM and XRD will be used to study the structure-property relationships. 

4) In chapter 5, the thesis work will be concluded and then some future work will be proposed for 

further study to this work. 
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Chapter 2. Synthesis and Characterization of IBDP-based Polymers 

Part of this chapter was published in Yinghui He, Chang Guo, Bin Sun, Jesse Quinn and Yuning Li, 

Chem. Commun., 2015, 51, 8093–8096. 

2.1 Introduction 

D-A polymers are useful materials for low-cost organic electronics such as organic thin film transistors 

(OTFTs) and organic photovoltaics (OPVs) due mainly to their excellent charge transport properties 

and fine-tuned HOMO/LUMO levels.[21,43,101,102] In recent years, intensified research effort has 

been devoted to the development of novel electron-rich and -deficient building blocks in order to 

enhance the charge carrier mobility for a wider range of application of polymer semiconductors. While 

there are numerous electron-rich building blocks reported in literature, there are only a handful electron-

deficient building blocks available.[14,103] Recently our group reported an novel electron deficient 

building block, (3E,7E)-3,7-bis(2-oxoindolin-3-ylidene)benzo[1,2-b:4,5-b’]difuran-2,6(3H,7H)-dione 

(IBDF, Figure 2-1)[98], which has been used for D-A polymers for OTFTs. Owing to the strong 

electron withdrawing capability of the IBDF moiety, IBDF-based D-A polymers showed excellent n-

type or n-type dominant ambipolar charge transport performance with high electron mobility up to 1.74 

cm2 V-1 s-1.[98–100,104–106] However, it was found that the IBDF-based polymers required giant 

substituents such as 4-octadecyldocosyl (containing 40 carbon atoms) to render polymers soluble in 

commonly used solvents such as chloroform and chlorobenzene and precursors to such large 

substituents are not readily available.[98,99] This has greatly made the study of IBDF-based polymers 

very difficult. Herein we designed and synthesized a novel acceptor building block, namely (3E,7E)-

3,7-bis(2-oxoindolin-3-ylidene)-5,7-dihydropyrrolo[2,3-f]indole-2,6(1H,3H)-dione (IBDP, Figure 2-1), 

which is a structural analogue to IBDF, where the lactones in the IBDF core are replaced with lactams 
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in the IBDP core. The newly designed IBDP core allows for substitution at four nitrogen atoms, 

potentially enabling solubilisation of the IBDP-based polymers with more easily accessible shorter 

substituents.  We synthesized an the brominated IBDP monomer (compound 7 in Scheme 1) with 

readily available dodecyl and 2-decyltetradecyl substituents and used this IBDP unit as an acceptor and 

bithiophene or (E)-1,2-di(thiophen-2-yl)ethane as a donor to form two D-A polymers (P1 and P2 in 

Scheme 1). The two polymers will be first characterized by UV-Vis-IR absorption spectroscopy, cyclic 

voltammetry and used for BGBC OTFTs. Besides, the structure-property relationship will be 

investigated using AFM and XRD. Finally the two polymers will be used as acceptor in all-PSCs with 

P3HT as donor material and preliminary results will be presented. 

 

 

Figure 2-1 The chemical structures of IBDF and IBDP. 

2.2 Results and Discussion 

We started our study by conducting computational simulations on two model compounds: IBDF-Me 

and IBDP-Me (Figure 2-2), whose substituents are methyl groups for simplifying the calculation. The 

simulation results showed that IBDP-Me has a very small dihedral angle (~10°) between an indolin-2-

IBDF IBDP
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one unit and the pyrroloindoledione core, which is comparable to that of IBDF-Me (~8°). This indicates 

that IBDP has very similar coplanarity with IBDF. 

 

Figure 2-2 The chemical structures and optimized geometry of IBDF-Me and IBDP-Me. 

  The synthesis of the brominated IBDP monomer (7) could potentially obtained via the Aldol 

condensation of the corresponding isatin and pyrroloindoledione (Route 1 in Figure 2-3), or the 

oxindole and pyrroloindoletetraone (Route 2 in Figure 2-3). At first, we attempted to synthesize 7 via 

Route 1 and found the condensation did not yield 7 in neither acidic conditions nor basic conditions. 

We suspected one of the intermediates (Figure 2-3) of this reaction was very unstable, which might 

have failed the reaction. Therefore, we turned to Route 2, whose details are given in Scheme 2-1. First, 

p-phenylenediamine was N,N’-dialkylated with dodecyl bromide in ethanol to form 1, which was used 

to prepare 4 following a similar synthetic route reported previously.[107] The synthesis of compound 

6 was usually done by heating the isatin in hydrazine. In our case, however, such treatment only yielded 

the intermediate hydrazone. This was believed to be caused by the steric effect induced by the bulky 
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IBDF-Me

~8°
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side chains since a similar isatin with a larger spacer group between isatin and alkyl branches was 

converted into oxindole in hydrazine.[108] Inspired by a two-step reduction  reported in literature[109], 

we first chlorinated 6-bromo-1-(2-decyltetradecyl)indoline-2,3-dione with PCl5 to give the 

intermediate 5, which was then reduced with zinc to form 6. Aldol condensation of 4 with two 

equivalents of 6 in refluxing acetic acid in the presence of a catalytic amount of HCl afforded monomer 

7. Two IBDP-based polymers P1 and P2 were synthesized via the Stille coupling polymerization of 6 

with 5,5'-bis(trimethylstannyl)-2,2'-bithiophene and (E)-1,2-bis(5-(trimethylstannyl)thiophen-2-

yl)ethene, respectively. The crude polymers were purified by Soxhlet extraction successively using 

acetone and hexanes to remove the oligomers and other impurities. Finally, the polymers were dissolved 

in chloroform to afford P1 and P2 in yields of 82% and 98%, respectively. Both polymers have very 

good solubility (>10 mg/mL) in several common solvents such as toluene, chloroform, chlorobenzene, 

and 1,2-dichlorobenzene at room temperature. The molecular weights of these polymers were measured 

by gel-permeation chromatography (GPC) at 140°C with 1,2,4-trichlorobenzene as eluent and 

polystyrene as standards. The number average molecular weight (Mn) and the polydispersity index (PDI) 

were determined to be 78 kDa and 2.1 for P1 and 89 kDa and 1.6 for P2 (Figure 2-4). The thermal 

stability of the polymers was characterized by thermogravimetric analysis (TGA). A 5% weight loss 

was observed at 384 °C for P1 and 380 °C for P2 (Figure 2-5), indicating good thermal stability of both 

polymers.  
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Figure 2-3 Two synthetic routes towards the brominated IBDP monomer. 
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Scheme 2-1 Synthetic route towards the brominated IBDP monomer and IBDP-based polymers. 

Reaction conditions: i) Ethanol/reflux, 26%; ii) CH2Cl2/Et3N/0 °C to r.t., THF/MeOH/H2O/K2CO3/r.t., 

43%; iii) CH2Cl2/oxalyl chloride/DMSO/Et3N/-78 °C to r.t., CH2Cl2/thiophenol/TFAA/BF3 • Et2O/r.t., 

28%; iv) THF/H2O/ammonium cerium nitrate/r.t., 51%; v) Toluene/PCl5/r.t.; vi) AcOH/Zn/r.t., 95%; 

vii) AcOH/HCl/reflux, 78%; viii) Chlorobenzene/P(o-tolyl)3/Pd2(dba)3/120 °C, 82% for P1 and 98% 

for P2. 
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Figure 2-4 The molecular weight distribution for P1 (a) and P2 (b) obtained by HT-GPC. 

 

Figure 2-5 The TGA diagrams for P1 (a) and P2 (b) obtained in nitrogen. 

  The UV-Vis-IR absorption spectra of the polymers in solution and in thin film are shown in Figure 2-

6. Both polymers exhibited typical dual band absorption, wherein the low energy band can be attributed 

to the internal charge transfer (ICT) transition and the high-energy band is the π-π* transition of IBDP 

moieties. In solution, the maximum absorption wavelengths (λmax) are 699 nm for P1 and 711 nm for 

P2. The λmax of the P1 film remained at 699 nm, but a prominent shoulder at 822 nm appeared, 

indicating the more extended conjugation of the polymer chains in the solid state. Interestingly, P2 

showed a blue-shift in absorption from solution (711 nm) to the film (698 nm), which is an indicatiion 

of the dominance of H-aggregate.[110] The adsorption coefficients of the peak for film absorption were 

determined to be 1.3×106 cm-1 and 1.1×106 cm-1 for P1 and P2 respectively, which are an order higher 

than the common donor materials that are being used for OSCs. For example, the adsorption coefficient 

for PTB7-Th is only on the order of 105 cm-1.[52,53] The optical band gaps of the polymer films are 

calculated to be 1.23 eV for P1 and 1.22 eV for P2 using the absorption onsets. As shown in Figure 2-

6, both polymer shown extended absorption into the NIR region up to 1100 nm. This is probably due 
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to the nitrogen donating effect that raised the HOMO levels of the polymers. Cyclic voltammetry (CV) 

was used to reveal electrochemical property of the polymers (Figure 2-7). By using the oxidative onset 

potentials, HOMO levels were calculated to be -5.60 eV and -5.39 eV for P1 and P2, respectively. 

LUMO levels were calculated from the reduction onset potentials to be -3.71 eV and -3.70 eV for P1 

and P2, respectively. The LUMO levels are raised compared to the IBDF analogues by 0.1-0.2 

eV.[111,112] Based on these HOMO/LUMO levels, P1 and P2 are suitable materials for ambipolar 

charge transport in OTFTs and potentially can be both the donor and acceptor materials in OSCs 

provided the compatible counterpart. 

 

Figure 2-6 The UV-Vis-IR absorption spectra in solution (chloroform) and in thin film. 
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Figure 2-7 The cyclic voltammetry diagrams for P1 (a and b) and P2 (c and d) at a scan rate of 0.1 

V/s. A scan rate of 0.05 V/s was also tried for these polymers. However, it had no impact on the onset 

potentials. 

P1 and P2 were evaluated as channel semiconductors in bottom-gate, bottom-contact OTFT devices 

fabricated on dodecyltrichlorosilane (DDTS) modified SiO2/Si wafer substrates. Both polymers showed 

p-type dominant ambipolar charge transport behaviour (Table 2-1). For devices based on P1, the best 

performance with hole mobility of 0.19 cm2 V-1 s-1 and electron mobility of 0.088 cm2 V-1 s-1 was 

achieved for the 150 °C-annealed films (Figure 2-8). Annealing at a higher temperature of 200 °C led 

to a slight increase in the electron mobility (up to 0.089 cm2 V-1 s-1), but a significant drop in the hole 
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mobility (0.057 cm2 V-1 s-1). For devices based on P2, the best overall performance with hole/electron 

mobilities of 0.10 cm2 V-1 s-1/ 0.075 cm2 V-1 s-1 was obtained for the 200 °C-annealed polymer films 

(Figure 2-8). Annealing at a higher temperature of 250 °C did not further improve the device 

performance. The decent charge transport properties of these two polymers and their considerable 

absorption in the NIR region may enable the NIR detection application for P1 and P2, which is limited 

by the lack of suitable materials that can response to NIR signals.[113–117] 

 

Figure 2-8 The output curves for OTFTs based on P1 (a) and P2 (b), and transfer curves for OTFTs 

based on P1 (c) and P2 (d). Device dimensions: channel length (L) = 30 µm; channel width (W) = 1000 

µm. 

Table 2-1 The summary of BGBC OTFT performance of P1 and P2. 
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Polymer 
Annealing 

temperature (°C) 

Hole mobilitya 

(cm2 V-1 s-1) 

Electron mobilitya 

(cm2 V-1 s-1) 

P1 

100 0.15 ± 0.02 (0.17) 0.063  ± 0.007 (0.071) 

150 0.16 ± 0.03 (0.19) 0.064  ± 0.017 (0.088) 

200 0.040 ± 0.014 (0.057) 0.073  ± 0.013 (0.089) 

P2 

100 0.055 ± 0.010 (0.062) 0.023 ± 0.003 (0.027) 

150 0.081 ± 0.012 (0.093) 0.037 ± 0.008 (0.045) 

200 0.10 ± 0.02 (0.10) 0.055 ± 0.016 (0.075) 

250 0.091 ± 0.020 (0.11) 0.055 ± 0.015 (0.067) 

a The average mobility ± standard deviation (maximum mobility) calculated from the saturation 

regions of five devices. 

  We noticed that P1 and P2 showed lower charge transport performance than some of the IBDF based 

polymers.[99,100] One possible reason for their lower mobility is that an optimal side chain 

combination is not reached in these polymers. P1 and P2 showed greatly improved solubility due to the 

presence of four large side chains on IBDP. However, the excessively strong side chain interaction in 

the solid state might hinder the p-p stacking of the polymer main chains. Transmission X-ray diffraction 

(XRD) measurement was used to investigate the packing of polymer flakes of both polymers. P1 and 

P2 showed intense primary diffraction peaks at 2θ = 3.26° and 3.51°, which correspond to the interlayer 

lamellar d-spacing of 2.71 nm and 2.52 nm, respectively. The weak diffraction peak at 2θ = 25.04° for 

P1 is originated from the π- π stacking distance of polymer chains, which was calculated to be 0.355 

nm. No noticeable π- π stacking peak was observed for P2. The presence of four long side chains on 

IBDP might hinder the π-π stacking and lead to the lower carrier mobility of these IBDP polymers 
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compared to the IBDF polymers as discussed previously. The very weak diffraction peaks 

corresponding to the p-p stacking distances for both polymers might substantiate this side chain 

interference. Using shorter side chains may help strengthen the p-p interaction.[99,118] Furthermore, 

most of the high mobility IBDF polymers reported so far bear the 4-octadecyldocosyl side chain, which 

has a farther distance from the polymer backbone compared to the 2-decyltetradecyl side chain in P1 

and P2. The branching point of branched side chains was reported to have a great impact on the ordering 

of the polymer chains and the carrier mobility.[104,118,119]  The use of branched side chains with a 

larger spacer between the branching point and the backbone such as 4-decylhexadecyl or four straight 

alkyl side chains on IBDP may lead to better charge transport performance. Following this work, Cao 

et al. used 4-decyltetradecyl as the side chain on IBDP and improved the mobility significantly.[108] 

The surface morphology of P1 and P2 thin films spin-coated on dodecyltrichlorosilane (DDTS) 

modified SiO2/Si wafer substrates was examined by atomic force microscopy (Figure  18). P1 thin films 

showed fibre-like domains, which grew slightly as the annealing temperature increased from 100 °C to 

150 °C and remained similar at an annealing temperature of 200 °C. In general, P2 thin films showed 

poorly defined domains compared to P1 films, indicative of the less ordered chain packing of P2.  
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Figure 2-9 The transmission XRD patterns of P1 flake (a) and P2 flake (b). 

 

Figure 2-10 AFM height images (2µm × 2µm each) of P1 (a) and P2 (b) thin films on SiO2/Si 

substrates annealed at different temperatures. 

Given the absorption spectra and HOMO/LUMO levels of P1 and P2, we chose the commercial 

regioregular P3HT as the donor material for the fabrication all-PSCs. The HOMO/LUMO offsets 

between P3HT and P1 polymers are around 0.5 eV (Figure 2-11), which are very sufficient for exciton 

disassociation. Moreover, the IBDP polymers can provide considerable complementary absorption in 

the visible and NIR region (Figure 2-11), which has been a huge limitation for the P3HT:PCBM solar 

cells. A standard device configuration: ITO/PEDOT:PSS/P3HT:PA/LiF/Al was used to fabrication the 

all-PSCs. The J-V characteristics of both P1 and P2 are shown in Figure 2-12. As preliminary results, 
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the devices based on P1 achieved quite high PCEs up to 2.56% while the device based on P2 achieved 

the best PCE at 2.14%. As preliminary optimization, we tuned the D/A ratio for P1:P3HT to improve 

the device performance. As shown in Figure 2-13 and Table 2-3, the optimal D/A ratio was determined 

to be 1:1.5, where the best PCE of 3.38% was realized. To our best knowledge, this is the highest PCE 

that has been obtained from P3HT-based all-PSCs by far.[120–122] EQE spectrum for the same cell 

was shown in Figure 2-13. Owing to the complementary absorption of these two polymers to each 

other, the spectrum showed full coverage over the visible region as well as part of the NIR region (up 

to 1000 nm). However, the EQE is much lower those of the P3HT:PCBM cells (up to 60%)[48] and 

NDI polymer based all-PSCs (usually 45% to 55%)[66,97], indicating blend morphology is probably 

suboptimal. The calculated JSC from the EQE spectrum is 8.2 mA/cm2, which is within 5% error of the 

measured value.  

 

Figure 2-11 The comparison of the HOMO/LUMOs of P3HT, P1 and P2 as well as their absorption 

coefficients. 
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Figure 2-12 The J-V characteristics of the devices based on P1 and P2 under AM 1.5G illumination. 

The blend film (1:1 wt ratio) was spin-coated at 2000 rpm using a solution (12.5 mg/mL) in CF. 

Table 2-2 The summary of the all-PSC device performance for P1 and P2. 

Acceptor JSC (mA/cm2) VOC (V) FF PCE (%) 

P1 7.47 0.77 0.44 2.56 (2.32) 

P2 6.04 0.76 0.46 2.14 (1.95) 

All devices used P3HT as the donor and the same device configuration: ITO/PEDOT:PSS/Polymer 
blend/LiF/Al. The active layer thickness is around 130 nm. The numbers in the parenthesis are average 
values for 4 devices on the same substrate. 
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Figure 2-13 The J-V characteristics of the devices based on P1:P3HT with different weight ratio 

under AM 1.5G illumination and the EQE spectrum of the cell with 1:1.5 D/A ratio that showed the 

best PCE. 

Table 2-3 The D/A optimization of the P1:P3HT blend in all-PSC devices 

D/A ratio JSC (mA/cm2) VOC (V) FF PCE (%) 

1:1 7.47 0.77 0.44 2.56 (2.32) 

1:1.5 8.43 0.77 0.52 3.38 (3.08) 

1:2 7.26 0.77 0.52 2.93 (2.70) 

1.5:1 5.90 0.76 0.41 1.82 (1.55) 

All devices used P3HT as the donor and the same device configuration: ITO/PEDOT:PSS/Polymer 
blend/LiF/Al. The active layers were spin-coated under the same conditions (2000 rpm and 12.5 
mg/mL). The numbers in the parenthesis are average values for 4 devices on the same substrate. 
 

Table 2-4 The comparison of different polymer acceptor in all-PSCs using with P3HT as the donor. 

Blend J
SC

 (mA/cm
2
) V

OC
 (V) FF PCE (%) 

PIBDPBT:P3HTa 8.43 0.77 0.52 3.38 (3.08) 

N2200:P3HTb 3.77 0.56 0.65 1.4 
PDPP2TzT:P3HT 7.8 0.65 0.61 3.0 
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a,bData is from the references.[122,123] 

2.3 Summary and Future Direction 

In conclusion, a novel electron deficient building block, IBDP, is designed, synthesized, and 

incorporated into D–A polymers. With lactam groups replacing the lactone groups, IBDP gets two extra 

side chains to yield good solution processability, which is requisite for the fabrication of OSCs. On the 

other hand, the donating effect of lactam groups has raised the LUMO levels of P1 and P2 to ~-3.7 eV 

from -4.0 eV of those IBDF-based polymers. With a raised LUMO level, the electron injection barrier 

now is higher and electron transport will become less favourable.[124,125] Therefore IBDP-based 

polymers exhibited balanced ambipolar semiconductor performance in OTFTs with high electron (up 

to 0.10 cm2 V-1 s-1) and hole (up to 0.19 cm2 V-1 s-1) mobility. Both polymers showed enhanced 

absorption with absorption coefficient as high as 1.3×106 cm-1 and a broad absorption up to 1100 nm 

according to the UV-Vis-NIR absorption spectra. The high absorption coefficient and broad absorption 

range in Visible and NIR region are extremely desired for OSC application. On the other hand, the 

relatively deep HOMO levels and high LUMO levels would also help to increase the VOC of the 

resultant solar cells. Given these features, these two IBDP-based polymers were used as acceptor for 

all-PSCs in combination with regioregular P3HT as donor, which has suitable HOMO/LUMO levels. 

Initially all-PSC device based on P1 exhibited better PCEs up to 2.56% than 2.14% from the cell based 

on P2. We furthered our study by optimizing the D/A ratio of P1:P3HT. A PCE of 3.38% was obtained 

from the cell with a D/A ratio of 1:1.5, which is the highest value that has been obtained from P3HT-

based all-PSCs. The EQE spectrum of the same cell showed a full coverage over the Vis-NIR region 

(up to 1000 nm) due to the complementary absorption. Further study is limited by the available amount 

of materials. For future direction, the synthesis of the IBDP monomers need to be optimized to achieve 
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higher yield and cleaner chemistry (thiophenol was used in the synthesis). Second of all, the extended 

absorption into NIR may enable the photo-detection applications such as phototransistor in NIR region, 

which has been rarely explored and believed to be a useful technology in various fields.[126–128] What 

is more, these IBDP polymers can be also used in ternary organic solar cells, which is also a new 

direction for the development of OSCs. In a nutshell, the preliminary results demonstrated that IBDP 

is a promising electron acceptor building block for constructing ambipolar type of polymer 

semiconductors, which can bring strong and broad absorption in OSC applications.  

2.4 Experimental 

2.4.1 Materials and Characterization 

  All chemicals were purchased from commercial sources and used without further purification 

unless specified. 6-Bromo-1-(2-decyltetradecyl)indoline-2,3-dione[98] and (E)-1,2-bis(5-

(trimethylstannyl)thiophen-2-yl)ethene[129] were synthesized according to the literature. 

Computational simulations were performed using density function theory (DFT) calculation 

with the 6-311G+(d,p) basis set and all the orbital pictures were obtained using GaussView 5.0 

software. GPC measurements were performed on a Waters SEC system using 1,2,4-

trichlorobezene as eluent and polystyrene as standards at 140°C. TGA measurements were 

carried out on a TA Instruments SDT 2960 at a scan rate of 10°C min-1 under nitrogen. The UV-

Vis-IR absorption spectra of polymers were recorded on a Thermo Scientific model 

GENESYS™ 10S VIS spectrophotometer. Cyclic voltammetry (CV) data were obtained on a 

CHI600E electrochemical analyser using an Ag/AgCl reference electrode and two Pt disk 

electrodes as the working and counter electrodes in a 0.1 M tetrabutylammonium 
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hexafluorophosphate solution in acetonitrile at a scan rate of 100 mV s-1. Ferrocene was used 

as the reference, which has a HOMO energy value of -4.8 eV.[130] NMR data was recorded 

with a Bruker DPX 300 MHz spectrometer with chemical shifts relative to tetramethylsilane 

(TMS, 0 ppm). Transmission XRD measurements were carried out on a Bruker Smart 6000 

CCD 3-circle D8 diffractometer with a Cu RA (Rigaku) X-ray source (λ = 0.15406 nm) and the 

polymer flakes stacked between two Mylar substrates. Atomic force microscopy (AFM) images 

were taken on polymer thin films spin-coated on the DDTS-modified SiO2/Si substrates with a 

Dimension 3100 scanning probe microscope. 

2.4.2 Fabrication and Characterization of OTFT devices 

  The bottom-contact, bottom-gate configuration was used for all OTFT devices. The 

preparation procedure of the substrate and device is as follows. A heavily n-doped SiO2/Si wafer 

with ~300 nm-thick SiO2 was patterned with gold source and drain pairs by conventional 

photolithography and thermal deposition. Then the substrate was treated with air plasma, 

followed by cleaning with acetone and isopropanol in an ultra-sonic bath. Subsequently, the 

substrate was placed in a solution of DDTS in toluene (3 % in toluene) at room temperature for 

20 min. the substrate was washed with toluene and dried under a nitrogen flow. Then a polymer 

solution in chloroform (5 mg mL-1) was spin-coated onto the substrate at 3000 rpm for 60s to 

give a polymer film (~40 nm), which was further subject to thermal annealing at different 

temperatures for 20 min in a glove box. All the OTFT devices have a channel length (L) of 30 

µm and a channel width (W) of 1000 µm, and were characterized in the same glove box using 

an Agilent B2912A Semiconductor Analyser.  
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2.4.3 Fabrication and Characterization of all-PSC devices 

All all-PSC devices were fabricated using the conventional configuration ITO/PEDOT:PSS/PTB7-

Th:PA/LiF/Al. ITO glass substrates were sonicated in water, acetone and IPA. Then the substrates were 

treated with plasma cleaning. A thin layer of PEDOT:PSS (Al 4083) was deposited through spin-

coating at 4000 rpm and dried subsequently at 150 °C for 20 min in air. Then the substrates were 

transferred to a nitrogen glove box, where the polymer blend layer (~140 nm) was spin-coated onto the 

PEDOT:PSS layer. The active layer was formed using a chloroform solution of P3HT:PA (1:1). 

Finally, a thin layer of LiF (1 nm) and a layer of Al (100 nm) electrode were deposited in vacuum onto 

the substrate at P ≈5.0 × 10−6 Pa. The active area is 0.07 cm2. The current density–voltage (J – V) 

characteristics of the all-PSCs were measured on an Agilent B2912A Semiconductor Analyser with a 

ScienceTech SLB300-A Solar Simulator. A 450 W xenon lamp and an air mass (AM) 1.5 filter were 

used as the light source.  

 

2.4.4 Synthetic Procedures 

Synthesis of N,N’-didodecylbenzene-1,4-diamine (1)  

 

 

To a solution of p-phenylenediamine (4.33 g, 40.0 mmol) in ethanol (120 mL), 1-bromododecane 

(19.94 g, 80.0 mmol) was added. The reaction mixture was stirred under reflux for 24 h. Upon cooling 
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to room temperature, the reaction mixture was filtered. The filter cake was washed with ethanol and 

then dried in vacuo to give 1. Yield: 4.45 g (25%). Compound 1 was used immediately for the next step 

without further purification due to its very poor stability in air. 1H-NMR (300 MHz, DMSO-d6) δ 6.90 

(s, 4H), 3.07 (t, J = 7.0 Hz, 4H), 1.60 – 1.48 (m, 4H), 1.24 (br, 36H), 0.85 (t, J = 6.4 Hz, 6H). 

 

Synthesis of N,N'-(1,4-phenylene)bis(N-dodecyl-2-hydroxyacetamide) (2)  

 

 

 

To a solution of 1 (4.45 g, 10.0 mmol) and triethylamine (5.2 mL) in CH2Cl2 (50 mL), acetoxyacetyl 

chloride (2.4 mL, 22.3 mmol) was added dropwise at 0°C. Then the reaction mixture was allowed to 

warm to room temperature and stirred for 15 h. Then the reaction was quenched with saturated NaHCO3 

aqueous solution. The organic phase was further washed with brine twice and dried over anhydrous 

Na2SO4. Upon removal of solvent in vacuo, the intermediate acetoxy amide was dissolved in a mixture 

solvent of THF (50 mL), methanol (45 mL), and water (5 mL) before K2CO3 (13.8 g, 100 mmol) was 

added. The reaction mixture was stirred at room temperature for 24 h. The solid was then filtered off 

and washed with CH2Cl2. The combined filtrate was washed with brine, dried over Na2SO4 and 

concentrated in vacuo to give the crude product, which was further purified by silica gel column 

chromatography with hexane : ethyl acetate (1:1) to give 2. Yield: 3.04 g (54%). 1H-NMR (300 MHz, 
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DMSO-d6) δ 7.36 (s, 4H), 4.58 (t, J = 5.7 Hz, 2H), 3.71 (s, 4H), 3.63 (t, J = 7.0 Hz, 4H), 1.45 – 1.30 

(m, 4H), 1.21 – 1.19 (m, 36H), 0.85 (t, J = 6.4 Hz, 6H). 13C-NMR (75 MHz, CDCl3) δ 171.35, 140.12, 

129.83, 60.57, 49.77, 31.89, 29.60, 29.54, 29.32, 27.72, 26.69, 22.67, 14.11. HR-ESI-MS (M + H)+ 

calc. for C34H61N2O4
+: 561.4631; found: 561.4611. 

 

Synthesis of 1,5-didodecyl-3,7-bis(phenylthio)-5,7-dihydropyrrolo[2,3-f]indole-2,6(1H,3H)-dione 

(3)  

 

 

To a solution of oxalyl chloride (0.85 mL, 9.80 mmol) in CH2Cl2 (30 mL) at -78°C, was added dimethyl 

sulfoxide (DMSO) (1.3 mL, 18.3 mmol) in CH2Cl2 (10 mL) dropwise. After stirring for 30 min, a 

solution of 2 (2.50 g, 4.46 mmol) in CH2Cl2 (10 mL) was added dropwise. The reaction mixture was 

stirred for another hour, and then triethylamine (6.0 mL, 43.0 mmol) was added and the solution was 

allowed to warm to room temperature. After stirring for another 1.5 h, CH2Cl2 (100 mL) and saturated 

NaHCO3 aqueous solution (150 mL) were added. The organic phase was separated and washed with 

saturated NaHCO3 aqueous solution twice and dried over anhydrous Na2SO4. Upon removal of solvent, 

the crude intermediate was used immediately without further purification. To a solution of the crude 

intermediate in CH2Cl2 (50 mL), thiophenol (0.91 mL, 8.92 mmol) was added. After stirring at room 

temperature for 15 h, trifluoroacetic acid (TFAA) (5.7 mL, 40.2 mmol) was added. After stirring for 
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another hour, BF3 • Et2O (2.8 mL, 22.0 mmol) was added. The reaction mixture was stirred for another 

6 h and quenched by saturated NaHCO3 aqueous solution cautiously. The organic phase was separated 

and washed with saturated NaHCO3 aqueous solution three times and dried over anhydrous Na2SO4. 

Removing solvent in vacuo gave the crude product 3, which was used for the next step without further 

purification. Yield: 0.89 g (28%). 1H-NMR (300 MHz, CDCl3) δ 7.35 – 7.17 (m, 10H), 6.68 (s, 2H), 

4.55 – 4.51 (m, 2H), 3.73 – 3.37 (m, 4H), 1.35 – 1.26 (br, 40H), 0.87 (t, J = 6.4 Hz, 6H). 

 

Synthesis of 1,5-didodecylpyrrolo[2,3-f]indole-2,3,6,7(1H,5H)-tetraone (4)  

 

 

To a solution of 3 (1.40 g, 1.89 mmol) in a solvent of THF (50 mL) and water (8.5 mL), ammonium 

cerium nitrate (8.28 g, 15.1 mmol) was added. The reaction mixture was stirred at room temperature 

for 24 h. The solution was then concentrated in vacuo and the residue was purified by silica gel column 

chromatography with hexane : ethyl acetate (2:1) to give 4. Yield: 0.491 g (47%). 1H-NMR (300 MHz, 

CDCl3) δ 7.16 (s, 2H), 3.73 (t, J = 7.4 Hz, 4H), 1.70 – 1.66 (m, 4H), 0.88 (t, J = 6.3 Hz, 6H). 13C-NMR 

(75 MHz, CDCl3) δ 183.35, 156.63, 147.33, 123.13, 106.81, 40.84, 31.92, 29.54, 29.48, 29.35, 29.20, 

27.10, 26.88, 22.70, 14.14. HR-ESI-MS (M + H)+ calc. for C34H53N2O4
+: 553.4005; found: 553.4003. 

 

Synthesis of 6-bromo-3,3-dichloro-1-(2-decyltetradecyl)indolin-2-one (5) 
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To a solution of 6-bromo-1-(2-decyltetradecyl)indoline-2,3-dione (1.13 g, 2.0 mmol) in toluene (15 

mL), was added anhydrous PCl5 (0.92 g, 4.4 mmol). The reaction mixture was stirred at room 

temperature for 24 h. Then a saturation NaHCO3 aqueous solution was added to quench the reaction 

and the organic layer was washed with brine three times and dried over anhydrous Na2SO4. Removing 

solvent in vacuo gave the unstable 5, which was used for the next step without further purification. 

 

Synthesis of 6-bromo-1-(2-decyltetradecyl)indolin-2-one (6)   

 

 

To a solution of the intermediate in acetic acid (10 mL), zinc powder (0.29 g, 4.4 mmol) was added 

portion-wise. After the resultant mixture was stirred at room temperature for 20 minutes the excess zinc 

powder was filtered off and washed with dichloromethane. The combined organics was washed brine 

and saturation NaHCO3 aqueous solution. The solution was then concentrated in vacuo and purified by 

silica gel column chromatography with hexane : ethyl acetate (10:1) to give 5. Yield: 0.86 g (78%). 1H-

NMR (300 MHz, CDCl3) δ 7.16 – 7.07 (q, 2H), 6.92 (s, 2H), 3.54 (d, J = 7.5 Hz, 2H), 3.46 (s, 2H), 1.83 
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(m, 1H), 1.38 – 1.25 (br, 40H), 0.88 (t, J = 6.4 Hz, 6H). 13C-NMR (75 MHz, CDCl3) δ 175.05, 146.47, 

125.58, 124.80, 123.39, 121.29, 111.97, 44.63, 35.88, 35.34, 31.94, 31.48, 30.01, 29.67, 29.38, 26.38, 

22.72, 14.15. HR-ESI-MS (M + H)+ calc. for C32H55BrNO+: 548.3467; found: 548.3468. 

 

Synthesis of (3E,7E)-3,7-bis(6-bromo-1-(2-decyltetradecyl)-2-oxoindolin-3-ylidene)-1,5-

didodecyl-5,7-dihydropyrrolo[2,3-f]indole-2,6(1H,3H)-dione (7) 

 

 

To a solution of 4 (0.25 g, 0.45 mmol) and 5 (0.50 g, 0.50 mmol) in acetic acid (6 mL), was added 

concentrated HCl aqueous solution (0.05 mL). The reaction mixture was heated to reflux and stirred 

for 24 h. Upon cooling to room temperature, the precipitate was filtered off from the reaction mixture 

and was further purified by silica gel column chromatography with chloroform : hexane (1:1) to give 

6. Yield: 0.232 g (32%). 1H-NMR (300 MHz, CDCl3) δ 9.14 (d, J = 8.4 Hz, 2H), 8.82 (s, 2H), 7.15 (d, 

J = 8.4 Hz, 2H), 6.86 (s, 2H), 3.82 (t, J = 6.9 Hz, 2H), 3.62 (d, J = 6.9 Hz, 2H), 1.87 (m, 2H), 1.72 (m, 

4H), 1.40 – 1.24 (m, 116H), 0.88 – 0.84 (m, 18H). 13C-NMR (75 MHz, CDCl3) δ 168.16, 167.44, 

146.57, 140.44, 133.82, 133.25, 131.54, 127.12, 125.20, 125.02, 120.65, 111.63, 109.71, 44.67, 40.44, 

36.24, 32.08, 31.68, 31.67, 29.85, 29.51, 27.51, 27.38, 27.23, 26.54, 22.85, 14.28. HR-ESI-MS (M+) 

calc. for C98H156Br2N4O4
+: 1612.0572; found: 1612.0491. 
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Synthesis of P1 

 

 

To a 25 mL Schlenk flask, 6 (68.4 mg, 0.0424 mmol), 5,5'-bis(trimethylstannyl)-2,2'-

bithiophene (20.8 mg, 0.0424 mmol) and tri(o-totyl)phosphine (1.0 mg, 0.00330 mmol, 8mol%) 

were charged. After degassing and refilling argon three times, chlorobenzene (5 mL) and 

tris(dibenzylideneacetone)-dipalladium (0.8 mg, 0.0008 mmol, 2mol%) were added. The 

reaction mixture was stirred at 120 °C for 72 h. Upon cooling to room temperature, the reaction 

mixture was poured into methanol (100 mL). The precipitate was collected by filtration and 

subject to Soxhlet extraction with acetone and hexanes successively. The residual was dissolved 

in chloroform and give P1 upon removal of solvent in vacuo. Yield: 56.2 mg (82%).  

 

Synthesis of P2 
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P2 was synthesized with 6 (67.0 mg, 0.0415 mmol) and (E)-1,2-bis(5-(trimethylstannyl)thiophen-2-

yl)ethene (21.6 mg, 0.0415 mmol), according to a similar synthetic procedure that was used for P1. 

Yield: 67.2 mg (98%). 
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Chapter 3. Side Chain Engineering for IBDF-based Polymers 

Part of this chapter was published in Yinghui He, Chang Guo, Bin Sun, Jesse Quinn and Yuning Li, 

Polym. Chem., 2015, 6, 6689–6697. 

3.1 Introduction 

So far for development of novel n-type materials, most efforts have been directed to the development 

of novel electron deficient building blocks,[14,93,131] particularly fused ring acceptor building 

blocks[132] such as IBDF, (3E,8E)-3,8-bis(2-oxoindolin-3-ylidene)naphtho-[1,2-b:5,6-b’]difuran-

2,7(3H,8H)-dione (INDF) and thiophene-S,S-dioxidized indophenine (IDTO). In general, sufficiently 

long branched alkyl side chains (Scheme 3-1) are required to offset the strong aggregation tendency of 

polymer main chains to render these D-A polymers soluble. Mei et al. reported a siloxane-terminated 

side chain and used it to solubilise an isoindigo-based polymer, achieving much improved hole mobility 

of up to 2.48 cm2 V-1 s-1 compared with the alkyl-substituted polymer.[133] We previously found that 

branched acetal groups (Scheme 3-1) could be used as solubilising side chains for D-A 

polymers.[134,135] 
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Scheme 3-1 (a) Side chains used for solubilising D-A polymers. (b) An exemplary synthetic route to 

the halogenated branched alkyl esters: i) r.t./ether; ii) 0 °C/THF. 

  Several other studies have shown that engineering of alkyl side chains has significant impacts on chain 

packing, film morphology and hence charge transport properties.[104,118,136] For example, Lei et al. 

conducted a study on the branching position of the branched alkyl chains on the copolymers of isoindigo 

(IID) and bithiothene (BT).[118] They found that π-π stacking was hindered by the side chains as the 

spacer group between the IID unit and the branching point of the side chain was CH2 or C2H4 (simply, 

C1 or C2) (m = 1 or 2 in Scheme 3-1). When the branching position was moved away further, the 

backbone became more exposed so that the π-π stacking distance was reduced, which led to improved 

charge transport property. The copolymer (IIDDT-C3, Figure 3-1) with a spacer group of C3 (m = 3) 
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achieved the highest OTFT performance. We also found that the side chain length and the branching 

position greatly influenced the crystallinity, morphology, as well as the p-p stacking distance of a DPP-

based polymer, PDQT (Figure 3-1).[119] By increasing the size of the side chain from 2-octyldodecyl 

(C20) to 2-decyltetradecyl (C24), the crystallinity of the polymer improved, resulting an increase in 

mobility from 2.10 cm2 V-1 s-1 to 3.37 cm2 V-1 s-1. When the distance of the branching point from the 

backbone was increased from C1 (for 2-octyldodecyl) to C3 (for 4-decylhexadecyl), the p-p distance 

decreased from 0.386 nm to 0.368 nm, leading to further improved mobility up to 6.90 cm2 V-1 s-1.  

 

Figure 3-1 The chemical structures of IIDT-C3 and PDQT polymers. 

  Previously we have found the copolymer of C24-substituted IBDF and bithiophene (BT), PIBDFBT-

24, was completely insoluble in any solvent and could not be processed into any device due to the very 

strong intermolecular interaction.[98] Later, Lei et al used a giant 4-octadecyldocosyl (C40) group as 

the side chain to render the IBDF-BT copolymer, PIBDFBT-40 (Figure 3-2), solution-processable.[99] 

High electron mobility up to 1.74 cm2 V-1 s-1 was achieved for this polymer in top-gate bottom-contact 

(TGBC) devices. (The electron mobility is 0.13 cm2 V-1 s-1 in the BGBC devices, somehow lower than 

in the TGBC devices.) The same group also studied the branching point position of a series of side 

chains, C38-C43, and found that the side chain (C40) with a C3 spacer gave the best charge transport 
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performance.[104] However, these giant alkyl side chain precursors, alkyl iodide or bromide 

compounds, are not commercially readily available[137] and the synthesis of these compounds is very 

tedious,[138] which would limit their use in large-scale application. We also synthesized PIBDFBT-

40 and found that even with such large side chains this polymer still showed poor solubility in common 

solvents (see below).  

 

Figure 3-2 The comparison of three different types of IBDF-BT copolymers. 

  In this regard, we propose to use halogenated branched alkyl ester compounds as precursors to 

substitute IBDF to form soluble IBDF-BT copolymers. These halogenated branched alkyl esters can be 

conveniently prepared using an exemplary two-step route shown in Scheme 3-2. The branching point 

position and the branch length can be varied by using different commercially readily available starting 
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materials. A C3 spacer was chosen for this series of ester side chains since it has been found optimal 

for achieving high charge transport performance. We synthesized three PIBDFBT polymers with these 

new branched alkyl ester side chains with different branch length (-C14H29, -C16H33 and -C18H37), which 

are named P-33, P-37 and P-41 respectively. These polymers will be first fully characterized with 

several techniques. Then the charge transport properties will be evaluated in OTFTs and finally these 

polymers will be used as acceptor in all-PSCs with PTB7-Th as donor and the structure-property 

relationship will be investigated using several techniques such as AFM, XRD and SCLC. 

3.2 Results and Discussion 

The syntheses of all four polymers having branched alkyl ester side chains, P-33, P-37 and P-41 are 

outlined in Scheme 3-2. Three branched alkyl ester bromides (8a-c) were conveniently synthesized by 

reacting respective secondary alcohols with 4-bromobutyryl chloride, which was prepared in situ by 

using 4-bromobutyric acid and thionyl chloride. The two-step yields were around 65%. 8a-c were then 

reacted with 6-bromoisatin to form the branched alkyl ester-substituted 6-bromoisatins 9a-c. 

Condensation of 3,7-dihydrobenzo[1,2-b:4,5-b']difuran-2,6-dione with two equivalents of 9a-c 

produced the IBDF monomers 10a-c. Finally three copolymers P-33, P-37, and P-41 were synthesized 

via the Stille coupling polymerization following a similar procedure reported previously.[98] The yields 

for P-33, P-37, and P-41 are 98%, 95% and 92% respectively, after purification by Soxhlet extraction. 

We tested the solubility of the polymers (P-33, P-37, P-41 and PIBDFBT-40) in various common 

organic solvents including 1,1,2,2-tetrachloroethane (TCE), chlorobenzene (CB), o-dichlorobenzene 

(DCB), chloroform (CF), dichloromethane (DCM), toluene (TL), and m-xylene (XL) at room 

temperature (Table 3-1). P-41 with the largest side chains can be easily dissolved in all above solvents.  

P-37 is less soluble, but can still be dissolved in CF, TCE, CB, and DCB. P-33 with the smallest side 
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chains is only soluble in TCE among the solvents tested. We also tested solubility of PIBDFBT-40, 

which has branched C40 alkyl side chains. This polymer can only be dissolved in TCE and DCB. 

Compared to the C40 branched alkyl side chain, the C37 branched alkyl side chain with the similar size 

appears to have stronger solubilizing ability. High temperature-gel permeation chromatography (HT-

GPC) was used to evaluate the molecular weights of these polymers. The column temperature was set 

at 140 °C and 1,2,4-trichlorobenzene was used as the eluent. P-33 has a rather low number average 

molecular weight (Mn) of 16 kDa, which is probably due to its poor solubility in the polymerization 

medium (CB as the solvent). The molecular weights of P-37 and P-41 are much higher with Mn of 40 

kDa and 39 kDa, respectively, owing to their better solubility enabled by their larger side chains. 

PIBDFBT-40 has a similar Mn of 40 kDa, but the polydispersity (PDI) is extremely large (8.4), which 

is thought to be caused by the strong polymer chain aggregation or poorer solubility even at such as 

high temperature (Figure 3-3). The thermal stability of the polymers was characterized by 

thermogravimetric analysis (Figure 3-4). The 5% weight loss temperatures (T-5%) are 290 °C, 300 °C 

and 300 °C for P-33, P-37 and P-41, respectively, indicating their decent thermal stability. However, 

these polymers started to decompose at lower temperatures compared to that of PIBDFBT-40 (T-5% = 

~380 °C) probably due to the less thermally stable ester groups.  
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Scheme 3-2 Synthetic route to branched ester-substituted IBDF polymers P-33, P-37 and P-41. 

Reaction conditions: i) CH2Cl2/SOCl2/0 °C to r.t., THF/reflux, 60-70%; ii) DMF/K2CO3/50 °C, 50-

60%; iii) AcOH/p-toluenesulfonic acid/115 °C, 30-40%; iv) chlorobenzene/P(o-tolyl)3/Pd2(dba)3/130 

°C, 90-98%.  
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Figure 3-3 The molecular weight distribution of P-33, P-37, P-41 and PIBDEFBT-40 obtained with 

HT-GPC. 

Table 3-1 The summary of properties of polymers. 

Polymer  Solubility testinga 
Mn 

(kDa) 
PDI λmax

sol/film (nm) Eg
opt (eV) EHOMO/ELUMO (eV) 

P-33 TCE 16 4.0 847/847 1.31 -5.68/-3.85 

P-37 TCE, CB, DCB, CF 40 3.4 847/847 1.31 -5.72/-3.87 
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P-41 
TCE, CB, DCB, CF, 

DCM, TL, XL 
39 4.8 840/840 1.31 -5.73/-3.85 

PIBDFBT-

40 
TCE, CB 40 8.4 780/782c 1.31c -5.70/-3.90c 

a Solubility testing was conducted by dissolving the polymer in a solvent (~5 mg/mL) at room 

temperature (sometimes with an aid of heating before cooling to room temperature). b Solvent in which 

the polymer can be completely dissolved. TCE: 1,1,2,2-tetrachloroethane, CF: chloroform; DCM: 

dichloromethane; CB: chlorobenzene; DCB: o-dichlorobenzene; TL: toluene; XL: xylene. c The data 

can be found in the reference.[99] 

 

Figure 3-4 The TGA diagrams for P-33, P-37, P-41 and PIBDFBT-40 obtained in nitrogen. 

  The optical properties of the polymers in dilute solutions and thin films are characterized by UV-Vis-

NIR absorption spectroscopy (Figure 3-5 and Table 3-1). All three polymers showed a significant red-

shift in the maximum absorption (λmax) compared to that of PIBDFBT-40 in solutions and films[99]. 

These results suggest that the ester side chains have an impact on the backbone conjugation. P-41 

showed a λmax at ~840 nm in solution and the solid state, which is blue-shifted compared to those of P-

33 and P-37. This implies that the backbone of P-41 is less coplanar than those of P-33 and P-37, likely 
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caused by the stronger interactions of its larger side chains with solvent molecules in solution and 

between themselves in the film to make the backbone slightly more twisted.[119,139] All polymers 

showed vibronic splitting adsorption peaks at ~750 nm in both dilute solutions and films. In solution, 

the vibronic splitting adsorption for P-33 is much weaker compared to the other two polymers, which 

might be due to its low molecular weight. In films, the vibronic splitting adsorption peaks for all 

polymers became more resolved as compared to those in the solution spectra. This could be attributed 

to the exitonic-vibronic coupling induced by interchain aggregation in the solid state[140], indicating 

a more ordered packing of chains. The optical bandgaps were estimated using the onset absorption 

wavelengths to be ~1.31 eV for all three polymers, which is the same as that of PIBDFBT-40[99]. It is 

worth noting that all IBDF-based polymers showed considerable absorption from 350 nm to 600 nm, 

which can be idea complementary absorption to PTB7-Th in the same region. The absorption 

coefficient for these polymers (P-33, P-37 and P-41) were determined to be 7.4×105 cm-1, 7.1×105 cm-

1 and 6.6×105 cm-1, respectively. Cyclic voltammetry (CV) was used to study the electrochemical 

properties of the polymers (Figure 3-6 and Table 3-1). All polymers showed both the reductive and 

oxidative peaks. The highest occupied molecular orbital and lowest unoccupied molecular orbital 

(HOMO and LUMO) levels were estimated using the onset oxidation and reduction potentials. All three 

polymers have similar HOMO levels (ranging from -5.68 eV to -5.73 eV) and LUMO levels (ranging 

from -3.85 eV to -3.87 eV). The similar HOMO and LUMO levels of these polymers indicate that side 

chains have minimal impacts on the electrochemical properties of the polymers. The frontier orbital 

levels of these polymers fall in the ranges where n-type dominant ambipolar charge transport 

performance might be observed.[141,142] Moreover, we measured electrochemical characteristic of 

PTB7-Th with CV as well. With the HOMO/LUMO being -5.36 eV and -3.55 eV respectively,[143] 
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the HOMO and LUMO offsets between the IBDF-based polymers (P-33, P-37 and P-41) and PTB7-

Th are larger than 0.3 eV, which made them suitable active layer materials in all-PSCs.[26] 

 

Figure 3-5 The UV-Vis-NIR adsorption spectra in solution (chloroform) and in film. 
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Figure 3-6 the CV diagrams for P-33, P-37 and P-41. 

  To probe how the length of the alkyl branch (R) will impact the charge transport, these polymers were 

used as channel semiconductor materials in BGBC OTFT devices using SiO2/Si wafer as the substrate. 

All three polymers showed n-type dominant ambipolar charge transporting characteristics (Table 3-2). 

When the annealing temperature was increased from 100 °C to 200 °C, the carrier mobility improved 

gradually for all devices. However, it was found that further increasing the annealing temperature to 

250 °C led to performance degradation. Among three polymers, P-37 with C16H33 as the branch showed 

the best device performance with the average electron mobility of 0.32 cm2 V-1 s-1 and hole mobility of 
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0.15 cm2 V-1 s-1 when the films were annealed at 200 °C (Figure 3-7). P-33 showed the average electron 

and hole mobilities of 0.10 cm2 V-1 s-1 and 0.051 cm2 V-1 s-1, respectively, for the films annealed at 200 

°C. The lower performance of P-33 is considered due to its lower molecular weight as well as its poorer 

thin film morphology (see below). The best performance for P-41 was obtained for the films annealed 

at 200 °C, with average electron mobility of 0.072 cm2 V-1 s-1 and hole mobility of 0.027 cm2 V-1 s-1. 

The poorest charge transport performance of P-41 among three polymers is probably the result of its 

more twisted back bone as previously discussed (UV-Vis-NIR absorption spectra) and its poor film 

morphology (see below). To compare the ester chains with alkyl side chains, we also tested PIBDFBT-

40 as channel semiconductor in BGBC devices under the same conditions. Ambipolar charge transport 

was also observed for the devices based on PIBDFBT-40 (Table 3-2). For the devices annealed at 200 

°C, the average electron mobility was 0.39 cm2 V-1 s-1 and the average hole mobility was 0.22 cm2 V-1 

s-1, which are slightly higher than those of P-37. Our results indicate that ester side chains can be used 

as solubilizing chains for D-A polymers and the resulting polymers can achieve comparable charge 

transporting properties to those with alkyl side chains in BGBC OTFTs. 

Table 3-2 OTFT device performance of the polymers annealed at different annealing temperatures. 

Polymer  
Annealing 

temperature (°C) 

µe (cm2 V-1 s-1) µh (cm2 V-1 s-1) 

avg max avg max 

P-33 

100 0.081±0.005 0.089 0.034±0.012 0.050 

150 0.092±0.010 0.11 0.050±0.011 0.065 

200 0.10±0.015 0.12 0.051±0.010 0.065 
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P-37 

100 0.24±0.022 0.28 0.096±0.009 0.11 

150 0.27±0.025 0.30 0.10±0.010 0.12 

200 0.32±0.023 0.35 0.15±0.037 0.20 

P-41 

100 0.041±0.003 0.045 0.023±0.004 0.028 

150 0.054±0.004 0.058 0.023±0.004 0.029 

200 0.072±0.003 0.074 0.027±0.002 0.030 

PIBDFBT-40 200a 0.39±0.032 0.43 0.17±0.043 0.24 

a The annealing temperature was chosen for the best performance according to the references. 
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Figure 3-7 Transfer (top) and output (bottom) curves of BGBC OTFT devices with 200 °C-annealed 

P-33, P-37 and P-41 films. Device dimensions: channel length (L) = 30 µm; channel width (W) = 1000 

µm. 

  To further understand why P-37 showed better charge transport property than P-33 and P-41, we 

characterized the microstructures of the polymer thin films with atomic force microscopy (AFM, Figure 

26) and X-ray diffraction (XRD, Figure 3-8). The thin film samples were prepared under the same 

conditions as those used for the OTFT devices. In the AFM images of the P-33 films, very smooth 

surfaces with low root mean squared roughness (Rq) of 1.3 nm were observed. However only small 

grains with poor interconnections can be seen, which might be due to the low molecular weight of P-

33. For the P-37 films, well-interconnected large fibre-like domains are observed, which is regarded to 

be beneficial for the charge transport.[144]. The as-spun P-41 films showed very large grains and grain 

boundaries with Rq of 23 nm. With increasing annealing temperature, the film morphology slightly 

improved, but the films are still very rough. The very poor film morphology might be another reason 

for the poor charge transport performance of P-41. Reflective mode XRD was employed to investigate 

the chain packing of these polymers in spin-coated thin films (Figure 3-9). The as-spun P-33, P-37 and 

P-41 films showed the primary diffraction peaks at 2θ = 3.37°, 2.97° and 2.90°, which correspond to 

their inter-lamellar d-spacing distances of 2.62 nm, 2.97 nm and 3.04 nm, respectively, agreeing with 

the increasing size of their side chains. Since there are no diffractions corresponding to the co-facial π-

π-distance (normally at 2θ = ~20-25°), the polymer chains presumably adopted an edge-on orientation 

motif with respect to the substrate.[145,146] As the annealing temperature was increased, the intensity 

of the primary diffraction peaks increased and the secondary diffraction peaks became more visible, 

indicating that longer range ordering was achieved. That explains why the carrier mobility increased 
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with increasing annealing temperature. The 200 °C-annealed P-37 film showed the strongest diffraction 

peaks and thus the most ordered chain packing, which is also accounted for its best charge transport 

performance among three polymers. 

 

Figure 3-8 AFM height images (4µm × 4µm) of polymer films annealed at different temperatures. 
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Figure 3-9 Reflective XRD patterns of P-33, P-37 and P-41 films annealed at different temperatures. 

  Given that LUMO/HOMO offsets (ELUMO,D - ELUMO,A and EHOMO,D – EHOMO,A) between these polymers 

and PTB7-Th are larger than 0.3 eV (Figure 3-10), these three polymers were used as electron acceptor 

with PTB7-Th as electron donor to fabricate all-PSC devices. The device configuration was 

ITO/PEDOT:PSS/PTB7-Th:PA/LiF/Al. The active layer was spin-coated from the blend of the two 

polymers (1:1 wt ratio) in a chlorobenzene solution (10 mg/mL). Due to the poor solubility of P-33 in 

chlorobenzene, we were unable to process P-33:PTB7-Th into a uniform thin film.  Figure 3-11 shows 

the J–V characteristics of the devices measured under AM 1.5G illumination (100 mW cm –2). The 

devices based on P-37 exhibited on average the VOC of 0.72 V, JSC of 1.2 mA cm –2, and FF of 0.39, 

corresponding to a PCE of 0.34%. The devices based on P-41 exhibited on average the VOC of 0.57 V, 

JSC of 0.54 mA cm –2, and FF of 0.37, corresponding to a PCE of 0.11%. We can clearly tell the low 

PCEs mainly resulted from the extremely low Jsc and relatively low FF.  

 

P-33 P-37 P-41
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Figure 3-10 The energy level alignment and adsorption coefficient spectra of the IBDF-polymers and 

PTB7-Th. 
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Figure 3-11 The J-V characteristics of the devices based on P-37 and P-41 under AM 1.5G 

illumination. The blend film (~90 nm) was spin-coated at 1500 rpm using a solution in chlorobenzene 

with a total concentration of 10 mg/mL. 

Table 3-3 The summary of all-PSC devices and SCLC devices based on P-37, P-41 and N2200. 

Acceptor 
JSC 

(mA/cm2) 
VOC (V) FF PCE (%) µh (cm2 V-1 s-1) µe (cm2 V-1 s-1) 

P-37 1.21 0.72 0.39 
0.34 

(0.29) 
2.54×10-4 7.24×10-6 

P-41 0.54 0.57 0.37 
0.11 

(0.09) 
1.75×10-4 4.39×10-6 
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N2200 8.4 0.80 0.47 3.2 (3.0)   

All devices used PTB7-Th as the donor and the same device configuration: ITO/PEDOT:PSS/Polymer 

blend/LiF/Al. The active layer thickness is around 90 nm. The numbers in the parenthesis are average 

values for 4 devices on the same substrate. 

 

To understand why these devices have such poor performance, we investigated the morphology of the 

PTB7-Th:PA blend by AFM (Figure 3-12). The samples were prepared under the same conditions to 

emulate the solar cell devices. Both samples showed pretty rough film morphology with root mean 

squared roughness of 4.3 nm for P-37 blend and 5.5 nm for P-41 blend respectively. In addition, large-

size and poorly defined fabril structures can be observed in the AFM images with size over 1µm. 

Similar observation has been previous reported in literature and usually correlated to large phase 

separation.[70,81,147] For example, Fabino et al. found the blend of P3HT:P(NDI2OD-T2) processed 

from o-DCB exhibited extremely low JSC (~0.4 mA/cm2) and PCE (~0.1%) in all-PSCs.[70] The AFM 

image (Figure 3-13a) of the blend showed large polymer fabrils indicating large phase separation. Later, 

Schubert et al. used a mixture of p-xylene and 1-CN as the processing solvent for the same blend and 

achieved significantly improved PCE of 1.4% with a JSC of 3.77 mA/cm2.[81] The AMF image (Figure 

3-13b) of the blend showed a well-mixed morphology of the two polymers. Therefore, the large phase 

separation between the IBDF polymers and PTB7-Th has greatly limited the exciton dissociation at 

the D-A interface because the exciton diffusion length in organic semiconductors is usually around or 

below 10 nm.[147]  
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Figure 3-12 AFM height images (4µm × 4µm) of polymer blend films spin-coated on 

PEDOT:PSS/ITO substrates. 

 

Figure 3-13 AFM height images (4µm × 4µm) of P(NDI2OD-2T):P3HT blend films: processed with 

p-xylene:1-CN (a)[122] and o-DCB (b)[148]. 
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In addition, we fabricated the electron-only (ITO/ZnO/polymer blend/LiF/Al) and hole-only 

(ITO/PEDOT:PSS/polymer blend/MoO3/Ag) devices for PTB7-Th:P-37 and PTB7-Th:P-41 and 

measured the space-charge-limited current versus voltage characteristic (Figure 3-14). We calculated 

the charge carrier mobility using the following equation: 

𝐽 =
9
8
µ𝜀𝜀>

𝑉P

𝐿T
 

Where ε is approximately 3 for organic semiconductors and L is the thickness of the semiconductor 

films. The electron mobilities for P-37 and P-41 were determined to be 7.24×10-6 cm2 V-1 s-1 and 

4.39×10-6 cm2 V-1 s-1, which are orders lower than those of PCBM (~10-3 cm2 V-1 s-1) and P(NDI2OD-

T2) (~10-4 cm2 V-1 s-1) in literature.[78,97] On the other hand, the calculated hole mobilities for PTB7-

Th were 2.54×10-4 cm2 V-1 s-1 and 1.75×10-4 cm2 V-1 s-1 in PTB7-Th:P-37 and PTB7-Th:P-41 

respectively, which are in good agreement with previous reports.[72,75,76] The poor electron transport 

properties has led to unbalanced charge transport in the polymer blend,  which is known to have 

negative impact on FF and JSC according previous studies.[57,149,150] This may partially explain why 

the FFs of these cells have such low values (<0.4). We also tested the neat films of P-37 and P-41. 

Similar electron mobilities were found for P-37 (8.36×10-6 cm2 V-1 s-1) and P-41 (3.91×10-6 cm2 V-1 s-

1) while hole mobilities were 6.88×10-7 cm2 V-1 s-1 and 1.33×10-7 cm2 V-1 s-1 for P-37 and P-41 

respectively. These results show that the low electron mobilities for bulk charge transport result from 

the polymers themselves and the hole transport is mainly undertaken by the PTB7-Th. To investigate 

the polymer molecular packing in solid state, we performed thin film XRD on the polymer neat films 

for P-37 and P-41 (Figure 3-15). The samples were prepared by spin-coating the polymer films on 

SiO2/Si wafer substrates. XRD patterns of both the P-37 and P-41 neat films showed almost completely 

amorphous morphology. A weak (100) at diffraction peak 2θ = ~3.10 ° was observed for P-37, 
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corresponding to a d-spacing of 2.84 nm, indicating the presence of edge-on oriented chains on the 

substrate. The amorphous morphology of these two polymers is likely because the bulky side chains 

have imposed a large hindrance for the polymer chain to form order packing, this has also been observed 

by previous studies.[151–154] The intrinsic disordered packing property of these polymers may explain 

why low SCLC electron mobilities were observed in the electron-only devices on both the blend films 

and neat films.  
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Figure 3-14  The J-V characteristics of the electron-only and hole-only devices for PTB7-Th:P-37 and 

PTB7-Th:P-41.  
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Figure 3-15 The XRD patterns of P-37 and P-41 on ZnO/ITO fabricated under the same conditions 

as the electron-only devices.  

3.3 Summary and Future Direction 

In conclusion, a series of ester side chains have been developed and used as solubilizing side chains for 

the copolymers of IBDF and BT. Three IBDF-BT polymers were synthesized and demonstrated 
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excellent solubility, suitable HOMO/LUMO levels and excellent charge transport properties in OTFTs 

with electron mobility up to 0.35 cm2 V-1 s-1. When the polymers were incorporated in all-PSCs in 

conjunction with PTB7-Th, all devices showed very poor performance (PCEs <0.4% with JSC < 1 

mA/cm2 and FF<0.4). AFM images suggested there were large polymer fabrils (>1000 nm) present in 

the polymer blends, indicating a large phase separation for the blends. This has limited the charge 

generation that happens at the D-A interface, and led to a very low JSC. In addition, SCLC measurement 

of the blends exhibited quite low electron mobilities (~10-6 cm2 V-1 s-1) and led to unbalanced charge 

transport in the polymer blend, which could be one of the reasons why the devices showing low FFs. 

Through XRD and SCLC studies, we found the spin-coated polymer thin films were intrinsically 

amorphous and the bulky side chains seemed to disrupt the chain packing, which might have caused 

the poor bulk electron charge transport in the solar cell devices. To further improve the performance of 

IBDF-based polymers as acceptor in organic solar cells, large phase separation needs to be avoided. 

This will take a comprehensive consideration of various measures such as reducing the side chain’s 

length[155,156], introducing a twisted backbone[157,158] and tuning the backbone 

structures[74,77,159] to improve the miscibility of the acceptor polymer and donor polymer. A good 

balance between crystallinity (charge transport) and solubility/miscibility (blend morphology) must be 

realized to achieve considerable solar cell performance.  

3.4 Experimental 

3.4.1 Materials and Characterization 

All chemicals were obtained from commercial sources and used as received. Nonacosan-15-

ol,[160] tritriacontan-17-ol,[160] heptatriacontan-19-ol,[161] 3,7-dihydrobenzo[1,2-b:4,5-
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b']difuran-2,6-dione[105] and PIBDFBT-40[99] were prepared according to the literature 

methods. High-temperature gel permeation chromatography (HT-GPC) measurements were 

performed on a Malvern 350 HT-GPC system using 1,2,4-trichlorobenzene as eluent and 

polystyrene as standards at a column temperature of 140 °C. Thermogravimetric analysis (TGA) 

was carried out on a TA Instruments SDT 2960 at a scan rate of 10 °C min-1 under nitrogen. 

The UV-Vis absorption spectra of polymers were recorded on a Thermo Scientific model 

GENESYS™ 10S VIS spectrophotometer. Cyclic voltammetry (CV) data were obtained on a 

CHI600E electrochemical analyser using an Ag/AgCl reference electrode and two Pt disk 

electrodes as the working and counter electrodes in a 0.1 M tetrabutylammonium 

hexafluorophosphate solution in acetonitrile at a scan rate of 50 mV s-1. Ferrocene was used as 

the reference, which has a HOMO energy value of -4.8 eV.[162] NMR spectra were recorded 

with a Bruker DPX 300 MHz spectrometer with chemical shifts relative to tetramethylsilane 

(TMS, 0 ppm). Reflective XRD measurements were carried out on a Bruker D8 Advance 

diffractometer with Cu Ka radiation (λ = 0.15406 nm) using polymer films spin coated on 

SiO2/Si substrates. Atomic force microscopy (AFM) images were taken with a Dimension 3100 

scanning probe microscope. 

3.4.2 Fabrication and Characterization of OTFT devices 

The bottom-contact bottom-gate (BGBC) configuration was used for all OTFT devices. The preparation 

procedure of the substrate and device is as follows. A heavily n-doped Si wafer with ~300 nm-thick 

SiO2 layer was patterned with gold source and drain pairs by conventional photolithography and 

thermal deposition. Then the substrate was treated with air plasma, followed by cleaning with acetone 

and isopropanol in an ultrasonic bath. Subsequently, the substrate was placed in a 3% 



 

 

 

80 
 

dodecyltrichlorosilane (DDTS) solution in toluene at room temperature for 20 min. The substrate was 

washed with toluene and dried under a nitrogen flow. Then a polymer solution in chloroform (5 mg 

mL-1) or 1,1,2,2-tetrachloroethane (TCE) (10 mg mL-1) was spin-coated onto the substrate at 3000 rpm 

for 60 s to give a polymer film (~40 nm), which was further subjected to thermal annealing at different 

temperatures for 20 min in a glove box. All OTFT devices were characterized in the same glove box 

using an Agilent B2912A Semiconductor Analyser. The hole and electron mobilities are calculated in 

the saturation regime according to the following equation: 

𝐼/E = 	
𝜇𝐶Q𝑊
2𝐿

(𝑉_ − 𝑉`)P 

where IDS is the drain-source current, µ is charge carrier mobility, Ci is the gate dielectric layer 

capacitance per unit area (~ 11.6 nF cm−2), VG is the gate voltage, VT is the threshold voltage, L is the 

channel length (30 µm), and W is the channel width (1000 µm). 

3.4.3 Fabrication and Characterization of all-PSC devices 

All all-PSC devices were fabricated using the conventional configuration ITO/PEDOT:PSS/PTB7-

Th:PA/LiF/Al. ITO glass substrates were sonicated in water, acetone and IPA. Then the substrates were 

treated with plasma cleaning. A thin layer of PEDOT:PSS (Al 4083) was deposited through spin-

coating at 4000 rpm and dried subsequently at 150 °C for 20 min in air. Then the substrates were 

transferred to a nitrogen glove box, where the polymer blend layer (~90 nm) was spin-coated onto the 

PEDOT:PSS layer. The active layer was formed using a chlorobenzene solution of PTB7-Th:PA (1:1). 

Finally, a thin layer of LiF (1 nm) and a layer of Al (100 nm) electrode were deposited in vacuum onto 

the substrate at P ≈5.0 × 10−6 Pa. The active area is 0.07 cm2. The current density–voltage (J – V) 

characteristics of the all-PSCs were measured on an Agilent B2912A Semiconductor Analyser with a 
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ScienceTech SLB300-A Solar Simulator. A 450 W xenon lamp and an air mass (AM) 1.5 filter were 

used as the light source.  

3.4.4 Synthetic Procedures 

General procedure for the synthesis of brominated branched alkyl esters 8a~8c 

 

To a solution of 4-bromobutyric acid (8.4 g, 50 mmol) in dichloromethane (50 mL) under ice/water 

bath, thionyl chloride (8.3 g, 70 mmol) was added. The solution was stirred at room temperature for 4 

h. Then solvent and the excess thionyl chloride were removed under reduced pressure and then the 

residual was dissolved by tetrahydrofuran (THF) (50 mL). The solution was added drop wise to a 

suspension of a secondary alcohol (40 mmol) (nonacosan-15-ol for 8a, tritriacontan-17-ol for 8b, and 

heptatriacontan-19-ol for 8c) in THF (200 mL) at 0 °C. After addition, the reaction mixture was 

gradually heated to reflux. After 12 h, the reaction mixture was cooled down in an ice/water bath and 

water was added to quench the reaction. Diethyl ether was added to extract the product. The separated 

organic phase was washed with saturated NaHCO3 aqueous solution and brine. After removal of solvent 

under reduced pressure, the crude product was purified by column chromatography using hexanes/ethyl 

acetate as the eluent, affording 8 as a white solid. 

 

Nonacosan-15-yl 4-bromobutanoate (8a). Yield: 15.1 g, 66%. 1H-NMR (300 MHz, CDCl3) δ 4.92 – 

4.84 (m, 1H), 3.46 (t, J = 6.4 Hz, 2H), 2.48 (t, J = 7.2 Hz, 2H), 2.22 – 2.15 (m, 2H), 1.53 – 1.50 (m, 

4H), 1.25 (br, 48H), 0.88 (t, J = 6.6 Hz, 6H). 
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Tritriacontan-17-yl 4-bromobutanoate (8b). Yield: 21.3 g, 85%. 1H-NMR (300 MHz, CDCl3) δ 4.90 

– 4.84 (m, 1H), 3.46 (t, J = 6.8 Hz, 2H), 2.48 (t, J = 7.0 Hz, 2H), 2.21 – 2.12 (m, 2H), 1.53 – 1.45 (m, 

4H), 1.25 (br, 56H), 0.88 (t, J = 6.3 Hz, 6H). 

Heptatriacontan-19-yl 4-bromobutanoate (8c). Yield: 15.4 g, 56%. 1H-NMR (300 MHz, CDCl3) δ 

4.92 – 4.84 (m, 1H), 3.46 (t, J = 6.4 Hz, 2H), 2.48 (t, J = 7.2 Hz, 2H), 2.22 – 2.12 (m, 2H), 1.52 – 1.50 

(m, 4H), 1.25 (br, 64H), 0.88 (t, J = 6.8 Hz, 6H). 

 

General procedure for the synthesis of 9a~9c 

 

To a two-neck round bottom flask, 6-bromoisatin (1.13 g, 5 mmol), potassium carbonate (1.38 g, 10 

mmol), 1 (5 mmol) and N,N’-dimethylformamide (40 mL) were added. The reaction mixture was then 

stirred at 50 °C for 18 h. The solvent was removed and the residual was dissolved in dichloromethane 

and washed with water. After removal of solvent, the crude product was purified by column 

chromatography using a mixture of hexanes and ethyl acetate as the eluent, affording 9 as an orange 

solid. 

 

Nonacosan-15-yl 4-(6-bromo-2,3-dioxoindolin-1-yl)butanoate (9a). Yield: 2.55 g, 71%. 1H-NMR 

(300 MHz, CDCl3) δ 7.46 (d, J = 7.8 Hz, 1H), 7.28 (dd, J = 8.1 Hz, 1.5 Hz, 1H), 7.23 (d, J = 1.5 Hz, 

1H), 4.94 – 4.86 (m, 1H), 3.77 (t, J = 7.5 Hz, 2H), 2.42 (t, J = 6.9 Hz, 2H), 2.05 – 1.96 (m, 2H), 1.54 - 

1.52 (m, 4H), 1.25 (br, 48H), 0.88 (t, J = 6.6 Hz, 6H). 

Tritriacontan-17-yl 4-(6-bromo-2,3-dioxoindolin-1-yl)butanoate (9b): Yield: 2.56 g, 66%. 1H-

NMR (300 MHz, CDCl3) δ 7.46 (d, J = 7.8 Hz, 1H), 7.28 (dd, J = 8.1 Hz, 1.4 Hz, 1H), 7.23 (d, J = 1.4 
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Hz, 1H), 4.94 – 4.86 (m, 1H), 3.77 (t, J = 7.4 Hz, 2H), 2.42 (t, J = 6.9 Hz, 2H), 2.05 – 1.95 (m, 2H), 

1.55 - 1.51 (m, 4H), 1.25 (br, 56H), 0.88 (t, J = 6.9 Hz, 6H). 

Heptatriacontan-19-yl 4-(6-bromo-2,3-dioxoindolin-1-yl)butanoate (9c). Yield: 2.45 g, 59%. 1H-

NMR (300 MHz, CDCl3) δ 7.46 (d, J = 7.8 Hz, 1H), 7.28 (dd, J = 8.1 Hz, 1.5 Hz, 1H), 7.23 (d, J = 1.5 

Hz, 1H), 4.94 – 4.86 (m, 1H), 3.77 (t, J = 7.4 Hz, 2H), 2.42 (t, J = 6.9 Hz, 2H), 2.05 – 1.98 (m, 2H), 

1.55 - 1.51 (m, 4H), 1.25 (br, 64H), 0.88 (t, J = 6.9 Hz, 6H). 

 

General procedure for the synthesis of 10a~10c 

 

To a two-neck round bottom flask, 9 (2 mmol), p-toluenesulfonic acid (53 mg, 0.28 mmol), 3,7-

dihydrobenzo[1,2-b:4,5-b']difuran-2,6-dione (0.19 g, 1 mmol) and acetic acid (10 mL) were added. The 

reaction mixture was stirred at 115 °C for 24 h. Upon cooling to room temperature, the reaction mixture 

was filtered and the filter cake was washed with methanol. The crude product was then purified by 

column chromatography using a mixture of hexanes and chloroform as the eluent, affording 10 as a 

black solid. 

 

Di(nonacosan-15-yl) 4,4'-((3E,3'E)-(2,6-dioxobenzo[1,2-b:4,5-b']difuran-3,7(2H,6H)-

diylidene)bis(6-bromo-2-oxoindoline-1-yl-3-ylidene))dibutyrate (10a). Yield: 0.56 g, 35%. 1H-

NMR (300 MHz, CDCl3) δ 9.06 (s, 2H), 8.90 (d, J = 8.4 Hz), 7.19 (dd, J = 5.1 Hz, 1.6 Hz, 2H), 7.06 

(d, J = 1.5 Hz, 2H), 4.94 – 4.90 (m, 2H), 3.83 (t, J = 7.2 Hz, 4H), 2.44 (t, J = 6.9 Hz, 4H), 2.05 – 2.01 

(m, 4H), 1.53(br, 4H), 1.23 (br, 96H), 0.87 (t, J = 6.8 Hz, 12H). 13C-NMR (75 MHz, CDCl3) δ 172.57, 
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167.19, 151.96, 146.76, 135.74, 131.74, 129.47, 127.11, 126.72, 126.07, 126.02, 119.89, 112.10, 

112.23, 75.22 39.76, 34.02, 32.12, 31.60, 29.89, 29.75, 29.57, 25.58, 22.89, 14.30. 

Di(tritriacontan-17-yl) 4,4'-((3E,3'E)-(2,6-dioxobenzo[1,2-b:4,5-b']difuran-3,7(2H,6H)-

diylidene)bis(6-bromo-2-oxoindoline-1-yl-3-ylidene))dibutyrate (10b). Yield: 0.44 g, 26%. 1H-

NMR (300 MHz, CDCl3) δ 9.09 (s, 2H), 8.93 (d, J = 8.7 Hz), 7.22 (dd, J = 5.1 Hz, 1.6 Hz, 2H), 7.08 

(d, J = 1.5 Hz, 2H), 4.94 – 4.90 (m, 2H), 3.84 (t, J = 7.2 Hz, 4H), 2.44 (t, J = 6.9 Hz, 4H), 2.06 – 2.01 

(m, 4H), 1.53(br, 4H), 1.23 (br, 112H), 0.87 (t, J = 6.6 Hz, 12H). 13C-NMR (75 MHz, CDCl3) δ 172.57, 

167.19, 151.96, 146.75, 135.74, 131.74, 129.47, 127.01, 126.72, 126.07, 126.02, 119.89, 112.10, 

111.20, 75.22 39.76, 34.26, 32.12, 31.60, 29.89, 29.75, 29.57, 25.58, 22.89, 14.30. 

Di(heptatriacontan-19-yl) 4,4'-((3E,3'E)-(2,6-dioxobenzo[1,2-b:4,5-b']difuran-3,7(2H,6H)-

diylidene)bis(6-bromo-2-oxoindoline-1-yl-3-ylidene))dibutyrate (10c). Yield: 0.44 g, 24%. 1H-

NMR (300 MHz, CDCl3) δ 9.10 (s, 2H), 8.94 (d, J = 8.7 Hz, 2H), 7.25 (d, J = 7.8 Hz, 2H), 7.09 (s, 2H), 

4.92 (m, 2H), 3.84 (t, J = 6.8 Hz, 4H), 2.44 (t, J = 6.8 Hz, 4H), 2.05 – 2.03 (m, 4H), 1.51 - 1.24 (br, 

132H), 0.87 (t, J = 6.4 Hz, 12H). 13C-NMR (75 MHz, CDCl3) δ 172.56, 167.19, 151.97, 146.76, 135.77, 

131.72, 129.46, 127.03, 126.75, 126.13, 126.01, 119.90, 112.06, 111.19, 75.21 39.70, 34.26, 32.12, 

31.59, 29.90, 29.76, 29.57, 25.57, 22.89, 14.32. 

 

General procedure for the synthesis of P-33, P-37, and P-41. 

 

To a Schlenk flask, 10 (0.0453 mmol), 5,5’-bis(trimethylstannyl)-2,2’-bithiophene (22.6 mg, 0.0453 

mmol), tri(o-tolyl)phosphine (1.1 mg, 3.6 µmol), tris(dibenzylideneacetone)dipalladium (0.8 mg, 0.9 

µmol)  and anhydrous chlorobenzene (4 mL) were added under argon atmosphere. The reaction mixture 
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was then stirred at 130 °C for 48 h. Upon cooling to room temperature, the reaction mixture was poured 

into methanol and the precipitate was collected by filtration, followed by Soxhlet extraction. 

 

P-33: This polymer was purified by Soxhlet extraction using acetone, hexanes, chloroform and TCE. 

Yield: 71 mg, 98% (from the TCE fraction).  

P-37: This polymer was purified by Soxhlet extraction using acetone, hexanes and chloroform. Yield: 

74 mg, 95% (from the chloroform fraction).  

P-41: This polymer was purified by Soxhlet extraction using acetone, hexanes and chloroform. Yield: 

76 mg, 92% (from the chloroform fraction).  
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Chapter 4. Unipolar N-type NDIO-based Polymers 

4.1 Introduction 

Nowadays one of the most widely studied n-type conjugated polymers are the ones based on the strong 

electron-deficient building block, naphthalene diimide (NDI) (Figure 4-1).[72,163–168] For example, 

the copolymer of NDI-20 and bithiophene (Figure 4-1), namely P(NDI2OD-T2), was found to show 

excellent electron charge transport property back in 2009 by He et al., used as channel material in 

OTFTs, showing electron mobility between 0.45 and 0.85 cm2 V-1  s-1[94], while at that time, the other 

n-type organic semiconductors were only showing electron mobility around 0.01 cm2 V-1  s-1.[169–171] 

With such a huge breakthrough, this polymer was commercialized by Polyera and became the 

benchmark n-type polymer semiconductor for OTFTs.[95,129,167] Meanwhile researchers also 

attempted to use P(NDI2OD-T2) to replace PCBM as acceptor material in all-PSCs given the 

promising electron transport properties. Due the immiscibility and energy level mismatch between 

P(NDI2OD-T2) and the donor materials such as P3HT, the PCEs of these all-PSCs were all below 

2%.[122,148,172] It was not until 2014 when Mori et al. introduced the donor polymer, PTB7-Th, in 

all-PSCs and achieved high PCE up to 5.7%[72] that P(NDI2OD-T2) gained considerable attention in 

the field of fullerene-free solar cell. Since then, numerous efforts were made to further improve the 

performance of P(NDI2OD-T2)-based all-PSCs, including using different donor building blocks for 

the polymer backbone[73,74,77], side chain engineering[76,82], using different donor 

materials[13,83,165,173] for the solar cells and fabrication optimization[74,81,174]. For instance, Fan 

et al. reported the optimization by choosing the processing solvent judiciously, controlling the 

molecular weight of P(NDI2DT-T2) and optimizing the active layer thickness. A record high PCE of 
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9.16% was realized[174], which is already approaching the high PCEs of fullerene-based 

OSCs.[24,53,54,56] 

 

Figure 4-1 The chemical structures of NDI and P(NDI2OD-2T). 

Despite all these advancements in tuning the performance of NDI-based polymers in all-PSCs, the FF 

(0.40-0.55) and JSC (<12 mA cm-2)[78,122,173,175] of these solar cells are still significantly behind 

those (0.7-0.8 for FF and ~20 mA cm-2 for JSC) of high-performance fullerene based OSCs.[24,56] It is 

generally believed the FF of all-PSCs is limited due to three main causes: relatively low bulk charge 

carrier mobilities, imbalanced charge transport and bimolecular recombination. Realizing a high FF 

requires simultaneously improvement on these three aspects. Jung et al. used a fluoro-substituted 

bithiophene units on the backbone of an n-type NDI polymer backbone to increase the electron affinity 

and electron transport. The resultant polymer, P(NDI2OD-FT2), demonstrated a deeper HOMO level 

of -5.9 eV and a high PCE of 6.29% was obtained by the fluoro-substituted polymer compared to 5.21% 

of P(NDI2OD-T2) under the same conditions.[75] Their success was mainly attributed to the 

enhancement of charge generation and less bimolecular recombination, leading to the raised short-
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circuit current density (JSC) and fill factor (FF), and PCE. On the other hand, a number of studies have 

shown that the NDI-based polymers generally adopted an mixture of edge-on and face-on molecular 

orientations in solid state while PTB7-Th is completely face-on orientated.[122,176–178] The 

suboptimal orientation match leads to less efficient exciton dissociation at the D-A interface and higher 

germinate recombination than fullerene/polymer BHJ, which are believed to be one of the main causes 

for inferior JSC and FF in all-PSCs, respectively. Their studies have triggered the thought that 

chemically modifying the NDI moiety to enhance the bulk electron transport and improve the energy 

level matchup is of significance for achieving high performance all-PSCs. 

 

Figure 4-2 The importance of molecular orientation control at the D−A Interface of all-PSCs.[66] 

In this chapter, we report for the first time the use of a new electron deficient building block, NDIO, in 

π-conjugated polymers. We synthesized a promising unipolar n-type NDIO-based polymers, PNDIOT, 

which feature the addition of an alkoxyl chain to the nitrogen atoms of the NDI moiety (Figure 4-3) 
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with the intention of lowering the HOMO and LUMO levels to facilitate the electron transport 

properties and improve the resultant solar cell performance. Previously, Kantchev et al. reported the 

structure of NDIO. They found with the alkoxy substitution, the NDIO moieties showed a deeper 

LUMO and HOMO levels.[179] Furthermore, the π-π interaction between the NDIO molecules were 

predicted to be stronger due to the stabilized flat conformation. Herein, we managed to brominate NDIO 

and used it to form a D-A polymer, PNDIOT, whose backbone is comprised of NDIO and thiophene 

(T). The polymer will be first fully characterized with several techniques. Then the charge transport 

properties will be evaluated in OTFTs in both glovebox and air to assess the performance robustness 

in ambient conditions. Finally, the polymer will be used as acceptor in all-PSCs with PTB7-Th and the 

structure-property relationship will be investigated by using AFM, XRD and SCLC. 

 

Figure 4-3 The chemical structure of NDIO moiety. 
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4.2 Results and Discussion 

We started our synthesis with the monomer, NDIO20-Br (R = 2-octyldodecyl), which was provided by 

our collaborator. At first, bithiophene was chosen as the donor building block. The polymerization was 

conducted via Stille coupling using the toluene/Pd(PPh3)2Cl2 system. The resultant polymer, PNDIOBT 

(Scheme 4-1), showed very poor solubility in chlorobenzene. Soxhlet extraction with chlorobenzene 

only yielded 15% of the crude polymer, with the remaining as insoluble solid. The dissolved polymer 

fraction was subject to HT-GPC measurement to confirm the molecular weight. Mn of 22.3 kDa was 

found with a PDI of 6.2. In previous studies, the NDI analogue, P(NDI2DT-2T), demonstrated good 

solubility and processability in chlorobenzene even with a high Mn of 91.7 kDa.  Such a dramatic 

difference implies that NDIO based polymers have a stronger π-π interaction among polymer chains 

than the NDI-based polymers, which is due to large spacer group between the alkyl branches and the 

NDI core. The stronger π-π interaction can bring the polymer chains closer to each other and favor the 

interchain charge hopping and the overall charge transport performance.[43,104,118,119] To improve 

the solubility of the polymer, thiophene was used as the donor building block instead to form PNDIOT 

(Scheme 4-1), which was synthesized by reacting NDIO20-Br with 2,5-bis(trimethylstannyl)thiophene 

via. The crude polymer was precipitated in methanol and then subject to Soxhlet extraction with 

acetone, hexanes and chloroform. The chloroform fraction was dried under vacuum to afford PNDIOT 

as a purple solid in a yield of 94%. The molecular weight was determined by HT-GPC using 1,2,4-

trichlorobenzene at 140 °C (Figure 4-4). The number average molecular weight (Mn) was found to be 

68.5 kDa with a PDI of 2.3. The thermal stability of the polymer was characterized by TGA (Figure 4-

5). A 5% weight loss was observed at 370 °C for PNDIOT, indicating good thermal stability of this 
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polymer. We also conducted DSC on PNDIOT. However, no noticeable endo- or exothermic 

transitions were observed in the range of -20 °C and 300 °C (Figure 4-6). 

 

Scheme 4-1 The reaction formulas for Stille coupling polymerization using NDIO20-Br. Reaction 

conditions: toluene/ Pd(PPh3)2Cl2/110 °C, 48 h, 15% for PNDIOBT and 94% for PNDIOT. 
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Figure 4-4 The molecular weight distribution for PNDIOBT (a) and PNDIOT (b) obtained by HT-

GPC. 
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Figure 4-5 The TGA diagrams for PNDIOT conducted under nitrogen. 
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Figure 4-6 The DSC diagram for PNDIOT obtained at 20 °C/min. 

Figure 4-7 shows the UV–vis-IR absorption spectra of PNDIOT for both the dilute solution (∼10−6 M 

in chloroform) CHCl3 and as-spun film. Both spectra show two distinctive absorption peaks, the π−π* 

transition peak and the intramolecular charge transfer (ICT) peak. Compared to the solution absorption, 

both peaks of thin film absorption were red-shifted from 336 nm to 341 nm and 588 nm to 598 nm. 

This red-shifting is attributed to the chain packing in the solid state that makes the backbone more 

coplanar and reduces the bandgap. It is interesting that the ICT peak has become stronger in thin film 

absorption, which implies potentially better visible light harvesting for the all-PSC devices. The 

absorption coefficient (α) of the as-spun thin film was determined to be ~2.7× 104 cm−1, comparable to 

those of  PNDIT (3~5×104 cm−1).[72] The optical bandgap of the thin film was estimated to be 1.89 
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eV by using the absorption onset. As shown in Figure 4-8, cyclic voltammograms of PNDIOT 

exhibited a strong reversible reduction process and no noticeable oxidation peak in the range of 0 and 

1.4 V. Based on the onset reduction and oxidation potentials (reduction onset = −0.72 V), the LUMO 

level is estimated to be −4.08 eV. Due to absence of oxidation peak, the HOMO was calculated by 

subtracting the optical bandgap from the LUMO level, giving a HOMO level of -5.98 eV. Comparing 

to the HOMO/LUMO levels (-5.77 eV/-4.0 eV)[73] of the NDI analogue, PNDIT, PNDIOT’s 

HOMO/LUMO levels were lowered by 0.08 eV and 0.21 eV due to the electron withdrawing effect 

from the alkoxy side groups. The LUMO and HOMO offsets of PTB7-Th and PNDIOT are up to 0.58 

eV and 0.62 eV, which are much larger than the empirical value of 0.3 eV required for charge 

separation[26]. As we will see later, the large offsets are very adequate for charge separation. We also 

noticed PNDIOT has a larger optical bandgap than PNDIT while it has a larger Mn. One possible 

reason is that the alkoxy side chains have increased the dielectric constant of the polymer, which led to 

a smaller binding energy and larger optical bandgap for PNDIOT. A similar study was reported in 

literature.[180]  
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Figure 4-7 The absorption profile of in PNDIOT solution (chloroform) and thin film. 

 

Figure 4-8 The cyclic voltammetry diagrams for PNDIOT: reduction process (a) and oxidation 

process (b). 
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Table 4-1 Molecular Weight, thermal stability, electrochemical and photophysical properties of 

PNDIOT and PNDIT.  

Polymer Mn (kDa) PDI Td (°C) 
HOMO/LUMO 

(eV) 
Eg (eV) 

λmax
film 

(nm) 

λmax
sol 

(nm) 

PNDIOT 68.5 2.3 370 -5.98/-4.08 1.89 341, 598 
336, 

588 

PNDITa 23.9 1.3 430 -5.77/-4.0 1.77 341,598 
326, 

542 

a The numbers can be found in the reference.[73] 

The charge transport property of PNDIOT was investigated by fabricating the OTFTs. The BGBC 

OTFT device was fabricated on SiO2/Si wafer with Au electrode pairs as the source and drain contacts. 

The polymer film was spin-coated using a chloroform solution (5 mg/mL) and then subject to different 

annealing temperatures (100 °C, 150 °C and 200 °C) in a nitrogen filled glovebox. The devices were 

tested in the same glovebox. All devices showed unipolar n-type charge transport characteristics (Table 

3). The best performance was achieved at annealing temperature of 150 °C, where the devices showed 

electron mobility up to 5.4×10-3 cm2 V-1 s-1 with an average of 4.1×10-3 cm2 V-1 s-1. With PNDIT’s FET 

mobility only being on the order of 10-4 to 10-5 cm2 V-1 s-1,[73,163] our result represents a significant 

enhancement in electron charge transport performance, which can be attributed to the stronger π-π 

interaction and higher electron affinity. Under the same conditions, previously, several n-type polymer 

OTFTs were reported to show stable or decently stable operation under ambient conditions. For 

instance, the fluorinated PIBDFBT-40, F4-BDOPV-2T, showed excellent electron charge transport 

property in air, with electron mobility up to 14.9 cm2 V-1 s-1.[181] Zhang et al. showed long term 

stability of the IBDF polymer based OTFT in air. They found the OTFT device was still able to show 

0.65 cm2 V-1 s-1 electron mobility and 104 on/off current ratio after exposed in air for 70 days.[100] It 
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is worth noting that all these OTFT devices were in a top-gate bottom-contact device configuration, in 

which the conductive channel is protected by the dielectric and gate contact layers. Herein, we tested 

the air stability of the BGBC devices in an ambient environment with RH of ~50%. For the PNDIOT 

based devices, the electron mobility was able to remain 65% of what it was in the glovebox, with an 

electron mobility of 2.8×10-3 cm2 V-1 s-1 on average and 3.9×10-3 cm2 V-1 s-1 at maximum. On the other 

hand, we also fabricated the OTFTs using P(NDI2OD-T2) as the channel material under the same 

conditions. In the glovebox, the best performance of P(NDI2OD-T2)-based devices was achieved at 

150 °C annealing temperature. The highest electron mobility observed was up to 0.013 cm2 V-1 s-1 with 

an average of 1.1×10-2 cm2 V-1 s-1. In the air, however, P(NDI2OD-T2)-based devices showed 

significant decrease in the electron mobility with only 2.2×10-3 cm2 V-1 s-1 on average and 3.4×10-3 cm2 

V-1 s-1 at maximum, leading to an 80% drop from what it was in glovebox. It is clear that PNDIOT is 

a much more robust n-type semiconductor in the air than P(NDI2OD-T2), which can be attributed to 

the deep-lying LUMO level (~-4.1 eV). Moreover, the p-type charge transport in P(NDI2OD-T2) has 

become quite prominent leading to a ambipolar charge transport characteristic, while the charge 

transport in PNDIOT remained unipolar n-type characteristic. The enhanced p-type charge transport 

in air was also reported by previous studies. Lei et al. found that the oxygen in the air would p-doped 

the HOMO level of PIBDFBT-40 and led to occurrence of p-type charge transport characteristic. 

P(NDI2OD-T2) has a similar HOMO level with PIBDFBT-40 (both around -5.7 eV)[75,99] and 

therefore P(NDI2OD-T2) showed a similar behaviour in the air. While PNDIOT has a HOMO level 

of ~6.0 eV, it seems that the HOMO is deep enough to resist the oxygen doping and the polymer can 

maintain unipolar n-type charge transport characteristic. Finally, we stored the device in the air over a 

period of 24 days and monitored the device performance. In the first two weeks, the electron mobility 
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slowly dropped to around 1.6×10-3 cm2 V-1 s-1 and after that the electron mobility seemed to stabilize at 

around 1.6 ×10-3 cm2 V-1 s-1. Our results showed that PNDIOT with deep-lying LUMO and HOMO 

levels is robust n-type semiconductor and suitable for n-type OTFT operation in the air.  

 

Figure 4-9 Transfer and output curves of BGBC OTFT devices annealed at 150 °C for PNDIOT films 

tested in a glovebox. Device dimensions: channel length (L) = 30 µm; channel width (W) = 1000 µm.  
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Figure 4-10 Transfer curves of BGBC OTFT devices annealed at 150 °C and tested in nitrogen or air: 

PNDIOT, in a glovebox (a) and air (b); P(NDI2OD-T2), in nitrogen (c) and air (d). Device dimensions: 

channel length (L) = 30 µm; channel width (W) = 1000 µm. 

Table 4-2 A summary of the OTFT performance of PNDIOT and P(NDI2OD-T2). 

Polymer Environment 
TAnn 

(°C) 

µe,avg (std) 

(cm2 V-1 s-1) 

Vth 

(V) 
Ion/Ioff 

µh,avg (std) 

(cm2 V-1 s-1) 

Vth 

(V) 
Ion/Ioff 

PNDIOT Nitrogen 

100 
0.0020 

(0.0005) 
15 ~103    

150 
0.0041 

(0.0009) 
13 ~104    

200 
0.0016 

(0.0002) 
21 ~103    



 

 

 

100 
 

Air 150 
0.0028 

(0.0008) 
33 ~104    

P(NDI2O

D-T2) 

Nitrogen 

100 
0.0087 

(0.001) 
10 ~103    

150 
0.011 

(0.002) 
9 ~103    

200 
0.010 

(0.001) 
11 ~103    

Air 150 
0.0022 

(0.0008) 
20 ~103 

2.6×10-4 

(1.0×10-4) 
-65 10 
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Figure 4-11 The long-term stability of PNDIOT-based OTFT device in ambient conditions. 
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  We used PNDIOT as electron acceptor and PTB7-Th as electron donor to fabricate all-PSC devices. 

The device configuration was ITO/PEDOT:PSS/PTB7-Th:PNDIOT/LiF/Al. Chlorobenzene was 

chosen as the processing solvent for the active layer since both polymers demonstrated excellent 

solubility in chlorobenzene (>10 mg/mL). Initially, the optimal donor/acceptor ratio and active layer 

thickness were determined to be 1:1 and 113±5 nm (Table 4-4 & 4-5). Fabricated under these optimal 

conditions, the best device exhibited a promising PCE of 2.92% (VOC = 0.75 V, JSC = 6.73 mA cm−2, 

and FF = 0.59) with an average PCE of 2.68%. Previously solvent  annealing was reported to have a 

positive effect on the device performance.[182–184] We tried the solvent annealing treatment for 15 

and 30 minutes on the polymer blend. However, they only led to a slight decrease in performance with 

the highest PCE of 2.73% and average PCE of 2.55% (Table 4-6). Furthermore, we tried aging the film 

before the anode deposition to improve the device performance. After the film aged in the glovebox for 

24 hours, the PCE improved up to 3.25% (Figure 4-12 & Table 4-6) (VOC = 0.75 V, JSC = 7.11 mA 

cm−2, and FF = 0.61) with an average PCE of 3.03%, which is superior to the NDI analogue in the same 

device configuration[77] and slightly lower than the devices based on P(NDI2OD-T2) under the same 

device configuration [81]. We also tried using 1,8-diiodooctane (DIO) as additive in the solvent to 

improve the morphology. However, both 0.5 vol% and 1 vol% DIO in CB led to a significant drop in 

performance (Table 4-7). The JSC value was well matched (within 10% error) with the integrated JSC 

values obtained from the EQE spectrum (Figure 4-12). EQE spectrum showed two peaks with EQEs 

around 40% at 710 nm and 370 nm, respectively, which can be attributed to the absorption of PTB7-

Th and PNDIOT.  The relatively low EQE values (~40%) for the PNDIOT-based device was found 

to be caused by the unfavourable charge dissociation at the interface (discussion below). The relatively 

low JSC seems to originate from the poor light harvesting in the region of 400 nm to 600 nm. This can 
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be further improved by modifying the backbone structure to boost the absorption[175,185] or using an 

donor that has complementary absorption.[173]  

 

Figure 4-12 The J-V characteristic and EQE spectrum for the solar cell device based on 

PNDIOT:PTB7-Th. The active layer (1:1 wt ratio) was spin-coated using a solution (11 mg/mL) in 

chlorobenzene at 1300 rpm and aged for 24 hrs. 

Table 4-3 A summary of all-PSCs based on different acceptors 

Acceptor JSC (mA/cm2) 
VOC 

(V) 
FF PCE (%) µe (cm2 V-1 s-1) µh (cm2 V-1 s-1) 

PNDIOT 7.11 0.75 0.61 3.25 (3.03)a 6.93×10-5 1.35×10-4 

P(NDI2OD-

T2)b 
9.4 0.81 0.49 3.70 (3.40)a 2.0×10-3 2.0×10-4 

PNDITc 8.84 0.80 0.43 3.03 (2.87)a 6.7×10-6 2.0×10-4 

All devices used PTB7-Th as the donor and the same device configuration: ITO/PEDOT:PSS/Polymer 

Blend/LiF/Al; a The average value was obtained from a batch of 4 devices; b The numbers can be found 

from the reference.[81]  c The numbers can be found from the reference.[77]  

Table 4-4 The optimization of D/A ratio in the active layer 
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D/A ratio Thickness (nm) JSC (mA/cm2) VOC (V) FF PCE (%) 

1:1 98 ± 6 5.89 0.75 0.59 
2.61 

(2.50)a 

1.5:1 92 ± 5 6.06 0.75 0.48 
2.18 

(2.02)a 

1:1.5 97 ± 5 4.12 0.74 0.52 
1.58 

(1.39)a 

A solution with a total concentration of 11 mg/mL and a spin speed of 1500 rpm were used for spin-

coating the active layer for these solar cells. a The average value was obtained from a batch of 4 devices. 

 

Table 4-5 The optimization of active layer thickness 

D/A ratio Thickness (nm) JSC (mA/cm2) VOC (V) FF PCE (%) 

1:1 98 ± 6 5.89 0.75 0.59 
2.61 

(2.50)a 

1:1 113 ± 5 6.73 0.75 0.59 
2.92 

(2.68)a 

1:1 127 ± 8  6.14 0.75 0.56 
2.59 

(2.44)a 

The active layers were formed by using a blend solution (11 mg/mL) at different spin speeds (1500 

rpm, 1300 rpm and 1000 rpm). a The average value was obtained from a batch of 4 devices. 

 

Table 4-6 Device performance optimization through post-treatment 

Post-treatment Duration JSC (mA/cm2) VOC (V) FF PCE (%) 

None N/A 6.73 0.75 0.59 
2.92 

(2.68)a 
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Solvent-annealing 

15 min 6.77 0.74 0.55 
2.73 

(2.55)a 

30 min  6.09 0.74 0.51 
2.30 

(2.04)a 

Film-aging 

24 hrs 7.11 0.75 0.61 
3.25 

(3.03)a 

72 hrs 6.88 0.75 0.61 
3.15 

(3.00)a 

The active layers were formed by using a blend solution (D/A ratio 1:1, 11 mg/mL) at 1300 rpm. a The 

average value was obtained from a batch of 4 devices. Solvent annealing was performed in a Petri dish 

at room temperature and film aging was performed by storing the device in a glovebox. 

 

Table 4-7 Device performance optimization by using DIO as additive 

DIO content JSC (mA/cm2) VOC (V) FF PCE (%) 

0.5 vol% 4.12 0.75 0.56 1.73 (1.56)a 

1 vol% 3.67 0.75 0.53 1.46 (1.20)a 

The active layers were formed by using a blend solution (D/A ratio 1:1, 11 mg/mL) at 1300 rpm. a The 

average value was obtained from a batch of 4 devices.  

 

  It was worth noting that the FF of 0.61 for the PNDIOT-based device is much higher than those of 

the P(NDI2OD-T2) or PNDIT devices, for which the FF is usually between 0.40 to 0.55. The improved 

FF can be related to the suppressed bimolecular recombination (see below) and balanced hole and 

electron mobilities (1.35×10-4 cm2 V-1 s-1 for hole and 6.93×10-5 cm2 V-1 s-1 for electron), which were 

obtained from the SCLC measurement of the hole-only device and electron-only device (Figure 4-13) 

mentioned in the previous chapter. The light intensity dependence of the J–V characteristics was 

investigated to probe the bimolecular recombination that affects the device performance. It has been 
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reported that the correlation between JSC and illumination intensity (P) can be addressed by JSC ∝ Pα 

where α should be unity when the bimolecular recombination is negligible (maximum carrier swept 

out). We investigated the relationship between JSC and P and found the α for the solar cell based on 

PTB7-Th: PNDIOT. The higher α value of the device based on PTB7-Th: PNDIOT (0.945) than that 

of PTB7-Th: P(NDI2OD-T2) (0.886)[75] clearly indicates that bimolecular recombination is 

significantly suppressed when PNDIOT was used as the electron acceptor, which is probably due to 

the larger dielectric constant in the PNDIOT. All these results prove that NDIO polymers is a promising 

class of n-type semiconductors for high-performance all-PSCs, and with further material 

optimization[175,186] they can achieve an excellent photovoltaic performance. 
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Figure 4-13 The J-V characteristics for the hole-only and electron-only devices for PTB7-

Th:PNDIOT blend. 
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Figure 4-14 The JSC dependence on light intensity for the PNDIOT-based solar cell. 

  Another important factor that has a great impact on the performance of all-PSCs lies on the appropriate 

nanoscale phase-separated morphology. For bulk heterojunction solar cells, the ideal blend morphology 

will be the bi-continuous interpenetration network with a phase dimension around 20 nm. Since the 

charge transport in polymer semiconductor is highly anisotropic. Therefore, the molecular orientations 

of the donor polymer and acceptor polymer should match in order to for efficient exciton dissociation 

and charge generation. The atomic force microscopy (AFM) topographical image of the PTB7-
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Th:PNDIOT blend film is shown in Figure 4-15. Nanostructures with fine phase-separated domains 

(~100 nm) was clearly observed in the blend film with a RMS of 1.01 nm. Such blend morphology is 

considered beneficial for exciton dissociation and charge generation. Further, the molecular orientation 

of the polymer blend film and individual neat films were investigated by using the reflective X-ray 

diffraction technique (Figure 4-15 and 4-16). The PTB7-Th neat film only showed a (010) diffraction 

peak at 2θ = 22.5 °, indicating PTB7-Th intrinsically prefers a face-on orientation. This is in good 

agreement with previous studies.[74,76,77,79,187] On the other hand, PNDIOT neat film showed a 

strong (100) peak at 2θ = 3.84 ° and a very weak (010) at 2θ = 23.6 °, indicating PNDIO prefers the 

edge-on orientation over the face-on orientation. The d-spacing of (010) for PNDIOT was 0.376 nm, 

which is significantly reduced compare to that of PNDIT reported in literature (0.420 nm).[73] This 

has consolidated the stronger π-π interaction of PNDIOT owing to the alkoxy side chain. The blend 

film of PTB7-Th and PNDIOT exhibited both the (100) at and (010) diffractions for the polymer 

crystallines, indicating a mixed edge-on and face-on orientation of the polymer crystallites, which can 

be attributed to the PNDIOT and PTB7-Th, respectively, based on the results obtained from the neat 

films. The orientation mismatch between PTB7-Th (face-on) and PNDIOT (edge-on) is probably one 

of the reasons that the all-PSC devices showed relatively low EQE and JSC. Jung et al. synthesized a 

series of P(NDI2OD-T2) polymers with different molecular weights, namely, high molecular weight 

(PH), medium molecular weight (PM) and low molecular weight (PL).[80] They found PH showed mix 

of face-on and edge-on molecular orientation while PL showed merely edge-on orientation. As the 

resultant all-PSC devices, the device based on PH exhibited much higher PCE, JSC and EQE than the 

device based on PL and PM, which is correlated to the beneficial molecular orientation. 
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Figure 4-15 The XRD pattern and AFM image of the PTB7-Th:PNDIOT blend on PEDOT:PSS/ITO 

substrate. 
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Figure 4-16 The XRD patterns of the PTB7-Th and PNDIOT neat films on PEDOT:PSS/ITO 

substrate. 
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Figure 4-17 The correlation between molecular orientation and device performance for the blend of 

PTB7-Th and P(NDI2OD-T2).[80] 

4.3 Summary and Future Direction 

In conclusion, we reported the use of NDIO in D-A polymer for the first time and we synthesized a 

copolymer of NDIO and thiophene, PNDIOT. The HOMO/LUMO levels of PNDIOT were 

determined to be -5.97 eV/-4.08 eV, significantly lower than the those of NDI analogue. As the channel 

semiconductor in BGBC OTFTs, PNDIOT exhibited unipolar n-type charge transport characteristic 

with an electron mobility up to 5.9×10-3 cm2 V-1 s-1, an order higher than the NDI analogue. In addition, 

the BGBC OTFTs still maintained unipolar n-type charge transport characteristic with an electron 

mobility of 3.9×10-3 cm2 V-1 s-1 under ambient conditions, indicating the good device performance 
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robustness. Moreover, the electron mobility of the BGBC OTFT devices showed decent long-term 

stability when stored in air for up to 24 days. Finally, PNDIOT was used as acceptor in all-PSCs with 

PTB7-Th as donor. PCE as high as 3.25% was realized in the standard device configuration. In 

particular, the FF (0.61) of the PNDIOT-based devices is much higher than those of the NDI polymer 

based all-PSCs. This is due to the balanced charge transport in the polymer blend and the suppressed 

bimolecular recombination. Our preliminary results suggested that NDIO polymers represent a class of 

promising n-type semiconductors for air-stable OTFTs and high-performance organic solar cells. 

For future work on the NDIO-based materials, the focus should be placed on the backbone structure 

optimization. For high performance OTFTs, bithiophene (BT) or thiophene-vinylene-thiophene (TVT) 

is proven to be a better donor building block for D-A polymers. The reason is being that BT and TVT 

will bring higher symmetry into the polymer backbone, leading to a higher crystallinity for better charge 

transport. In addition, BT and TVT can provide larger spacer between two NDIO units to avoid the 

steric effect, which helps to improve the coplanarity of the backbone and intramolecular charge 

transport. It was also reported that the increase of coplanarity and crystallinity may help turn the 

molecular orientation from edge-on to face-on.[78] For OSCs, the current hurdles are the poor 

absorption in the visible region (1ow absorption coefficient and narrow coverage) and undesired 

molecular orientation. Using BT and TVT in the backbone can improve the ICT efficiency and lower 

the bandgap for better light harvesting. On the other hand, the increase of crystallinity will lower the 

solubility and affect the processability of the material. Therefore, a sweet balance between the 

crystallinity and solubility needs to be reached by tuning the side chain and molecular weight of the 

polymer to achieve the higher performance in OSCs than the NDI polymers and fullerene. 
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4.4 Experimental 

4.4.1 Materials and Characterization 

All chemicals were obtained from commercial sources and used as received. 4,9-dibromo-2,7-

bis((2-octyldodecyl)oxy)benzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (NDIO20-

Br) was provided by our collaborator. High-temperature gel permeation chromatography (HT-

GPC) measurements were performed on a Malvern 350 HT-GPC system using 1,2,4-

trichlorobenzene as eluent and polystyrene as standards at a column temperature of 140 °C. 

Thermogravimetric analysis (TGA) was carried out on a TA Instruments SDT 2960 at a scan 

rate of 10 °C min-1 under nitrogen. The UV-Vis absorption spectra of polymers were recorded 

on a Thermo Scientific model GENESYS™ 10S VIS spectrophotometer. Cyclic voltammetry 

(CV) data were obtained on a CHI600E electrochemical analyser using an Ag/AgCl reference 

electrode and two Pt disk electrodes as the working and counter electrodes in a 0.1 M 

tetrabutylammonium hexafluorophosphate solution in acetonitrile at a scan rate of 50 mV s-1. 

Ferrocene was used as the reference, which has a HOMO energy value of -4.8 eV.[162] NMR 

spectra were recorded with a Bruker DPX 300 MHz spectrometer with chemical shifts relative 

to tetramethylsilane (TMS, 0 ppm). Reflective XRD measurements were carried out on a Bruker 

D8 Advance diffractometer with Cu Ka radiation (λ = 0.15406 nm) using polymer films spin 

coated on PEDOT:PSS/ITO substrates. Atomic force microscopy (AFM) images were taken 

with a Dimension 3100 scanning probe microscope on the samples prepared the same way. 
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4.4.2 Fabrication and Characterization of OTFT devices 

The bottom-contact bottom-gate (BGBC) configuration was used for all OTFT devices. The preparation 

procedure of the substrate and device is as follows. A heavily n-doped Si wafer with ~300 nm-thick 

SiO2 layer was patterned with gold source and drain pairs by conventional photolithography and 

thermal deposition. Then the substrate was treated with air plasma, followed by cleaning with acetone 

and isopropanol in an ultrasonic bath. Subsequently, the substrate was placed in a 3% 

dodecyltrichlorosilane (DDTS) solution in toluene at room temperature for 20 min. The substrate was 

washed with toluene and dried under a nitrogen flow. Then a polymer solution in chloroform (5 mg 

mL-1) was spin-coated onto the substrate at 3000 rpm for 60 s to give a polymer film (~40 nm), which 

was further subjected to thermal annealing at different temperatures for 20 min in a glove box. All 

OTFT devices were characterized in the same glove box using an Agilent B2912A Semiconductor 

Analyser. The hole and electron mobilities are calculated in the saturation regime according to the 

following equation: 

𝐼/E = 	
𝜇𝐶Q𝑊
2𝐿

(𝑉_ − 𝑉`)P 

where IDS is the drain-source current, µ is charge carrier mobility, Ci is the gate dielectric layer 

capacitance per unit area (~ 11.6 nF cm−2), VG is the gate voltage, VT is the threshold voltage, L is the 

channel length (30 µm), and W is the channel width (1000 µm). 

4.4.3 Fabrication and Characterization of all-PSC devices 

All all-PSC devices were fabricated using the conventional configuration ITO/PEDOT:PSS/PTB7-

Th:PA/LiF/Al. ITO glass substrates were sonicated in water, acetone and IPA. Then the substrates were 

treated with plasma cleaning. A thin layer of PEDOT:PSS (Al 4083) was deposited through spin-
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coating at 4000 rpm and dried subsequently at 150 °C for 20 min in air. Then the substrates were 

transferred to a nitrogen glove box, where the polymer blend layer (~90 nm) was spin-coated onto the 

PEDOT:PSS layer. The active layer was formed using a chlorobenzene solution of PTB7-Th:PA (1:1). 

Finally, a thin layer of LiF (1 nm) and a layer of Al (100 nm) electrode were deposited in vacuum onto 

the substrate at P ≈5.0 × 10−6 Pa. The active area is 0.07 cm2. The current density–voltage (J – V) 

characteristics of the all-PSCs were measured on an Agilent B2912A Semiconductor Analyser with a 

ScienceTech SLB300-A Solar Simulator. A 450 W xenon lamp and an air mass (AM) 1.5 filter were 

used as the light source.  
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Chapter 5. Conclusions and Future Direction 

5.1 Conclusions 

Organic semiconductors are under rapid development in the last two decades for their distinguished 

merits: light weight, low cost and solution processability. It is believed that organic electronics will 

bring the next generation of electronics, for example, flexible electronics. The development of n-type 

organic semiconductors is very challenging due to the lack of electron-deficient moieties for the 

polymer backbone. This thesis presents the synthesis and characterization of several n-type or 

ambipolar polymer semiconductors that were used for OTFTs and all-PSCs, which demonstrated 

promising performance. 

  In chapter 2, a novel electron-accepting building block, IBDP, is designed, synthesized, and 

incorporated into D–A polymers. With lactam groups replacing the lactone groups, IBDP gets two extra 

side chains to yield good solution processability, which is requisite for the fabrication of OSCs. On the 

other hand, the donating effect of lactam groups has raised the LUMO levels of P1 and P2 to ~-3.7 eV 

from -4.0 eV of those IBDF-based polymers. With a raised LUMO level, the electron injection barrier 

now is higher and electron transport will become more unstable.[124,125] Therefore the electron 

transport is supressed and the IBDP-based polymers exhibited balanced ambipolar semiconductor 

performance in OTFTs. Since both polymers exhibited high hole mobility up to 0.19 cm2 V-1 s-1 and 

electron mobility up to 0.10 cm2 V-1 s-1, these two IBDP-based polymers was used as acceptor material 

in combination with P3HT as donor. As preliminary results, the devices based on P1 exhibited a high 

PCE of 3.38%. To our best knowledge, this is the highest PCE that has been obtained from P3HT-based 

all-PSCs. Besides, both IBDP-based polymers demonstrate a broad absorption up to 1100 nm according 

to the UV-Vis-NIR absorption spectra. This may enable the photo-detection applications such as 
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phototransistor in NIR region, which has been rarely explored and believed to be a useful technology 

in various areas[188–192]. 

  In chapter 3, a series of ester side chains have been developed and used as solubilizing side chains for 

the copolymers of IBDF and BT. Three IBDF-BT polymers were synthesized and demonstrated 

excellent solubility, suitable HOMO/LUMO levels and excellent charge transport properties in OTFTs 

with electron mobility up to 0.35 cm2 V-1 s-1. When the polymers were incorporated in all-PSCs in 

conjunction with PTB7-Th, all devices showed very poor performance (PCES < 0.4% with JSC < 1 

mA/cm2 and FF < 0.4). AFM images suggested there were large polymer fabrils (>1000 nm) present in 

the polymer blends, indicating a large phase separation for the blends. This has limited the charge 

generation that happens at the D-A interface, and led to a very low JSC. In addition, SCLC measurement 

of the blends exhibited quite low electron mobilities (~10-6 cm2 V-1 s-1) and led to unbalanced charge 

transport in the polymer blend, which could be one of the reasons why the devices showing low FF. 

Through XRD and SCLC studies, we found the spin-coated polymer thin films were intrinsically 

amorphous and the bulky side chains seemed to disrupt the chain packing, which might have caused 

the poor bulk electron charge transport in the solar cell devices. 

  In chapter 4, we reported the use of NDIO in D-A polymer for the first time and we synthesized a 

copolymer of NDIO and thiophene, PNDIOT. The HOMO/LUMO levels of PNDIOT were 

determined to be -5.97 eV/-4.08 eV, significantly lower than those of NDI analogue. As the channel 

semiconductor in BGBC OTFTs, PNDIOT exhibited unipolar n-type charge transport characteristic 

with an electron mobility up to 5.9×10-3 cm2 V-1 s-1, an order higher than the NDI analogue. In addition, 

the BGBC OTFTs still maintained unipolar n-type charge transport characteristic with an electron 

mobility of 3.9×10-3 cm2 V-1 s-1 under ambient conditions, indicating the good device performance 
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robustness. Moreover, the electron mobility of the BGBC OTFT devices showed decent long-term 

stability when stored in air for up to 24 days. Finally, PNDIOT was used as acceptor in all-PSCs with 

PTB7-Th as donor. PCE as high as 3.25% was realized in the standard device configuration. In 

particular, the FF (0.61) of the PNDIOT-based devices is much higher than those of the NDI polymer 

based all-PSCs. This is due to the balanced charge transport in the polymer blend and the suppressed 

bimolecular recombination. Our preliminary results suggested that NDIO polymers represent a class of 

promising n-type semiconductors for air-stable OTFTs and high-performance organic solar cells. 

  The major contributions of this thesis include: 

• First to report the challenging synthesis of the electron deficient building block, IBDP, and two 

IBDP polymers, which showed high hole mobility of 0.19 cm2 V-1 s-1 and electron mobility of 

0.10 cm2 V-1 s-1 in OTFTs and demonstrated broad absorption up to 1100 nm. In the all-PSCs 

that use P3HT as donor, P1 exhibited a decently high PCE of 3.38%. The results showed IBDP 

polymers are very promising materials for organic photovoltaics. 

• Designed and synthesized a series of ester side chain for solution processable IBDF-polymers, 

which needed expensive carbon 40 side chain as solubilizing group. The resultant polymers 

showed excellent electron transport property with electron mobility up to 0.35 cm2 V-1 s-1. 

• This new type of side chains provides a tool to solubilize other n-type semiconductors such as, 

PDPPT-BTz copolymers.[193,194] 

• Frist to incorporate NDIO into D-A π-conjugated polymer. The resultant polymers exhibited 

high electron affinity, which led to enhanced electron transport property and more stable BGBC 

OTFT performance in the air. 
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• The NDIO polymer, PNDIOT, showed superior photovoltaic performance with PCE up to 3.25% 

in all-PSCs compared to its NDI analogue. In particular, the FF (0.61) is much higher than 

those of the NDI polymer based all-PSCs, which has been a hindrance to achieving high PCE 

in all-PSCs. 

5.2 Recommended Future Research 

As discussed in Chapter 2, the synthesis of IBDP polymers needs to be improved in terms of yield and 

chemical toxicity in order for further studies and optimization. The two IBDP polymers showed 

considerable absorption in the NIR region (800 nm to 1100 nm), which has been rarely reported for a 

single component organic semiconductor. Therefore, photodetection application such as phototransistor 

can be tried using these materials. Meanwhile, the simultaneously deep HOMO levels and excellent 

absorption profile of these materials make them favorable donor materials in OSCs for increasing the 

VOC without compromising the light harvesting. With the ambipolar charge transport characteristic, the 

polymer can be used in ternary OSCs as the third component, which may help to improve the absorption, 

smoothen the exciton dissociation and tune the blend morphology.[195–197] 

  Although IBDF polymers have shown excellent electron transport property in OTFTs, the required 

bulky side chains might have greatly limited the bulk heterojunction morphology and bulk electron 

transport. Introducing a twisted backbone in the IBDF polymers may be a solution to both issues. For 

one thing, it can lower the crystallinity of the polymer to achieve better miscibility with other donors. 

For another, the twisted polymer may not require the bulky side chains and thus improve the bulk 

charge transport property. 
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  With the introduction of alkoxy groups into NDIO, the electron affinity has been increased and the π-

π interaction of the resultant polymers are much stronger. This has led to enhanced performance in 

OTFTs but in the same time difficulty in solubilizing the NDIO-BT copolymer, which can provide 

better adsorption in the visible and NIR region. Solution processable PNDIOBT can be realized by 

controlling the molecular weight or introducing defects into the backbone (random copolymers). On 

the other hand, the device performance can be substantially increased by using a donor with 

complementary absorption profile.  
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Appendix 
 

 

Figure A-1 300 MHz 1H NMR spectrum for N,N’-didodecylbenzene-1,4-diamine (1) in 
DMSO-d6. 
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Figure A-2 300 MHz 1H NMR spectrum for N,N'-(1,4-phenylene)bis(N-dodecyl-2-
hydroxyacetamide) (2) in DMSO-d6. 
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Figure A-3 300 MHz 1H NMR spectrum for 1,5-didodecyl-3,7-bis(phenylthio)-5,7-
dihydropyrrolo[2,3-f]indole-2,6(1H,3H)-dione (3) in chloroform-d. 
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Figure A-4 300 MHz 1H NMR spectrum for 1,5-didodecylpyrrolo[2,3-f]indole-
2,3,6,7(1H,5H)-tetraone (4) in chloroform-d. 
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Figure A-5 300 MHz 1H NMR spectrum for 6-bromo-1-(2-decyltetradecyl)indolin-2-one (6) 
in chloroform-d. 

 
Figure A-6 300 MHz 1H NMR spectrum for (3E,7E)-3,7-bis(6-bromo-1-(2-decyltetradecyl)-
2-oxoindolin-3-ylidene)-1,5-didodecyl-5,7-dihydropyrrolo[2,3-f]indole-2,6(1H,3H)-dione (7) 
in chloroform-d. 
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Figure A-7 75 MHz 13C NMR spectrum for N,N'-(1,4-phenylene)bis(N-dodecyl-2-
hydroxyacetamide) (2) in chloroform-d. 
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Figure A-8 75 MHz 13C NMR spectrum for 1,5-didodecylpyrrolo[2,3-f]indole-
2,3,6,7(1H,5H)-tetraone (4) in chloroform-d. 

 



 

 

 

151 
 

Figure A-9 75 MHz 13C NMR spectrum for 6-bromo-1-(2-decyltetradecyl)indolin-2-one (6) 
in chloroform-d. 

 
Figure A-10 75 MHz 13C NMR spectrum for (3E,7E)-3,7-bis(6-bromo-1-(2-decyltetradecyl)-
2-oxoindolin-3-ylidene)-1,5-didodecyl-5,7-dihydropyrrolo[2,3-f]indole-2,6(1H,3H)-dione (7) 
in chloroform-d. 
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Figure A-11 300 MHz 1H NMR spectrum for nonacosan-15-yl 4-bromobutanoate (1a) in CDCl3. 
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Figure A-12 300 MHz 1H NMR spectrum for tritriacontan-17-yl 4-bromobutanoate (1b) in CDCl3. 
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Figure A-13 300 MHz 1H NMR spectrum for heptatriacontan-19-yl 4-bromobutanoate (1c) in 

CDCl3. 
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Figure A-14 300 MHz 1H NMR spectrum for nonacosan-15-yl 4-(6-bromo-2,3-dioxoindolin-1-

yl)butanoate (2a) in CDCl3. 
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Figure A-15 300 MHz 1H NMR spectrum for tritriacontan-17-yl 4-(6-bromo-2,3-dioxoindolin-1-

yl)butanoate (2b) in CDCl3. 
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Figure A-16 300 MHz 1H NMR spectrum for heptatriacontan-19-yl 4-(6-bromo-2,3-dioxoindolin-1-

yl)butanoate (2b) in CDCl3. 
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Figure A-17 300 MHz 1H NMR spectrum for di(nonacosan-15-yl) 4,4'-((3E,3'E)-(2,6-

dioxobenzo[1,2-b:4,5-b']difuran-3,7(2H,6H)-diylidene)bis(6-bromo-2-oxoindoline-1-yl-3-

ylidene))dibutyrate (3a) in CDCl3. 
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Figure A-18 300 MHz 1H NMR spectrum for di(tritriacontan-17-yl) 4,4'-((3E,3'E)-(2,6-

dioxobenzo[1,2-b:4,5-b']difuran-3,7(2H,6H)-diylidene)bis(6-bromo-2-oxoindoline-1-yl-3-

ylidene))dibutyrate (3b) in CDCl3. 
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Figure A-19 300 MHz 1H NMR spectrum for di(heptatriacontan-19-yl) 4,4'-((3E,3'E)-(2,6-

dioxobenzo[1,2-b:4,5-b']difuran-3,7(2H,6H)-diylidene)bis(6-bromo-2-oxoindoline-1-yl-3-

ylidene))dibutyrate (3c) in CDCl3. 
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Figure A-20 75 MHz 13C NMR spectrum for di(nonacosan-15-yl) 4,4'-((3E,3'E)-(2,6-

dioxobenzo[1,2-b:4,5-b']difuran-3,7(2H,6H)-diylidene)bis(6-bromo-2-oxoindoline-1-yl-3-

ylidene))dibutyrate (3a) in CDCl3. 
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Figure A-21 75 MHz 13C NMR spectrum for di(tritriacontan-17-yl) 4,4'-((3E,3'E)-(2,6-

dioxobenzo[1,2-b:4,5-b']difuran-3,7(2H,6H)-diylidene)bis(6-bromo-2-oxoindoline-1-yl-3-

ylidene))dibutyrate (3b) in CDCl3. 
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Figure A-22 75 MHz 13C NMR spectrum for di(heptatriacontan-19-yl) 4,4'-((3E,3'E)-(2,6-

dioxobenzo[1,2-b:4,5-b']difuran-3,7(2H,6H)-diylidene)bis(6-bromo-2-oxoindoline-1-yl-3-

ylidene))dibutyrate (3c) in CDCl3. 
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Figure A-23 300 MHz  1H-NMR spectrum for 4,9-dibromo-2,7-bis((2-

octyldodecyl)oxy)benzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (NDIO20-Br) in CDCl3. 

 


