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Molecular design and synthesis play critical roles in the development of organic 

semiconductors for organic photovoltaics (OPVs). This dissertation describes the design, 

synthesis, and characterization of three classes of organic semiconductors for OPVs: p-type 

semiconducting polymers, n-type semiconducting polymers, and non-fullerene small molecule 

acceptors. The relative merits of alternative building blocks and design strategies for organic 

semiconductors are investigated. Complex factors governing the underlying structure-property-

processing-performance relationships are discussed in detail. The fundamentals of organic 

semiconductors and organic solar cells, state-of-the-art materials and devices, and challenges in 

the design and synthesis of materials are reviewed in Chapter 1.   

Chapter 2 discusses the strategy of selenophene substitution as a potential method to 

improve photovoltaic performance of the regular thiophene-based p-type semiconducting 



 

polymers. New selenophene-containing polymers were synthesized based on a widely used 

polymer, PBDB-T, where the original thiophene units at various side chain and backbone positions 

were substituted with selenophene. This study revealed the intramolecular and intermolecular 

interactions related with selenophene substitution, thus provided important guidelines in designing 

selenophene-containing polymers.  

Chapter 3 presents a comparative study of the alternating naphthalene diimide-thiophene 

copolymer, PNDIT-hd, and naphthalene diimide-selenophene copolymer, PNDIS-hd. The effects 

of selenophene substitution on the intrinsic and photovoltaic blend properties of n-type 

semiconducting naphthalene diimide-arylene copolymers with simple donor−acceptor architecture 

were investigated. This study demonstrated multiple advantages of selenophene substitution 

including enhancing light harvesting, formation of favorable morphology, and reducing charge 

recombination losses in all-polymer solar cell devices.  

Towards enhancing the intrinsic stability of small molecule acceptors, novel tridecacyclic 

ladder structure was designed and realized via Friedlander condensation reactions. The 

tridecacyclic ladder molecule acceptors (LMAs) described in Chapter 4 combined good solubility 

with enhanced stabilities and high photovoltaic performance. One of the new LMAs, LTX-4Cl, 

demonstrated a high PCE of 11.5% with high fill factor of 0.75. This study also unraveled the 

significant impact of side chains and halogenations on the molecular packing characteristics of the 

LMAs and the resulted photovoltaic performance.  

Finally, the results of the above studies are summarized in Chapter 5 and an outlook is 

given for future development of organic semiconductors and the organic photovoltaic technology.  
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Chapter 1. INTRODUCTION  

1.1 ORGANIC SEMICONDUCTORS 

Organic semiconductors are a class of materials that are electronically semiconducting and 

synthetically accessible. Organic semiconductors combine the abilities to absorb/emit light and 

conduct charge carriers, with synthetically tunable chemical structures that could afford tailored 

electronic structures and optical absorption/emission, solution-processability, light weight and 

mechanical flexibility. Using low-cost solution-processing techniques or vacuum deposition 

methods, various semiconductor applications such as displays, lighting fixtures, transistors, solar 

cells, and thermoelectrics can be produced with organic materials instead of conventional 

inorganic semiconductors. Currently, the well-established commercialization of organic 

semiconductors includes photocopier machines (electrophotography), organic light-emitting diode 

(OLED) displays, OLED lighting panels and more. Today, OLEDs are widely used in cellphones, 

tablets, digital cameras, and TV sets. New ideas and prototype products have also been under rapid 

development. (Figure 1.1) It is evident that organic semiconductors are involved with a huge 

industry in present and would continue to grow in future. 

Organic semiconductors are -conjugated molecules or polymers consisted of carbon and 

hydrogen atoms and heteroatoms such as sulfur, nitrogen, and oxygen. The overlapping pz orbitals 

perpendicular to the conjugation backbone form the occupied and unoccupied molecular orbitals. 

(Figure 1.2)  The difference between the highest occupied molecular orbital (HOMO) and the 

lowest unoccupied molecular orbital (LUMO) is known as the energy band gap (Eg), which is 

associated with the absorption and emission of light, as well as conductivity. The field of organic 

semiconductors and organic electronics was significantly boosted by the discovery of the first 



2 
 
 

highly conducting polymer (chemically doped polyacetylene) in 1970s,1-2 which demonstrated that 

high conductivity could be obtained in -conjugated hydrocarbon materials. For the discovery and 

development of conductive polymers, three scientists were rewarded with the Novel Prize in 

Chemistry in 2000: Heeger, MacDiarmid, and Shirakawa. 

 

(a) (b)

(c)

 

Figure 1.1. Examples of present and futuristic products based on organic semiconductors: (a) 

iPhone 11 pro max used state-of-the-art OLED display that provides high on-screen absolute 

picture quality and high absolute color accuracy; (b) A flexible lighting panel made by LG Chem; 

and (c) Taisei Corp.’s Zero Energy Building in Yokohama as an example of how buildings’ walls 

can be covered with organic solar cells. The solar cells used on the building were provided by 

Mitsubishi Chemical Corp. 
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Figure 1.2. Schematic of π-conjugation and resulted band structure in a representative polymer 

semiconductor, poly (p-phenylene vinylene) (PPV). 

 

It is important to understand that the “semiconducting” nature of organic semiconductors 

differs from that of inorganic semiconductors. Conventional inorganic semiconductors are silicon 

(Si), germanium (Ge), and gallium arsenide (GaAs), where the arrangement of elements in the 

lattice gives rise to delocalized electronic states and band structures. Free charge carriers (electrons 

and holes) can be generated by thermal or photo excitation from valence band to conduction band. 

Coulomb effects between electrons and holes are not important due to high dielectric constant 

(GaAs ~ 13). In contrast, organic semiconductors are insulators with rather low dielectric constant 

(r ~ 3.5) but become semiconducting under various circumstances such as doping, the injection 

of charges, or the dissociation of photogenerated electron-hole pairs (also known as excitons). 

Knowing the differences between organic semiconductors and their inorganic counterparts is 

crucial to understand their photophysical properties and electronic processes, to design and 

synthetically modify their chemical structures, and to improve their device performance.   
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1.2 ORGANIC PHOTOVOLTAICS 

Photovoltaics (PV) refers to the process of converting light to electricity using 

semiconducting materials. Photovoltaic devices are also called solar cells. Needless to say, organic 

photovoltaics (OPV), or organic solar cells (OSC), are light-to-electricity conversion devices based 

on organic semiconductors. Today’s industrialized solar panels, which are based on inorganic 

semiconductors, are recognized not only as an effective method to provide power supply for the 

remote area without grid access, but also as a way to reduce the environmental damage caused by 

conventional fossil fuel electricity generation. Compared with inorganics-based solar cells, OSCs 

are lightweight, flexible, inexpensive to manufacture (for example, via roll-to-roll printing), 

customizable at molecular level and have great potential to exhibit transparency, which is 

appealing for applications in self-powered windows, building walls, etc. Currently, the efficiency 

of OSCs is still lagging significantly behind their inorganic counterparts, according to the chart 

maintained by national renewable energy laboratory (NREL), which tracks the highest confirmed 

conversion efficiencies for research cells for various photovoltaic technologies from 1979 to the 

present. (Figure 1.3) Thus, developing new organic semiconducting materials (small molecules 

and polymers) to boost the efficiency of OSCs has been the top priority for researchers. 
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Figure 1.3. NREL’s best research-cell efficiencies chart, highlighting the records for emerging 

photovoltaic technologies. (https://www.nrel.gov/pv/cell-efficiency.html) 

 

1.2.1 Brief History of Development 

The first OPV devices were investigated in 1950s, using a number of organic dye 

molecules, such as anthracene, porphyrins, chlorophyll, etc.3 In the 1980s the first polymers 

(including poly (sulfur nitride) and polyacetylene) were investigated in OPV devices. Research 

efforts that lasted nearly four decades led to the realization that the PCE of simple single-

component dye or polymer PV devices will probably remain below 0.1%.3 (Figure 1.4a) The 

major breakthrough came in 1986 when Tang4-5 discovered that a bilayer heterojunction device 

consisted of two materials that have different HOMO and LUMO energy levels (namely, a donor 

and an acceptor) could yield PCE of 1%, ten times greater than the efficiency of single-component 

devices. (Figure 1.4b) This concept of heterojunction has since been widely exploited in 

donor:acceptor bilayer PV devices, including small molecule:small molecule, polymer:small 

molecule, and polymer: polymer material systems. In a heterojunction PV device, organic  
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Figure 1.4. Illustration of organic photovoltaic devices with different photoactive layers: (a) 

single layer, (b) bilayer, and (c) bulk heterojunction. 

 

semiconductors form excitons upon absorption of light, which dissociate into free electrons and 

holes after migrating to the donor: acceptor interface. The typical diffusion length of excitons is 

less than 20 nm, at which point excitons are deactivated into ground state. The usual film thickness 

of organic semiconductors, however, needs to be around 100 nm to absorb light efficiently. It 

follows that thicker layer of donor or acceptor would enhance light absorption, but only a fraction 

of the generated excitons would be able to reach the interface and dissociate into free charges. 

Therefore, the concept of bulk heterojunction (BHJ) was introduced, (Figure 1.4c) where donor 

and acceptor are mixed and form nanoscale phase separation to ensure efficient exciton diffusion 

and dissociation. This concept was first demonstrated by Hiramoto et al. with co-evaporation of 

donor and acceptor small molecules via vacuum deposition method.6 In 1995, the first efficient 

BHJ OPV devices were independently realized by Heeger et al. and Friend et al. with 

polymer:fullerene7 and polymer:polymer8 blends, respectively. Today, organic solar cells mostly 

adopt such BHJ photoactive layers, which could be readily processed from a mixed solution of 

donor and acceptor materials. The various solar cells to be discussed in the following chapters 

belong to this category of BHJ devices only.  
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1.2.2 Fundamentals on Organic Solar Cell Device Operation 

A typical BHJ OPV device consists of a multi-layer structure, where the photoactive blend 

is sandwiched between a transparent indium tin oxide (ITO) electrode and a metal electrode. 

Interfacial layers, the electron transporting layer (ETL) and the hole transporting layer (HTL), 

were added between the photoactive layer and the electrodes to enhance alignment of energy levels 

and selectively transport charge carriers (electron-only and hole-only). In a conventional device 

architecture, (Figure 1.5) HTL such as PEDOT:PSS was first deposit onto ITO glass substrate, 

followed with the active layer, ETL and finally a low work function (WF) metal electrode such as 

calcium (Ca) and aluminum (Al).  The low WF metals could be easily oxidized in the presence of 

oxygen and/or moisture. Thus, the inverted device architecture was developed, (Figure 1.5b) 

where ETL such as zinc oxide (ZnO) and titanium oxide (TiOx) were deposit onto ITO, and HTL 

was on top of the photoactive layer, followed with a high WF metal electrode such as gold or 

silver. The inverted device architecture offered many advantages including improved stability in 

ambient environment. 

The operation of an OPV device can be described as four fundamental steps: (1) photon 

absorption and exciton generation, (2) exciton diffusion and dissociation at interface, (3) charge 

transport (free electrons and holes), and (4) charge collection by electrodes. Donor (D) and 

acceptor (A) materials, as well as HTL and ETL, with a cascade-like energy levels were selected 

to facilitate these processes. (Figure 1.5c) Specifically, upon absorption of photons, either donor 

or acceptor could generate excitons. The excitons diffuse to the D/A interface where the offset 

between HOMOs and LUMOs serve as driving force for excitons to dissociate into free electrons 

and holes. Electrons and holes are transported by acceptor and donor, respectively, through the 

interpenetrating pathways and eventually collected by electrodes.  Recombination and trapping of 
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charges could occur during these processes, which is one of the important factors affecting device 

efficiency.  
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Figure 1.5. (a) BHJ OPV device with conventional architecture, e.g. ITO/PEDOT:PSS/active 

layer/LiF/Al; (b) BHJ OPV device with inverted architecture, e.g. ITO/ZnO/active 

layer/MoO3/Ag; (c) Schematic of general working mechanism within OPV devices and the energy 

diagram, including photon absorption, exciton formation, charge transfer/transport, and charge 

collection; (d) A typical current density (J) -voltage (V) profile, characterizing dark current, photo 

current and other important parameters of an OPV device.  
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Three important parameters determine the power conversion efficiency (PCE) of an OPV 

device: open circuit voltage (Voc), short circuit current density (Jsc) and fill factor (FF). (Figure 

1.5d) Voc is the maximum voltage generated. Jsc is the photo generated current that reached the 

electrodes under zero applied field. The product of voltage (V) multiplied by current density (J) is 

the power (P) generated by the device. Along the J-V curve of an OPV device, a maximum power 

point (Pmax) could be identified. The ratio of Pmax to theoretical maximum power (Voc × Jsc) is 

defined as fill factor (FF), essentially represents a measure of the device quality. Mathematically, 

FF =
௉ౣ ౗౮

୚౥ౙ×୎౩ౙ
 , PCE =

୔ౣ౗౮

୔౟౤
= V୭ୡ × Jୱୡ × FF , where Pin represent input power from sunlight. 

Under standard AM1.5G condition, 1 sun is equal to 100 mW/cm2 of irradiance. (Figure 1.6) 

 

 

Figure 1.6. Solar radiation spectrum on earth at sea level (red) and out of the atmosphere (yellow). 

(Credit: By Nick84 - File:Solar_spectrum_ita.svg, CC BY-SA 3.0, 

https://commons.wikimedia.org/w/index.php?curid=24648395) 
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To achieve better photovoltaic performance, efforts should be directed toward improving 

efficiencies of each of the photo electronic processes occurred within the device. For instance, 

donor and acceptor materials that have broad, intense, and complementary absorption bands should 

be selected to ensure maximized coverage of the solar spectrum. (Figure 1.6) The broadness and 

absorption intensity of light by the photoactive blend is directly related to Jsc. Besides, the energy 

levels of donor and acceptor should provide sufficient driving force (LUMOD-LUMOA) for 

effective exciton dissociation and maximum output voltage (Voc). Voc is empirically related to the 

magnitude of (LUMOA-HOMOD) (Figure 1.5c). Furthermore, selecting donor and acceptor 

materials that are highly miscible with each other and form nanoscale phase separation is also 

crucial, since high charge carrier mobilities of the blend and well-connected interpenetrating 

network benefit balanced and trap-free charge transport, which is related to FF. In addition, 

suitable interfacial layers and metal electrodes are needed to provide ohmic contact for efficient 

charge collection.  

1.3 MATERIALS IN THE PHOTOACTIVE LAYER 

Despite the highly interdisciplinary nature of OPV research, the donor and acceptor 

materials used for the photoactive layer remain to be the cornerstones for the development of high 

performing OPV devices. From a broad historical perspective, major progresses toward higher 

PCE of OPV devices have been tied most closely to the discovery of new materials with novel 

structural design. Establishing the interconnecting structure-property-processing-performance 

relationships of organic semiconductors in the context of OPV application is of vital importance. 

(Figure 1.7) 
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Figure 1.7. The MSE tetrahedron that describes the organic semiconductors in OPV devices.  

 
 
 
 
 
 

 

 

Figure 1.8. (a) Chemical structures of fullerene and its derivatives; (b) general categorization 

of BHJ OPVs based on the materials within the photoactive layer.  
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In the photoactive layer of BHJ OPV devices, the donor materials have relatively higher-

lying HOMO and LUMO energy levels and are electron rich and hole-transporting (p-type), 

whereas the acceptor materials have relatively lower-lying energy levels and are electron deficient 

and electron-transporting (n-type). Before 2010s,9-10 polymer:fullerene blend systems had 

dominated the field of high-efficiency OPVs, with the C60 fullerene and its various derivatives 

(Figure 1.8a) playing the essential role of acceptor in the photoactive layer, due to their strong 

electron negativity and high electron mobility. At the time, major efforts were devoted to 

developing donor materials, generating a rich library of p-type conjugated polymers and small 

molecules with a variety of chemical and electronic structures. The search for alternative acceptor 

materials has never stopped though, as fullerenes are also known to have their limitations, such as 

narrow optical absorption, difficult chemical modification, poor photostability and high 

manufacture cost. Non-fullerene OPVs (Figure 1.8b) with comparable or better efficiencies than 

the fullerene-based systems have just emerged in the past a few years. The non-fullerene acceptor 

materials are generally recognized as two categories: n-type semiconducting polymers and small 

molecule acceptors. OSCs that use the blends of p-type polymer and n-type polymer are also 

referred to as all-polymer solar cells. (Figure 1.8b)   

Below, the three most important classes of organic semiconductors used for OPV devices 

will be further introduced: (1) p-type semiconducting polymers; (2) n-type semiconducting 

polymers ; (3) small molecule acceptors. 

1.3.1 P-Type Semiconducting Polymers 

One of the earliest p-type semiconducting polymers is poly[2-methoxy-5-(2’-

ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV).7, 11 (Figure 1.9a) Although PCE of 2.5-3%12-
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13 was achieved for PPV-based OPVs with extensive optimization, further improvement was 

hindered due to low hole mobility and narrow optical absorption. Soluble polythiophenes, 

especially P3HT, (Figure 1.9a) with their high hole mobility and broader absorption coverage, 

was the next milestone in OPV research in the 2000s. Higher PCE of 4-5% for P3HT:fullerene 

blend system was obtained in 2005 with morphology optimization,14-15 attracting worldwide 

attention at the time.  

 

 

Figure 1.9. (a) Chemical structures of MEH-PPV and P3HT; (b) illustration of molecular orbital 

hybridization of an electron-rich moiety (D) and an electron-deficient moiety (A) leading to 

narrower band gap; (c) representative examples of electron-rich and electron-deficient building 

blocks. 
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Given the fixed electronic structure and optical absorption of fullerenes, a rational approach 

to improve the photovoltaic performance of polymer:fullerene blend system was to develop p-type 

polymers with narrow band gaps to broaden the overall optical absorption. Thus, the strategy of 

constructing alternating electron-rich (donor, D) and electron-deficient (acceptor, A) moieties in 

the backbone of conjugated polymers was adopted. Narrower bandgaps were achieved due to 

orbital hybridization of the donor and acceptor moieties.(Figure 1.9b) By selecting various donor 

and acceptor building blocks,(Figure 1.9c) the “donor-acceptor” (D-A) polymers or “push-pull” 

polymers allowed for endless tunability in the frontier molecular orbital energy levels and the 

optical absorption ranges, therefore directly impact Voc and Jsc in solar cell devices. Using the 

versatile D-A approach, numerous p-type polymers were synthesized, gradually driving the PCE 

of the polymer:fullerene systems to nearly a plateau at around 10% in 2010s, enabled by a p-type 

polymer, poly(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b;4,5-b′]dithiophene-2,6-diyl-

alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)) (PTB7-Th).16-17 

(Figure 1.10a) 

 

 

Figure 1.10. Chemical structures of representative p-type semiconducting polymers: (a) PTB7-

Th and (b) PBDB-T.  
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Recently, in the emerging non-fullerene OPVs such as all-polymer solar cells and 

polymer:SMA solar cells, p-type polymers continue to play the role of donor in the photoactive 

blends. Since non-fullerene acceptors (n-type semiconducting polymers and small molecule 

acceptors) got rid of the limitations of fullerenes (fixed energy levels and optical absorption, 

limited optical absorption, etc.), those p-type polymers that were perhaps not effective for 

polymer:fullerene systems may find their superiority in the post-fullerene era. P-type polymers 

with medium (1.6 eV < Eg < 1.8 eV) to wide (Eg > 1.8 eV) band gaps were not preferred in the 

polymer:fullerene systems, but their perfectly complementary absorption band is precisely what is 

needed to pair with the low-bandgap non-fullerene acceptors. For example, all-polymer solar cells 

most often used an n-type polymer called N2200 (PNDI2OD-T2), which has broad optical 

absorption covering up to 800 nm. Similarly, in the polymer:SMA systems, a widely used small 

molecule acceptor, ITIC, and its various derivatives have their major optical absorption in the near-

infrared (NIR) region. In both cases, the acceptors absorb in the long-wavelength region, thus 

medium- or wide- band gap p-type polymers are desired to avoid spectral overlap. A representative 

polymer named as PBDB-T (Figure 1.10b) has been found to have high outstanding absorption 

coefficient, medium band gap, deep-lying highest occupied molecular orbital (HOMO) level, and 

high carrier mobility. A recent review18 has given a thorough introduction on this polymer and its 

numerous derivatives since they have contributed significantly to the rapid progress of OPVs. In 

the foreseeable future, the pool of p-type semiconducting polymers will continue to expand as the 

search continues to find suitable matches with the emerging non-fullerene acceptors. 
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1.3.2 N-type Semiconducting Polymers 

N-type semiconducting polymers (electron-transporting) have their unique merits in the 

OPV applications, especially in all-polymer solar cells. In addition to the tunability in molecular 

structures, energy levels and optical absorption, the polymer:polymer blends are exceptionally 

promising for large-area solution processing, morphological stability and mechanical flexibility.19 

In the past decades, many n-type polymers have been developed as acceptor materials for OPVs 

based on various electron-deficient building blocks, adopting an alternating donor-acceptor 

strategy similar to the p-type semiconducting polymers.20 Arylene diimides,21 including 

naphthalene diimide (NDI),22-25 perylene diimide (PDI),23 tetraazabenzodifluoranthene diimide 

(BFI),26-28 naphthodithiophenediimide (NDTI),29-31 and bithiophene diimide (BTI),32-34 are the 

most widely investigated electron-deficient building blocks in the design of n-type semiconducting 

copolymers with D-A architectures for applications in all-PSCs.19, 23-25, 35-50 Since 2017, 

polymerization of the emerging small molecule acceptors has also become a popular strategy to 

construct n-type semiconducting polymers, enabling all-PSCs with high PCEs over 15%.51-52 

These n-type polymers not only inherited the advantages of small molecule acceptor building 

blocks such as narrow bandgap, strong absorption and tunable energy levels, but also possessed 

good film-forming capability as polymers.  
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1.3.3 Non-fullerene Small Molecule Acceptors 

Non-fullerene small molecule acceptors (SMAs) have experienced the most rapid progress 

in the past a few years.20, 53 Owing to the rigorous molecular modification and device engineering, 

SMA-based OSCs have made breakthrough in achieving high power conversion efficiency (PCE) 

currently exceeding 18% in single junction solar cell devices,54 significantly surpassing those 

based on fullerene acceptors. The most important classes of SMAs are the ITIC,9 IDTBR55-56 and 

Y657 families,53 (Figure 1.11) which in nature share similar acceptor-donor-aceptor (A-D-A) 

backbone architecture and were synthesized in similar fashion via Knoevenagel condensation 

reactions of aromatic dialdehyde building blocks and active methylene end groups.  

 

 

Figure 1.11. Chemical structures of representative non-fullerene small molecule acceptors: 

ITIC, o-IDBTR and Y6.  
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1.4 CHALLENGES AND OBJECTIVES 

Recent development of non-fullerene acceptors (NFAs) has presented brand new 

opportunities that are otherwise impossible in fullerene-based OPVs. In the meantime, new 

challenges are waiting to be tackled for future application of this promising technology. The 

primary objective of this work is to design, synthesize, and characterize new conjugated polymers 

and small molecules, and to deepen the understanding of the structure-property-processing-

performance relationships for the application of organic solar cells. The specific scope of this 

research includes:  

(1) Design and synthesis of new medium-bandgap p-type semiconducting polymers 

for non-fullerene organic solar cells. As the significant partner of the NFAs, the p-type 

semiconducting polymers has been progressing at a relatively slower pace.58 The match-up of 

donor and acceptor materials is crucial to achieve the best photovoltaic performance, requiring 

complementary absorption bands, closely aligned energy levels, suitable phase separation within 

blend films, balanced bulk charge transport, etc. Today, the most widely used  and the best 

performing donor polymers paired with NFAs are PBDB-T59-60 and its halogenated derivatives 

such as PBDB-T-2F (PM6)61 and PBDB-T-2Cl (PM7).62-63 Thus, in Chapter 2, I explored the 

strategy of selenophene substitution on the known polymer, PBDB-T, and synthesized three new 

polymers with selenophene at various backbone and side chain positions to finely tune their optical 

absorption, electronic properties and intermolecular interactions.  

(2) Investigate the effects of the donor moiety substitution on the intrinsic and 

photovoltaic blend properties of n-type semiconducting polymers with the simplest possible 

D−A macromolecular structure based on the NDI acceptor moiety, i.e. (-D-NDI-), where the donor 

moiety “D” is a simple unicyclic ring such as thiophene or selenophene. In Chapter 3, a detailed 
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comparative study of the alternating naphthalene diimide-thiophene copolymer, PNDIT-hd, and 

naphthalene diimide-selenophene copolymer, PNDIS-hd, is presented.  

(3) Design and synthesis of novel ladder molecule acceptors to enhance the intrinsic 

stability. Extensive research efforts have dramatically increased the power-conversion efficiencies 

of OPVs to such levels that are sufficient for many of their intended applications. Towards the 

ultimate goal of commercialization, researchers must start to prioritize reliability research, which 

includes integrating stability assessments into materials development and device engineering, 

improving packaging and expanding accelerated lifetime testing.64 In Chapter 4, I designed and 

synthesized novel tridecacyclic ladder structures as an effective method to enhance the intrinsic 

photochemical stabilities of small molecule acceptors. Investigation of a series of ladder molecules 

also revealed the significant impact of the side chains and halogenations in governing the 

solubility, optical and electronic properties, crystallinity, morphology, as well as the resulted 

photovoltaic performance.  
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Chapter 2. SYNTHESIS AND CHARACTERIZATION OF NEW 

SELENOPHENE-CONTAINING P-TYPE 

SEMICONDUCTING POLYMERS FOR 

ORGANIC SOLAR CELLS 

2.1 INTRODUCTION 

Bulk-heterojunction (BHJ) polymer solar cells (PSCs), where the photoactive layer is 

comprised of a blend of p-type and n-type organic semiconductors, have undergone rapid 

development in recent years.7, 65 The most notable progress has come from the n-type component 

that functions as electron acceptor within the photoactive blend, especially the non-fullerene 

acceptors (NFAs).66-67 In 2015, the report of  ITIC by Zhan et al with a power conversion efficiency 

(PCE) of 6.8%9 started the booming of FREAs. The photovoltaic performance of ITIC derivatives 

was further improved to over 14%.62, 68 Later in 2019, a new FREA named as Y6 was developed, 

reporting encouraging PCE of 15.7%.69 Subsequent studies of PSCs based on Y6 and its 

derivatives have demonstrated growing PCE up to 16-17%.70-72 As the significant partner of the 

FREAs, the p-type component in the blend, however, has been progressing at a slower pace.58 

Today, the most widely used  and the best performing donor polymers paired with FREAs are 

PBDB-T59-60 and its derivatives such as PBDB-T-2F (PM6)61, PBDB-T-2Cl (PM7),62-63 and 

terpolymers.73-74 The match-up of donor and acceptor materials is crucial to achieve the best 

photovoltaic performance, contributed by complementary absorption bands, closely aligned 

energy levels, suitable phase separation within blend films, balanced bulk charge transport, etc. 

Therefore, continuous development of new p-type polymers to fulfill requirements of the emerging 

FREAs is still in critical demand.  
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Incorporation of selenophene has long been documented as a unique and effective strategy 

to tune the optical and electronic properties of alternating donor-acceptor (D-A) polymers and 

improve their photovoltaic performance.75 The advantages of the selenophene-based conjugated 

polymers are anticipated based on following rationales: (1) selenium (Se) atom is less 

electronegative than sulfur (S) atom, hence, with lower aromaticity, selenophene-based polymers 

has more quinoidal character than their thiophene analogues, leading to improved planarity, longer 

effective conjugation length, and red-shifted absorption; (2) Se is larger in size and more 

polarizable than S. Due to the interchain Se···Se interaction, selenophene-based polymers often 

demonstrate higher charge carrier mobilities.  

In addition, the location of selenophene substitution in the widely used two-dimensional 

(2D) donor polymers, whether in the main chain or in the side chain, also plays an important role 

in fine-tuning energy levels, absorption and even morphology in the blend films. It has been 

generally observed that substitution of thiophene units in the polymer main chain leads to reduced 

band gap and raised HOMO level. With slight sacrifice in the open-circuit voltage (Voc) in the 

resulted solar cells, the overall photovoltaic performance is often complemented with superior 

short-circuit current (Jsc), as a result of greatly improved light-harvesting ability and charge carrier 

mobilities.75-77 On the other hand, Yang et al.78 reported that replacing alkylthienyl side-chain in 

PTB7-Th with alkylselenophenyl group resulted in stronger intermolecular interaction with 

minimal influence in absorption and energy levels, which allowed for optimal device performance 

of 8.8% PCE with no requirement of any solvent additive. Nevertheless, the reported selenophene-

containing donor polymers so far have been mostly targeted at polymer:fullerene systems. Studies 

of such polymers in combination of NF acceptor materials are very limited.   
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In this part, PBDB-T was used as the host polymer to be substituted with selenophene at 

various positions in the polymer backbone or side chain. Three new polymers were synthesized, 

named as PBDB-S, PBDBS-T and PBDBS-S (Scheme 2.1) which allow for modulation of the 

molecular properties and investigation of the structure-property-performance relationship in NF 

PSCs.  

 

2.2 EXPERIMENTAL METHODS 

Materials. Selenophene (97%) (2) was purchased from Sigma-Aldrich (367141 Aldrich). 

2,6-Bis(trimethylstannyl-4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b’]dithiophene 

(5) was purchased from Solarmer and was used as received. Thiophene-3,4-dicarboxylic acid (7) 

was purchased from Ark Pharm (AK-44618) and used as received. All other reagents and catalysts 

were from Sigma-Aldrich and used as received. Bulk solvents were supplied by Fisher Chemical.  

4,8-Bis(5-ethylhexylselenophen-2-yl)benzo[1,2-b:4,5-b’]dithiophene (BDT-S). In a 

250mL argon purged round-bottom flask, compound 4 (4.3g, 17.6 mmol) was dissolved in 45 mL 

anhydrous THF and the solution was cooled down to 0 ºC. 2.5M n-butyllithium solution in hexane 

(7.76 mL, 19.4 mmol) was added into the solution dropwise. The reaction was slowly warmed up 

to 50 ºC and kept stirring for 1 h. Subsequently, 4,8-dihydrobenzo[1,2-b:4,5-b’]dithiophene-4,8-

dione (1.94 g, 8.8 mmol) was added into the reaction mixture at 50 ºC. The reaction mixture was 

kept stirring at 50 ºC for additional 1h. After cooling down to room temperature, tin (II) chloride 

dehydrate (20 g, 88 mmol) in 10% HCl (20 mL) was added and the mixture was stirred for another 

2 h. After reaction, the mixture was poured into ice water, extracted with ether. Combined organic 

layer was washed with brine, dried over anhydrous MgSO4, and concentrated under vacuum. 1H 

NMR (300 MHz, CDCl3), δ(ppm): 7.65 (d, J = 5.6 Hz, 2H), 7.44 (d, J = 5.6 Hz, 2H), 7.40 (d, J = 
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3.3 Hz, 2H), 7.04 (d, J = 3.0 Hz, 2H), 2.92 (d, J = 6.5 Hz, 4H), 1.71-1.59 (m, 2H), 1.50-1.23 (m, 

16H), 0.95 (m, 12H). 13C NMR (125 MHz, CDCl3), δ (ppm): 153.8, 142.7, 138.8, 136.2, 130.0, 

127.5, 126.2, 123.5, 42.2, 37.0, 32.5, 28.9, 25.7, 23.0, 14.2, 10.9.  

2,6-Bis(trimethyltin)-4,8-bis(5-ethylhexylselenophen-2-yl)benzo[1,2-b;4,5-

b']dithiophene (6). In a 100mL argon purged round-bottom flask, BDTS (1.7 g, 2.5 mmol) was 

dissolved in 26 mL anhydrous THF and the solution was cooled to -78 ºC. 2.5M n-butyllithium 

solution in hexane (2.3 mL, 5.8 mmol) was added into the solution dropwise. Reaction mixture 

turned into dark greenish slurry. Cooling bath was removed, and reaction was kept stirring at room 

temperature for another 2 h. The mixture was then cooled to -78 ºC again and 1.0M trimethyltin 

chloride solution in THF (6.6 mL, 6.6 mmol) was added in one portion, turning the reaction 

mixture into clear yellow solution. The mixture was kept stirring for additional 3 h at room 

temperature. After reaction, 10 mL DI water was injected to quench the reaction. The mixture was 

extracted with ether and washed with brine. Combined organic layer was dried over MgSO4 and 

concentrated under reduced pressure. Crude product was recrystallized with ether/ethanol mixed 

solvent. Pale yellow crystals was obtained as purified product (2.1 g, 83%) and was used for 

polymerization . 1H NMR (300 MHz, CDCl3), δ (ppm): .13C NMR (125 MHz, CDCl3), δ (ppm): 

153.5, 143.6, 143.0, 142.2, 137.0, 131.3, 129.8, 127.5, 124.6, 42.2, 37.1, 32.5, 29.0, 25.8, 23.0, 

14.2, 11.0, -8.3.  

2-Trimethylstannylselenophene (12). In a 100mL argon purged flask, selenophene (2) 

(2g, 15.3 mmol) was dissolved in 100 mL anhydrous THF. The solution was cooled down to -78 

ºC. 2.5M n-butyllithium solution in hexane (6.12 mL, 15.3 mmol) was added into the solution 

dropwise. The solution was kept stirring at -78 ºC for 30min, after which 1.0M trimethyltin 

chloride solution in hexane (18.3 mL, 18.3 mmol) was slowly added. The reaction was then 
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brought to room temperature and kept stirring for overnight. After reaction, the mixture was poured 

into water and extracted with dichloromethane. Organic layer was washed with brine and dried 

over anhydrous Na2SO4. Product was first concentrated on rotary evaporator and then solvent 

residue was completely removed under high vacuum. Light brown oil was obtained as crude 

product (3.6 g, 80%), which was used subsequently for next step without further purification. 1H 

NMR (300 MHz, CDCl3), δ (ppm): 8.49-8.26 (m, 1H), 7.57-7.45 (m, 2H), 0.43 (m, 9H).  

1,3-Bis(2-ethylhexyl)-5,7-di(selenophene-2-yl)-benzo[1,2-c:4,5-c′]-dithiophene-4,8-

dione (DSBDD). In an argon purged flask, BDD (2.7 mmmol, 1.64 g) and 2-

trimethylstannylselenophene (12) (6.8 mmol, 2g) were dissolved in 18 mL anhydrous toluene. 

Pd(PPh3)4 (62.4 mg, 0.054 mmol) was added into the solution. The mixture was refluxed in inert 

atmosphere for 12 h. After reaction, solvent was removed at reduced pressure and residue was 

purified by column chromatography with hexane/dichloromethane as eluting solvent. 

Recrystallization with ethanol afforded product as yellow-orange solid (1.8 g, 94%). 1H NMR (300 

MHz, CDCl3), δ (ppm): 8.29 (dd, J = 5.8, 1.08 Hz, 2H), 7.97 (dd, J = 4.0, 1.1 Hz, 2H), 7.39 (dd, 

J = 5.8, 4.0 Hz, 2H), 3.32 (m, 4H), 1.78 (br, 2H), 1.59-1.20 (m, 16H), 0.92 (m, 9H). 13C NMR 

(125 MHz, CDCl3), δ (ppm): 177.9, 153.0, 144.9, 137.2, 137.1, 132.8, 132.5, 131.0, 129.4, 41.1, 

33.6, 32.8, 28.8, 26.0, 23.0, 14.2, 10.9.  

1,3-Bis(5-bromoselenophene-2-yl)-5,7-bis(2-ethylhexyl)-benzo[1,2-c:4,5-c′]-

dithiophene-4,8-dione (14). In a 100mL round-bottom flask equipped with a condenser, DSBDD 

(300 mg, 0.43 mmol) was dissolved in 15 mL chloroform/acetic acid mixture (2:1 by volume). 

The flask was fully covered with aluminum foil. N-bromosuccinimide (168 mg, 0.94 mmol) was 

added in one portion. The reaction mixture was heated to 70 ºC and kept stirring for 2 h. After 

completion of bromination, the mixture was poured into water and extracted with 
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dichloromethane. Organic layer was washed with water and brine, dried over anhydrous Na2SO4, 

and concentrated at reduced pressure. The residue was then purified with column chromatography 

eluting with hexane/dichloromethane (10:1 by volume). Recrystallization with 

dichloromethane/methanol afforded product as orange colored solid (280 mg, 76%). 1H NMR (300 

MHz, CDCl3), δ (ppm): 7.59 (d, J = 4.4 Hz, 2H), 7.30 (d, J = 4.4 Hz, 2H), 3.33-3.20 (m, 4H), 1.76 

(m, 2H), 1.48-1.23 (m, 16H), 0.92 (m, 12H). 13C NMR (125 MHz, CDCl3), δ (ppm): 177.3, 153.6, 

144.2, 137.8, 132.6, 132.1, 131.3, 129.9, 125.7, 40.9, 33.7, 33.0, 29.0, 26.1, 23.1, 14.3, 10.9.  

PBDB-T. In a 250mL argon-purged Schlenck tube, DTBDD-Br2 (13) (520 mg, 0.68 mmol) 

and BDTT distannane (5) (613.5 mg, 0.68 mmol) were dissolved into 26 mL anhydrous 

chlorobenzene. Pd(dba)3 (12.42 mg, 0.014 mmol) and P(o-Toly)3 (16.51 mg, 0.054 mmol) were 

premixed in a vial with 6 mL anhydrous chlorobenzene, degassed and added into the solution. 

Reaction mixture was vigorously stirred, slowly heated up to 120-130 ºC and kept refluxing for 72 

h. Dark viscous reaction mixture was dropped into methanol containing 2 vol% hydrochloric acid. 

The mixture was kept stirring for overnight and filtered. Obtained dark solid was then further 

purified with Soxhlet extraction in following sequence: acetone, hexane, chloroform. The 

chloroform fraction was reprecipitated into methanol, filtered and completely dried in vacuum 

oven. Dark solid was obtained as final product 778g, 98%. 

PBDB-S. In a 250mL argon purged Schlenck tube, DTBDD-Br2 (13) (520 mg, 0.68 mmol) 

and BDTS distannane (6) (677.1 mg, 0.68 mmol) were dissolved into 26 mL anhydrous 

chlorobenzene. Pd(dba)3 (12.42 mg, 0.014 mmol) and P(o-Toly)3 (16.51 mg, 0.054 mmol) were 

premixed in a vial with 6 mL anhydrous chlorobenzene, degassed and added into the solution. 

Reaction mixture was vigorously stirred, slowly heated up to 120-130 ºC and kept refluxing for 72 

h. Dark viscous reaction mixture was dropped into methanol containing 2 vol% hydrochloric acid. 
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The mixture was kept stirring for overnight and filtered. Obtained dark solid was then further 

purified with Soxhlet extraction in following sequence: acetone, hexane, chloroform and 

chlorobenzene. The chloroform and chlorobenzene fractions were reprecipitated into methanol, 

filtered and completely dried in vacuum oven. Chloroform fraction: 220 mg, 25%. Chlorobenzene 

fraction: 595 mg, 69%. The chlorozenzene fraction was used for further characterization and 

device application.  

PBDBS-T. In a 250mL argon purged Schlenck tube, DSBDD-Br2 (14) (490 mg, 0.57 

mmol) and BDTT distannane (5) (515 mg, 0.57 mmol) were dissolved into 26 mL anhydrous 

chlorobenzene. Pd(dba)3 (10.43 mg, 0.011 mmol) and P(o-Toly)3 (13.87 mg, 0.045 mmol) were 

premixed in a vial with 6 mL anhydrous chlorobenzene, degassed and added into the solution. 

Reaction mixture was vigorously stirred, slowly heated up to 110 ºC. The reaction mixture turned 

dark and highly viscous shortly after heating. Reaction mixture became immobile within three 

hours. The reaction vessel was kept at 110 ºC for overnight and cooled back to room temperature. 

Resulted gel-like mixture was dissolved into hot 1,2-dichlorobenzene and dropped into methanol 

containing 2 vol% hydrochloric acid. The mixture was kept stirring for overnight, filtered and 

completely dried in vacuum over. Obtained dark solid was then further purified with Soxhlet 

extraction in following sequence: acetone, hexane, and chloroform. The chloroform fraction was 

reprecipitated into methanol. Residue within the thimble was scraped out, redissolved in hot 1,2-

dichlorobenzene, then reprecipitate into methanol, filtered and completely dried in vacuum oven. 

Chloroform fraction: 135 mg, 19%. O-DCB fraction: 522 mg, 72%. The o-DCB fraction was used 

for further characterization and device application. 

PBDBS-S. In a 250mL argon purged Schlenck tube, DSBDD-Br2 (14) (511 mg, 0.59 

mmol) and BDTS distannane (6) (592.9 mg, 0.59 mmol) were dissolved into 16 mL anhydrous 
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chlorobenzene. Pd(dba)3 (11.24 mg, 0.014 mmol) and P(o-Toly)3 (14.32 mg, 0.054 mmol) were 

premixed in a vial with 5 mL anhydrous chlorobenzene, degassed and added into the solution. 

Reaction mixture was vigorously stirred, slowly heated up to 110 ºC. The reaction mixture turned 

dark and highly viscous shortly after heating. Reaction mixture became immobile within three 

hours. The reaction vessel was kept at 110 ºC for overnight and cooled back to room temperature. 

Resulted gel-like mixture was dissolved into hot 1,2-dichlorobenzene and dropped into methanol 

containing 2 vol% hydrochloric acid. The mixture was kept stirring for overnight, filtered and 

completely dried in vacuum oven. Obtained dark solid was then further purified with Soxhlet 

extraction in following sequence: acetone, hexane, and chloroform. The chloroform fraction was 

reprecipitated into methanol. Residue within the thimble was scraped out, redissolved in hot 1,2-

dichlorobenzene, then reprecipitated into methanol, filtered and completely dried in vacuum oven. 

Chloroform fraction: 128 mg, 16%. O-DCB fraction: 655 mg, 80%. The o-DCB fraction was used 

for further characterization and device application. 

Cyclic voltammetry measurements. Cyclic voltammetry (CV) measurements were 

performed on an EG&G Princeton Applied Research potentiostat/galvanostat (model 273A). A 

three-electrode cell was used, using platinum (Pt) wires as both counter and working electrodes. 

Silver/silver ion (Ag in 0.01 M AgNO3 solution) was used as the reference electrode. For thin 

films, the working electrode was a Pt wire coated with the synthesized polymers, dip-coated from 

concentrated solution in chlorobenzene or dichlorobenzene and air dried for overnight. CV 

measurements of thin films were carried out in 0.1 M tetrabutylammonium hexafluorophosphate 

(Bu4NPF6) solution in acetonitrile at a scan rate of 50 mV/s. The scan rate was 100 mV/s. Solutions 

were purged with inert gas for 20 min before measurements. All recorded reduction and oxidation 

potentials were calibrated with the ferrocene/ferrocenium (Fc/Fc+) couple. 
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Solar cell fabrication and characterization. The inverted device structure fabricated and 

evaluated was: ITO/ZnO/PEI/blend active layer/ MoO3(0.5 nm)/Ag(100 nm), where PEI or 

polyethylenimine is a cathode buffer layer.79 The ITO glass substrates were sequentially sonicated 

in acetone, deionized (DI) water and isopropanol for 20 min each and then plasma cleaned for 10 

min. The ZnO layer (~30 nm) was spin-coated from the precursor solution (0.5 g of zinc acetate 

dihydrate, 0.14 g of ethanolamine and 5 mL of 2-methoxyethanol) and baked at 250 ºC for 30 min 

in open air. Solution of PEI (Mw = 25k, Aldrich 408727) in 2-methoxyethanol (0.05 wt%) was then 

spin-coated onto the ZnO layer and dried at 120 ºC for additional 10 min. The resulting substrates 

were then stored in an argon-filled glovebox for deposition of active layers. The blend solutions 

were stirred overnight with low heating to achieve a homogeneous mixture. Each blend solution 

was then spin-coated onto the cleaned substrate and annealed on a hot plate for 10 min to afford 

dried thin films with a thickness of 95 ± 5 nm. Finally, the MoO3 layer and Ag electrode were 

deposited within a thermal evaporator. Defined active area of 0.0314 cm2 was achieved for 

individual devices through a shadow mask. The photovoltaic cells were tested under AM 1.5G 

solar illumination at 100 mW/cm2 in ambient air using a Solar Simulator (model 16S, Solar Light 

Co., Philadelphia, PA) with a 200W Xenon Lamp Power Supply (Model XPS 200, Solar Light 

Co., Philadelphia, PA) calibrated by NREL certified Si photodiode (Model 1787–04, Hamamatsu 

Photonics K.K., Japan) and a HP4155A semiconductor parameter analyzer (Yokogawa Hewlett-

Packard, Japan). After the J–V measurement, the EQE was measured by using a solar cell quantum 

efficiency measurement system (Model QEX10, PV Measurements, Inc., Boulder, CO) with a 2 

mm2 (2 × 1 mm) size masked incident light source and TF Mini Super measurement apparatus for 

multiple devices in a single substrate.  
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SCLC. The space charge limited current (SCLC)80 devices fabricated and evaluated had 

the structures: ITO/PEDOT:PSS/blend/MoO3/Ag (hole-only), where poly(3,4‐

ethylenedioxythiophene):poly(styrenesulfonate)  (PEDOT:PSS) is a hole injection layer; and 

ITO/ZnO/PEI/active layer/PFN-Br/Al (electron-only). The blend active layers in these SCLC 

devices had the same composition as the corresponding photovoltaic devices. Current-voltage (J-

V) characteristics of the SCLC devices were plotted as J0.5 versus V and fitted by using the 

following formula: J = 9 ε0 εr μV2/8d3, where J is the current density, ε0 is the permittivity of free 

space, εr is the relative dielectric constant of the transport medium, μ is the carrier mobility, V is 

the applied voltage, d is the thickness of blend active layer.  

2D GIWAXS. Two-dimensional (2D) Grazing incidence wide-angle X-ray scattering 

(GIWAXS) experiments were conducted at the Japan Synchrotron Radiation Facility SPring-8 by 

using the beamline BL46XU. The thin-film samples investigated were prepared in the same 

manner as the corresponding photovoltaic devices on ZnO-coated ITO substrates, without the 

thermal deposition of top MO3/Ag electrodes. The X-ray beam was monochromatized by a double-

crystal Si(111) monochromator, and the X-ray energy in this experiment was 12.40 keV (λ = 0.1 

nm). The angle of incident X-ray to sample surface was 0.12° with a Huber diffractometer. The 

scattered profile from the film sample was detected using an area detector (PILATUS 300K) for 5 

s at room temperature, and the distance between the sample and detector was 174.4 mm. The 

crystal coherence length (Lc) of samples was determined by using the Scherrer equation: Lc = 

2πK/Δq, where K is a shape factor (typically 0.89) and Δq is the full width at half-maximum 

(FWHM) of the diffraction peak.  
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2.3 RESULTS AND DISCUSSION 

Scheme 2.1. Selenophene Substitution at Various Positions in Monomers and the Corresponding 

Conjugated Polymers 
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Scheme 2.2. Synthetic Routes Toward Distannane and Dibromide Monomers 

 
 
 
 
Table 2.1. Thermal, Optical and Electrochemical Properties of Synthesized Polymers 

Polymers Td λmax
a
 [nm] λonset

a [nm] bEg
opt [eV] cEHOMO [eV] dELUMO [eV] 

PBDB-T 414 578, 616 670 1.85 -5.35 -3.50 

PBDB-S 408 579, 617 678 1.83 -5.35 -3.52 

PBDBS-T 427 605, 659 712 1.74 -5.22 -3.48 

PBDBS-S 390 610, 659 720 1.72 -5.24 -3.52 

aThin-film. bEg
opt = 1240/λonset. cEHOMO = - (Eox

onset + 4.8) eV. d ELUMO = - EHOMO + Eg
opt. 
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2.3.1 Synthesis and Characterization of Donor Polymers.  

The four donor polymers were synthesized by Stille coupling of the corresponding 

distannane and dibromide monomers. (Scheme 2.1) Detailed synthetic routes toward the 

respective monomers are presented in Scheme 2.2. Some important intermediates such as 2-(2-

ethylhexyl)-selenophene (4)81, 2,5-dibromothiophene-3,4-dicarboxylic acid (8)82, 2,5-dibromo-

3,4-thiophenedicarbonyl dichloride (9)82, 2,5-Bis(2-ethylhexyl)-thiophene (10)83, and 1,3-

Dibromo-5,7-bis(2-ethylhexyl)benzo[1,2-c:4,5-c′]-dithiophene-4,8-dione (BDD)59 were 

synthesized according to literature procedures. Details on synthetic procedures are described in 

Experimental Section and the characterization data such as 1H NMR and 13C NMR spectra are 

included in Supporting Information. For Stille coupling reactions, chlorobenzene was used as 

solvent and Pd(dba)3/P(o-Toly)3 were used as catalyst/ligand. All polymerization reactions were 

carried out under the same conditions with identical monomer and catalyst concentrations and 

reaction temperature. While polymerizations of PBDB-T and PBDB-S went smoothly yielding 

dark and viscous solutions after 72 hours, during the polymerizations of PBDBS-T and PBDBS-

S, reaction mixtures turned viscous shortly after initiation and became immobile gel in the reaction 

vessel within 3 hours. (Figure Sx) The gel formation of PBDBS-T and PBDBS-S was probably 

related to strong intermolecular interactions induced by selenophene in the polymer backbone. 

More details on post-polymerization processing are described in experimental section. All four 

polymers demonstrated excellent thermal stability with high decomposition temperatures (Td) 

ranging from 390º to 427º, (Table 2.1) determined with temperatures at 95% weight loss from 

thermogravimetric analysis (TGA). (Figure S2.6) No significant endo- and exothermal peaks were 

observed in the differential scanning calorimetry (DSC) scans. (Figure S2.7)  
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Figure 2.1. ORTEP of the crystal structures with thermal ellipsoids at the 50% probability level: 

(a) DTBDD and (b) DSBDD. Disordered alkyl chains are omitted for clarity. S3B, S4B, and Se2B 

represent sites occupied in minor conformations. Torsion angles () were measured from the 

calculated mean planes of adjacent aromatic rings.    

 

2.3.2 Crystal Analysis of Monomers and DFT Simulations.  

Single crystals of DTBDD and DSBDD were obtained from vapor diffusion method with 

chloroform/methanol. DTBDD and DSBDD share high similarities in unit cell parameters (Table 

S2.3, Table S2.4) and packing characteristics (Figure S2.8) The distances of sulfur to carbonyl 

oxygen within DTBDD are measured to be  2.62 Å (S3-O2) and 2.64 Å (S3-O1). The distances of 

selenium to carbonyl oxygen within DSBDD are 2.65 Å (Se1-O2) and 2.62 Å (Se2-O1). These 

values are larger than the sums of the covalent radii of  1.71 Å (S 1.05 Å, O 0.66 Å) and 1.86 Å 

(Se 1.20 Å, O 0.66 Å),84 respectively, but are smaller than the sums of the van der waals radii, 3.32 

Å (S 1.80 Å, O 1.52 Å) and 3.42 Å (Se 1.90 Å, O 1.52 Å),85 suggesting that there are intramolecular 

nonbonding interactions between sulfur/seleninum and carbonyl oxygen. Such S∙∙∙O and Se∙∙∙O 

interactions are likely originated from chalcogen bonding or Coulombic attraction,86-87 thus could 

enable “conformation lock”.88 The greatest contrast in the crystal structures of DTBDD and 
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DSBDD lies in the backbone disorder. In DTBDD, one thiophene (S3/C1-C4) is disordered at  site 

occupancies of 0.670(6) and 0.330(6) (S3B/C1B-C4B), while the other thiophene (S4/C7-C10) is 

disordered at site occupancies of 0.890(5) and 0.110(5) (S4B/C7B-C10B). (Figure 2.1a)  In 

DSBDD, however, there is only a small disorder of selenophene (Se2B/C7B-C10B) at site 

occupancy of 0.004(1). (Figure 2.1b) It concludes that in DSBDD, the flanking selenophenes 

possess much lower conformational disorder, which likely originated from dual effects of higher 

quinoid characteristics of selenophene than thiophene, and stronger Se∙∙∙O interaction than S∙∙∙O 

interaction.  

 

 
Figure 2.2. Potential energy surface scan of the acceptor moieties (a) DTBDD and DSBDD, and 

the donor moieties (b) BDTT and BDTS, with B3LYP/6-31G(d,p) basis set.  

 

DFT calculations with B3LYP/6-31G(d,p) basis set were performed to first optimize the 

geometries of DTBDD and DSBDD, (Figure S2.9ab) followed with rotational rigid scan of 

thiophene/selenophene on one side to obtain the respective potential energy surface (PES). (Figure 

2.2a) Alkyl chains were replaced with methyl groups for simplification. Geometry optimizations 
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suggest that DTBDD is slightly twisted with a torsion angle of 17.98º,  while DSBDD is highly 

planar with negligible torsion angle of 0.08º, which are consistent with the aforementioned crystal 

data. In DTBDD, two optimal conformations exist with an energy difference of 13.97 kJ/mol. 

(Figure 2.2a) The first optimal conformation of DTBDD has the C=C-C=C dihedral angle of 163º, 

where the S atom of the side thiophene is close to carbonyl oxygen. The second optimal 

conformation has the dihedral angle of 38º with the S atom rotated away from carbonyl oxygen. 

The rotation barrier for DTBDD to overcome from first to second optimal conformation is 22.45 

kJ/mol. Similarly, in DSBDD, the energy difference between the two optimal conformations is 

24.73 kJ/mol and the rotation barrier is 34.37 kJ/mol. The larger energy gap between first and 

second optimal conformations in DSBDD and the larger rotation barrier suggest that DSBDD, 

compared to DTBDD, is more likely to adopt the first optimal conformation with the S atom close 

to carbonyl oxygen. Results from DFT simulations are in good agreement with the analysis of 

crystal structures in that DSBDD provides higher rigidity and more unified backbone 

conformations than DTBDD. Such rigidity and conformational uniformity should be expected to 

retain in the corresponding polymers and contribute to strong intermolecular packing. For the 

donor moieties, BDTT and BDTS, however, the geometry optimization (Figure S2.9cd) and 

similarly obtained PES from rotational rigid scan (Figure 2.2b) suggest that the optimal 

conformations have torsion angles of 55.33º for BDTT and 56.15º for BDTS, and the side-chain 

conformations of these quasi-2D building blocks are rather random if without external 

intermolecular forces.  

2.3.3 Optical absorption and electronic structrues.  

The UV-vis absorption spectra of the four polymers in thin films are presented in Figure 

2.3a, and the detailed data are listed in Table 2.1. Selenophene substitution at the side chain 
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positions did not significantly impact the optical absorption range of the polymer (PBDB-T v.s. 

PBDB-S, PBDBS-T v.s. PBDBS-S), but appeared to slightly enhance the distinction coefficient. 

Selenophene substitution at the backbone positions, however, resulted in red-shifted absorption 

band by ~40 nm  (PBDB-T vs PBDBS-T, PBDB-S vs PBDBS-S) leading to reduced optical 

bandgaps. Cyclic voltammetry (CV) measurements were taken and the oxidative cyclic 

voltammogram were used to calculate the HOMO energy levels of the four polymers based on the 

formula: EHOMO = - (Eox
onset + 4.8) eV. The estimated HOMO energy levels are as following: 

PBDB-T (-5.35 eV), PBDB-S (-5.35 eV), PBDBS-T (-5.22 eV) and PBDBS-S (-5.24 eV). The 

LUMO energy levels could not be accurately obtained from the reductive cyclic voltammogram 

due to the electron-rich nature of the polymers, thus were estimated using the thin film optical 

bandgaps according to the formula: ELUMO = - EHOMO + Eg
opt. The energy diagrams of the four 

polymers are plotted in Figure 2.3b. The results suggest that selenophene substitution in the side 

chain positions had minimal impact on the energy levels, whereas selenophene substation in the 

backbone positions raised the HOMO energy levels by ~0.1 eV.  

2.3.4 Photovoltaic performance and charge transport 

Inverted device architecture was used to evaluate the photovoltaic performance of these 

polymers paired with the commercially available small molecule acceptor, Y6: 

ITO/ZnO/PEI/polymer:Y6/MoO3/Ag, where PEI was cathode interlayer.79 For each polymer:Y6 

combination, devices were individually optimized by varying the donor:acceptor (D:A) weight 

ratios, the annealing temperature, and addition of processing additives. The thin film absorption 

spectra and the HOMO/LUMO energy levels of Y6 are plotted aside the donor polymers in Figure 

2.3a,b. The current density-voltage (J-V) curves and the EQE spectra of the best performing 

devices are presented in Figure 2.3c,d. The detailed photovoltaic parameters including open-
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circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF) and power conversion 

efficiency (PCE) are summarized  in Table 2.2. The optimized devices based on PBDB-T:Y6 

blend showed PCE of 8.59% with a Jsc of 25.70 mA/cm2, a Voc of 0.76 V and a low FF of 0.44. 

Under similar conditions, the devices based on PBDB-S:Y6 demonstrated improved PCE of 

10.41% with a further improved Jsc of 26.76 ± 0.91 mA/cm2, a reduced Voc of 0.67 V and an 

enhanced FF of 0.58. The enhancement of Jsc is also reflected on the EQE spectrum shown in 

Figure 2.3d, where PBDB-S:Y6 showed higher quantum efficiency than PBDB-T:Y6 in the broad 

range of 450 – 800 nm. The simultaneous enhancement in both Jsc and FF indicated that the blend 

of PBDB-S:Y6 probably formed more favorable bulk morphology than the blend of PBDB-T:Y6. 

In addition, we also fabricated hole-only and electron-only devices to evaluate the bulk charge 

carrier mobilities of the blends using the space-charge limited current (SCLC) model. The PBDB-

T:Y6 blend demonstrated hole mobility (µh) of 2.39×10-4 cm2/(Vs) and electron mobility (µe) of 

1.03×10-4 cm2/(Vs), whereas the PBDBS:Y6 blend had µh of 1.65×10-3 cm2/(Vs) and µe of 

1.68×10-4 cm2/(Vs). Especially, the PBDB-S:Y6 blend showed exceptional µh that is one order of 

magnitude higher than that of PBDB-T:Y6, suggesting that selenophene substitution at the 

sidechain positions significantly enhanced the charge transport properties of the donor polymer. 

For PBDBS-T and PBDBS-S that incorporated selenophene in the backbone positions, we 

found it rather difficult in solution processing. Dichlorobenzene had to be used  instead of the 

commonly used chlorobenzene. Consequently, devices based on PBDBS-T:Y6 and PBDBS-S:Y6 

blends yielded relatively lower photovoltaic performance with PCE of 6.28 ± 0.45% and 5.32 ± 

0.58%, respectively.  
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Figure 2.3. (a) UV-vis absorption spectra and (b) HOMO/LUMO energy levels of the donor 

polymers and the small molecule acceptor Y6 in thin films; (c) J-V curves and (d) the 

corresponding EQE spectrum for the blend films of PBDB-T:Y6, PBDB-S:Y6, PBDBS-T:Y6 and 

PBDBS-S:Y6 at optimal conditions. 
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Table 2.2. Summarized Photovoltaic Parameters for Polymer:Y6 Blends at Optimal Conditions 

Blends Jsc (mA/cm2) Voc (V) FF PCE (%) 


h 

(10-4 cm2/(Vs)) 


e 

(10-4 cm2/(Vs)) 


h/e
 

PBDB-T:Y6 25.70 ± 0.60 0.76 ± 0.01 0.44 ± 0.02 8.59 ± 0.47 2.39 1.03 2.32 

PBDB-S:Y6 26.76 ± 0.91 0.67 ± 0.01 0.58 ± 0.02 10.41 ± 0.45 16.5 1.68 9.83 

PBDBS-T:Y6 22.77 ± 0.88 0.56 ± 0.01 0.49 ± 0.02 6.28 ± 0.45 - - - 

PBDBS-S:Y6 21.27 ± 1.12 0.55 ± 0.01 0.45 ± 0.03 5.32 ± 0.58 - - - 

 

2.3.5 2D GIWAXS analysis 

We used two dimensional grazing incidence wide-angle X-ray scattering (2D GIWAXS) 

measurements to investigate the structural ordering and crystallinity of the neat polymer films and 

the related blend films. For the neat films, the 2D diffraction patterns and the corresponding 1D 

line-cut profiles in the in-plane (IP) and out-of-plane (OOP) directions are presented in Figure 2.4. 

All the four polymers showed dominant “face-on” orientation evidenced with strong π-π 

diffractions in the OOP direction at the large qz region. The π-π diffraction peak positions were 

determined at 1.683 Å-1, 1.672 Å-1,  1.682 Å-1, and 1.671 Å-1 for PBDB-T, PBDB-S, PBDBS-T 

and PBDBS-S, respectively, corresponding to the π-π stacking distances (d010) of 3.73 Å, 3.76 Å, 

3.74 Å, and 3.76 Å. The results showed that, PBDB-S and PBDBS-S, with selenophene 

substitution in the side chain positions, demonstrated slightly larger π-π stacking distance relative 

to PBDB-T and PBDBS-T. Meanwhile, selenophene substitution in the backbone position had 

little impact on the π-π stacking distances. In the IP direction, PBDB-T, PBDB-S, PBDBS-T and 

PBDBS-S showed intense lamellar peaks at qxy of 0.286 Å-1, 0.277 Å-1, 0.285 Å-1, 0.274 Å-1, 

corresponding to d-spacing distances (d100) of 21.97 Å, 22.70 Å, 22.05 Å, 22.93 Å, respectively. 

Based on the full width at half maximum (fwhm) values of the (100) peaks, average crystallite 
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sizes of 5.90 – 6.15 nm were estimated for all four films.(Table S2.5) We observed that 

selenophene substitution slightly decreased crystallinity of the neat films, regardless of  

substitution positions. Overall, PBDB-S and PBDBS-S showed larger lamellar packing distances 

than PBDB-T and PBDBS-T, suggesting that selenophene substitution in the side chain position 

led to larger lamellar packing distances, whereas selenophene substitution in the backbone position 

did not significantly affect the lamellar packing distances. Therefore, we conclude that both the π-

π stacking distances and the lamellar packing distances of these polymers were governed by the 

quasi-2D donor moieties, specifically, BDTT and BDTS. In a polymer structure like PBDB-T, 

substituting thiophene with selenophene in the side chain positions would result in larger π-π 

stacking distances as well as larger lamellar packing distances. These findings are the opposite 

from previous reports75-76 showing that selenophene substitution often resulted in closer lamellar 

packing and closer π-π distances.  

The 2D diffraction pattern and 1D line-cut profiles of Y6 neat film processed from 

chlorobenzene are included in Supporting Information. (Figure S2.10) The multiple ring-shaped 

diffractions suggested that Y6 adopted random orientations, consistent with literature report.89 The 

2D diffraction pattern and 1D line-cut profiles for the blend films of polymer:Y6 are shown in 

Figure 2.5. All four blends showed significant (010) π-π diffractions in the OOP directions 

together with intense (100) lamellar peaks in the IP directions, suggesting dominantly face-on 

orientation. Estimated from the (100) lamellar peaks, relatively longer crystalline coherence 

lengths were observed for PBDB-T:Y6 (Lc =  8.05 nm) and PBDB-S:Y6 (Lc =  8.40 nm), compared 

to PBDBS-T:Y6 (Lc =  7.10 nm)and PBDBS-S:Y6 (Lc =  7.22 nm), which contribute to the better 

photovoltaic performance. (Table S2.5) The higher crystallinity of PBDB-S:Y6 than PBDB-T:Y6 

is consistent with the higher hole and electron mobilities estimated from SCLC measurements.  
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The cross comparisons among the four blends indicate that selenophene substitution in the side 

chain positions slightly increased crystallinity in the blend films (PBDB-T:Y6 vs PBDB-S:Y6, 

PBDBS-T:Y6 vs PBDBS-S:Y6), whereas selenophene substitution in the backbone positions 

decreased crystallinity (PBDB-T:Y6 vs PBDBS-T:Y6, PBDB-S:Y6 vs PBDBS-S:Y6).  

 

 

Figure 2.4. 2D GIWAXS diffraction patterns for the neat films of (a) PBDB-T, (b) PBDB-S, (c) 

PBDBS-T, and (d) PBDBS-S and the corresponding 1D line-cut profiles for (e) in-plane (IP) and 

(f) out-of-plane (OOP) directions. 
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Figure 2.5. 2D GIWAXS diffraction patterns for the blend films of (a) PBDB-T:Y6, (b) PBDB-

S:Y6, (c) PBDBS-T:Y6, and (d) PBDBS-S:Y6 and the corresponding 1D line-cut profiles for (e) 

in-plane (IP) and (f) out-of-plane (OOP) directions. 
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2.4 CONCLUSIONS 

In summary, based on the known donor polymer, PBDB-T, we developed three new 

selenophene-containing donor polymers, PBDB-S, PBDBS-T and PBDBS-S, where the original 

thiophene units in various side chain and backbone positions were substituted with selenophene 

units. We found that selenophene substitution in the side chain positions had minimal impact on 

the electronic structures of the polymers, but slightly enhanced the optical absorption coefficient. 

On the other hand, selenophene substitution in the backbone positions led to red-shifted the optical 

absorption by ~40 nm, reducing the optical bandgaps from 1.83 – 1.85 eV to 1.72 – 1.74 eV. 

Estimated from the oxidative cyclic voltammograms, selenophene substitution in the backbone 

positions raised the HOMO energy levels by ~0.1 eV. Photovoltaic devices based on PBDB-T:Y6 

and PBDB-S:Y6 blends demonstrated high PCE of 8.59% and 10.41%, respectively. The PBDB-

S:Y6 blend showed enhanced Jsc and FF, as well as superior hole and electron mobilities compared 

to PBDB-T:Y6 blend. The improvement in PBDB-S relative to PBDB-T was attributed to the 

enhanced light-harvesting ability and the higher crystallinity induced by selenophene substitution 

in the side chain positions. Devices based on PBDBS-T:Y6 and PBDBS-S:Y6 blends, however, 

showed relatively lower PCE of 6.28% and 5.32%, respectively. This is largely due to the low 

solubility and poor solution-processibility of PBDBS-T and PBDBS-S. Single crystal analysis of 

the monomers DTBDD and DSBDD revealed that strong Se∙∙∙O intramolecular interactions 

enabled “conformation lock” in addition to enhanced intermolecular π-π interactions, thus explains 

the poor solubility of PBDBS-T and PBDBS-S. This work demonstrated different intermolecular 

and intramolecular interactions resulted from selenophene substitution at various positions of a 

polymer, as well as their impact on optical absorption, electronic structures, and photovoltaic 

properties. While the strategy of selenophene substitution has demonstrated potential to improve 
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the regular thiophene-based polymers in light-harvesting ability, charge transport properties and 

photovoltaic performance, it is important to additionally recognize various intramolecular and 

intermolecular interactions and the resulted issue of solubility and solution-processibility.  
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2.5 SUPPORTING INFORMATION 

X-ray Crystallography of DTBDD. A yellow needle, measuring 0.60 × 0.04 × 0.03 mm3 

was mounted on a loop with oil.  Data was collected at -173oC on a Bruker APEX II single crystal 

X-ray diffractometer, Mo-radiation.  

Crystal-to-detector distance was 40 mm and exposure time was 60 seconds per frame for 

all sets. The scan width was 0.5º. Data collection was 99.9% complete to 25  in .  A total of  

12336 merged reflections were collected covering the indices, -40 <= h <= 39, -10 <= k <=10, -

30 <= l <= 30.  6419 reflections were symmetry independent and the Rint = 0.0386 indicated that 

the data was good.  Indexing and unit cell refinement indicated a C-centered monoclinic lattice.  

The space group was found to be C 2/c  (No. 15). The data was integrated and scaled using SAINT, 

SADABS within the APEX2 software package by Bruker.90  

Solution by direct methods (SHELXS, SIR9790) produced a complete heavy atom phasing 

model consistent with the proposed structure. The structure was completed by difference Fourier 

synthesis with SHELXL97.91-93 Scattering factors are from Waasmair and Kirfel.94 Hydrogen 

atoms were placed in geometrically idealized positions and constrained to ride on their parent 

atoms with C---H distances in the range 0.95-1.00 Angstrom. Isotropic thermal parameters Ueq 

were fixed such that they were 1.2Ueq of their parent atom Ueq for CH's and 1.5Ueq of their parent 

atom Ueq in case of methyl groups. All non-hydrogen atoms were refined anisotropically by full-

matrix least-squares. Data were summaried in Table S2.3.  
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X-ray Crystallography of DSBDD.  An orange needle, measuring 0.60 × 0.04 × 0.03 mm3 

was mounted on a loop with oil.  Data was collected at -173oC on a Bruker APEX II single crystal 

X-ray diffractometer, Mo-radiation.  

Crystal-to-detector distance was 40 mm and exposure time was 60 seconds per frame for 

all sets.  The scan width was 0.5º.   Data collection was 99.9% complete to 25º  in .  A total of  

30570 reflections were collected covering the indices, -42 <= h <= 42, -11<= k <= 11, -32 <= l <= 

2.  7957 reflections were symmetry independent and the Rint = 0.0732 indicated that the data was 

of average quality.  Indexing and unit cell refinement indicated a C-centered monoclinic lattice.  

The space group was found to be C 2/c  (No. 15). The data was integrated and scaled using SAINT, 

SADABS within the APEX2 software package by Bruker.90   

Solution by direct methods (SHELXS, SIR9790) produced a complete heavy atom phasing 

model consistent with the proposed structure. The structure was completed by difference Fourier 

synthesis with SHELXL97.91-93 Scattering factors are from Waasmair and Kirfel.94 Hydrogen 

atoms were placed in geometrically idealised positions and constrained to ride on their parent 

atoms with C---H distances in the range 0.95-1.00 Angstrom. Isotropic thermal parameters Ueq 

were fixed such that they were 1.2Ueq of their parent atom Ueq for CH's and 1.5Ueq of their parent 

atom Ueq in case of methyl groups. All non-hydrogen atoms were refined anisotropically by full-

matrix least-squares. Data were summaried in Table S2.4.  
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Figure S2.6. TGA traces of PBDB-T, PBDB-S, PBDBS-T, and PBDBS-S. 

 
 
 
 
 
 

 
 

Figure S2.7. DSC traces of PBDB-S, PBDBS-T, and PBDBS-S. 
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Table S2.3. Crystallographic Data for DTBDD. 

 
Empirical formula  C34 H40 O2 S4 

Formula weight  608.90 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C 2/c 

Unit cell dimensions a = 32.024(3) Å = 90°. 

 b = 8.1136(6) Å = 100.946(4)°. 

 c = 24.3611(19) Å  = 90°. 

Volume 6214.5(8) Å3 

Z 8 

Density (calculated) 1.302 Mg/m3 

Absorption coefficient 0.336 mm-1 

F(000) 2592 

Crystal size 0.600 x 0.040 x 0.030 mm3 

Theta range for data collection 1.703 to 26.521°. 

Index ranges -40<=h<=39, -10<=k<=10, -30<=l<=30 

Reflections collected 12336 

Independent reflections 6419 [R(int) = 0.0386] 

Completeness to theta = 25.000° 99.9 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6419 / 127 / 442 

Goodness-of-fit on F2 1.002 

Final R indices [I>2sigma(I)] R1 = 0.0740, wR2 = 0.2037 

R indices (all data) R1 = 0.1265, wR2 = 0.2472 

Largest diff. peak and hole 0.698 and -0.598 e.Å-3 
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Table S2.4. Crystallographic Data for DSBDD. 

 
Empirical formula  C34 H40 O2 S2 Se2 

Formula weight  702.70 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C 2/c 

Unit cell dimensions a = 32.179(5) Å = 90°. 

 b = 8.2195(13) Å = 102.199(9)°. 

 c = 24.520(4) Å  = 90°. 

Volume 6338.9(18) Å3 

Z 8 

Density (calculated) 1.473 Mg/m3 

Absorption coefficient 2.494 mm-1 

F(000) 2880 

Crystal size 0.600 x 0.040 x 0.030 mm3 

Theta range for data collection 1.907 to 28.470°. 

Index ranges -42<=h<=42, -11<=k<=11, -32<=l<=32 

Reflections collected 30570 

Independent reflections 7957 [R(int) = 0.0732] 

Completeness to theta = 25.000° 99.8 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7957 / 109 / 426 

Goodness-of-fit on F2 1.004 

Final R indices [I>2sigma(I)] R1 = 0.0500, wR2 = 0.1183 

R indices (all data) R1 = 0.0989, wR2 = 0.1408 

Largest diff. peak and hole 1.035 and -0.661 e.Å-3 
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Figure S2.8. Crystal packing of (a) DTBDD and (b) DSBDD.  
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Figure S2.9. Optimized geometries of (a) DTBDD, (b) DSBDD, (c) BDT-T, and (d) BDT-S by 

DFT calculation with B3LYP/6-31G(d,p) basis set. Alkyl chains were replaced with methyl groups 

for simplification. Torsional angles () were measured from the calculated mean planes of adjacent 

ring structures.   
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Table S2.5. 2D GIWAXS Peak Positions and Estimated Crystalline Coherence Length for the 

Neat films of Donor Polymers and the Blend Films of Polymer:Y6. 

Film 
Composition 

In-Plane (IP) Out-of-Plane (OOP) 

qxy 
(Å-1) 

d-
spacing 

(Å) 

Lc 
(nm) 

qxy 
(Å-1) 

d-
spacing 

(Å) 

qz 
(Å-1) 

d-
spacing 

(Å) 

qz 
(Å-1) 

d-
spacing 

(Å) 

Lc 
(nm) 

PBDB-T 0.286 21.97 6.14 0.650 9.67 0.332 18.93 1.683 3.73 1.45 

PBDB-S 0.277 22.70 6.02 0.644 9.76 0.332 18.93 1.672 3.76 1.37 

PBDBS-T 0.285 22.05 6.30 0.644 9.76 N/A N/A 1.682 3.74 1.50 

PBDBS-S 0.274 22.93 5.90 0.632 9.95 0.326 19.28 1.671 3.76 1.40 

PBDB-T:Y6 0.280 22.44 8.05 0.393 16.00 Broad N/A 1.745 3.60 2.53 

PBDB-S:Y6 0.277 22.70 8.40 Shoulder N/A Broad N/A 1.767 3.56 2.28 

PBDBS-T:Y6 0.282 22.28 7.10 Shoulder N/A 0.308 20.43 1.728 3.64 2.13 

PBDBS-S:Y6 0.277 22.70 7.22 Shoulder N/A broad N/A 1.773 3.54 2.16 

 
 
 
 

 
 

 

Figure S2.10. 2D GIWAXS diffraction patterns of Y6 neat film and the corresponding 1D line-

cut profiles in the in-plane (IP) and out-of-plane (OOP) directions.  
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Figure S2.11. 1H NMR (300 MHz, CDCl3) spectrum of BDTS.  
 
 

 
 
Figure S2.12. 13C NMR (125 MHz, CDCl3) spectrum of BDTS.  
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Figure S2.13. 1H NMR (300 MHz, CDCl3) spectrum of compound 6.  

 
 

 
 
Figure S2.14. 13C NMR (125 MHz, CDCl3) spectrum of compound 6.  

 
 



55 
 
 

 
 
Figure S2.15. 1H NMR (300 MHz, CDCl3) spectrum of compound 12.  

 
 

 
 
Figure S2.16. 1H NMR (300 MHz, CDCl3) spectrum of DSBDD.  
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Figure S2.17. 13C NMR (125 MHz, CDCl3) spectrum of DSBDD.  

 
 

 
 
Figure S2.18. 1H NMR (300 MHz, CDCl3) spectrum of compound 14.  
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Figure S2.19. 13C NMR (125 MHz, CDCl3) spectrum of compound 14. 
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Chapter 3. COMPARATIVE STUDY OF SELENOPHENE- AND 

THIOPHENE-CONTAINING NAPHTHALENE 

DIIMIDE-BASED N-TYPE POLYMERS FOR 

HIGH PERFORMANCE ALL-POLYMER SOLAR 

CELLS 

This chapter is reproduced with permission from: Ding, X.; Tran, D. K.; Kuzuhara, D.; 

Koganezawa, T.; Jenekhe, S. A. “Comparative Study of Selenophene- and Thiophene-Containing 

n-Type Semiconducting Polymers for High Performance All-Polymer Solar Cells.” ACS Appl. 

Polym. Mater. 2020, 3, 49-59. Copyright 2020 American Chemical Society. 

http://pubs.acs.org/articlesonrequest/AOR-JD66EUM49Q6MDFBW7XRA 

3.1 INTRODUCTION 

All-polymer solar cells (all-PSCs)19, 23-25, 35-50 are typically composed of a binary blend of 

two different conjugated polymers, one that functions as a p-type semiconductor and the other that 

functions as an n-type semiconductor. As a special class of organic photovoltaics, all-PSCs have 

many unique advantages including their excellent mechanical properties, their rugged thermo-

mechanical stability, the great potential for their integration into buildings, textiles, and other 

structures, scalable and cost-effective manufacturing of the devices, and the facile tunability of the 

properties of polymeric materials.19, 35-38, 95-96 Although progress in increasing the power 

conversion efficiency (PCE) of all-PSCs was relatively slow for a long time compared to 

polymer/fullerene devices,65 the last 7 years has seen rapid advances largely due to the emergence 

of new generations of n-type semiconducting polymers.19, 35-38 Indeed, the efficiency of all-PSCs 
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has climbed from below 2%38-39 in 2012 to 8%24, 97 in 2015 and to over 10-14% recently.40, 44, 47-50, 

98   

The new generations of both p-type and n-type semiconducting polymers that have enabled 

advances in the performance of polymer solar cells, including all-PSCs, in the last two decades 

have emerged from a powerful macromolecular design strategy – the so-called “donor-acceptor 

architecture”99 – whereby the conjugated copolymer repeat unit is composed of alternating 

electron-donating (D) and electron-accepting (A) moieties of varying complexities and 

permutations.100-102 The modular nature of such D-A conjugated copolymers has enabled the facile 

tuning of the electronic band structure, light-harvesting properties, and charge transport properties 

of the materials. A general feature of all D-A copolymers is that they exhibit an intramolecular 

charge transfer (ICT) band, in their optical absorption spectra, whose strength and spectral range 

depend on the strength of the ICT interaction.99-100 The relative strengths of the electron-deficient 

moiety A and electron-donating moiety D incorporated into the D-A conjugated copolymer 

determine the electronic band structure, including the electron affinity and ionization energy or 

HOMO/LUMO energy levels, and thus whether the material will be primarily a p-type or n-type 

semiconductor or even an ambipolar semiconductor.103-104 Numerous p-type semiconducting 

polymers with D-A architectures that have high bulk hole mobility and suitable HOMO energy 

level (< -5.0 eV) have been initially developed for applications in polymer/fullerene solar cells.65 

Although lagging behind their p-type counterparts, many n-type semiconducting polymers with 

D-A architectures that have high bulk electron mobility and suitable LUMO energy level (< -3.4 

eV) have similarly been developed and these have enabled advances in all-PSCs. 19, 23-25, 35-50, 105-

106  
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Arylene diimides,21 including naphthalene diimide (NDI),22-25 perylene diimide (PDI),23 

tetraazabenzodifluoranthene diimide (BFI),26-28 naphthodithiophenediimide (NDTI),29-31 and 

bithiophene diimide (BTI),32-34 are the most widely investigated electron-deficient building blocks 

“A” in the design of n-type semiconducting copolymers with D-A architectures for applications in 

all-PSCs.19, 23-25, 35-50  Currently, NDI-based D-A copolymers have been the most widely studied 

and successful class of n-type semiconducting (or acceptor) polymers for all-PSCs due to their 

combination of large electron affinity, high electron mobility, and excellent self-assembly and 

semi-crystalline properties.21, 107 Although early studies of NDI-based D-A copolymers focused 

on understanding the effects of the choice of various donor moieties on the HOMO/LUMO energy 

levels, the tendency towards unipolar or ambipolar charge transport, and carrier mobility,103, 108-109 

recent applications in all-PSCs have largely focused on bithiophene-NDI, biselenophene-NDI, and 

related random copolymers, which have enabled solar cell efficiencies above 9-10%.25, 46, 98, 110 

Here, our primary goal is to explore the effects of the donor moiety substitution on the intrinsic 

and photovoltaic blend properties of n-type semiconducting polymers with the simplest possible 

donor-acceptor (D-A) macromolecular structure based on the NDI acceptor moiety, i.e. (-D-NDI-

), where the donor moiety “D” is a simple unicyclic ring such as thiophene or selenophene. For 

example, the nature and strength of the ICT interaction, intermolecular interactions, the molecular 

packing and electronic properties of (-D-NDI-) type polymers can be expected to be very different 

compared to those with (-D-D-NDI-) structure.25, 108 Hence, relative to the more widely studied 

but more complex (-D-D-NDI-) architectures such as bithiophene-NDI and biselenophene-NDI,25, 

108 we expect a comparative study of (-D-NDI-) type structures to provide new insights for the 

design and application of semiconducting polymers with D-A architectures.  
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Figure 3.1. (a) Molecular structures, (b) thin-film optical absorption spectra, and (c) 

HOMO/LUMO energy levels of acceptor polymers PNDIT-hd and PNDIS-hd and donor polymer 

PBDB-T. 

 
 

In this chapter, I will present a comparative study of alternating naphthalene diimide-

thiophene copolymer (PNDIT-hd) and naphthalene diimide-selenophene copolymer (PNDIS-hd) 

as model (-D-NDI-) type D-A copolymer acceptors, whose molecular structures are shown in 

Figure 3.1, in all-PSCs. The backbone substitution of selenophene for thiophene in going from 

PNDIT-hd to PNDIS-hd was found to have minimal impact on the HOMO/LUMO energy levels 

of the n-type semiconducting copolymers. However, the thin-film optical absorption spectrum of 

PNDIS-hd was slightly red-shifted, resulting in a 0.07 eV decrease of optical bandgap relative to 
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PNDIT-hd.  Binary blends of PNDIT-hd and PNDIS-hd respectively with the wide-bandgap donor 

polymer PBDB-T59-60 (Figure 3.1), produced all-PSCs in which the selenophene-containing 

acceptor polymer has significantly improved photocurrent and overall photovoltaic power 

conversion efficiency. PNDIT-hd:PBDB-T based all-PSCs could thus achieve a PCE of  6.7% (Jsc 

= 12.18 mA/cm2, FF = 0.66) whereas the corresponding PNDIS-hd:PBDB-T devices showed a 

higher PCE of 8.4% (Jsc = 14.50 mA/cm2, FF = 0.71). The observed enhanced photovoltaic 

properties of the selenophene-containing polymer PNDIS-hd are largely accounted for by the 

improved light harvesting and formation of optimal blend morphology compared to its thiophene 

counterpart, PNDIT-hd.  

3.2 EXPERIMENTAL METHODS 

Materials and Characterization. The donor polymer PBDB-T was purchased from 

Brilliant Matters Inc. (Quebec, Canada): Mn= 60 kDa, Đ = 1.9, metallic impurities content < 

0.01%. The acceptor polymers, PNDIT-hd and PNDIS-hd, were synthesized according to our 

previous report.24, 39 The molecular structures of PNDIT-hd and PNDIS-hd were confirmed by 1H 

NMR spectra (Error! Reference source not found. and Figure S3.8). The molecular weight of 

the acceptor polymers was characterized by gel-permeation chromatography (GPC) against 

polystyrene standards and eluting with chloroform at room temperature: PNDIT-hd (Mn = 10.0 

kDa, Mw = 21.0 kDa, Đ = 2.10), PNDIS-hd ( Mn = 22.1 kDa, Mw = 64.9 kDa, Đ = 2.94). 

Thermogravimetric analysis (TGA) of the polymers was conducted on a TA Instruments model 

Q50 TGA at a heating rate of 10 °C/min under a flow of N2 with scans from room temperature to 

800 °C. Differential scanning calorimetry (DSC) analysis was performed on a TA Instruments 

model Q100 DSC under N2 by scanning from 20 to 400 °C at a heating rate of 20 °C/min. Optical 



63 
 
 

absorption spectra were obtained from a PerkinElmer Lambda 900 UV-vis/near-IR 

spectrophotometer. 

The HOMO/LUMO energy levels of the polymers were determined from cyclic 

voltammetry (CV) experiments performed on an EG&G Princeton Applied Research 

potentiostat/galvanostat (model 273A). A three-electrode cell was used, using platinum (Pt) wires 

as both counter and working electrodes. Silver/silver ion (Ag in 0.01 M AgNO3 solution) was used 

as the reference electrode. The working electrode was a Pt wire coated with a polymer thin film 

dip coated from each polymer solution in chlorobenzene (PNDIT-hd, PNDIS-hd, and PBDB-T). 

All the CV measurements were carried out in 0.1 M tetrabutylammonium hexafluorophosphate 

(Bu4NPF6) solution in acetonitrile at a scan rate of 50 mV/s. The reduction and oxidation potentials 

were referenced to the ferrocene-ferrocenium (Fc/Fc+) couple by using ferrocene as an internal 

standard; to derive the HOMO/LUMO energy levels from the redox potentials, HOMO energy 

level of ferrocene is taken to be at -4.8 eV relative to the vacuum level. The Fc/Fc+ couple was 

found at 0.09 V in our experiments. Thus, the LUMO and HOMO energy levels of the 

semiconducting polymers investigated were determined by using following relationships: ELUMO 

= -(Ered
onset

 + 4.71) eV and EHOMO = -(Eox
onset+4.71) eV, respectively.  

Solar Cell Fabrication and Testing. The inverted all-PSC device structure fabricated and 

evaluated was: ITO/ZnO/PEI/blend active layer/ MoO3(0.5 nm)/Ag(100 nm), where PEI or 

polyethylenimine is a cathode buffer layer.79 The ITO glass substrates were sequentially sonicated 

in acetone, deionized (DI) water and isopropanol for 20 min each and then plasma cleaned for 10 

min. The ZnO layer (~30 nm) was spin-coated from the precursor solution (0.5 g of zinc acetate 

dihydrate, 0.14 g of ethanolamine and 5 mL of 2-methoxyethanol) and baked at 250 ºC for 30 min 

in open air. Solution of PEI (Mw = 25k, Aldrich 408727) in 2-methoxyethanol (0.05 wt%) was then 
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spin-coated onto the ZnO layer and dried at 120 ºC for additional 10 min. The resulting substrates 

were then stored in an argon-filled glovebox for deposition of active layers. 

 The active layer blend solution was prepared by mixing a chlorobenzene solution of the 

donor polymer PBDB-T (10 mg/mL) respectively with a chlorobenzene solution of PNDIT-hd (25 

mg/mL) or PNDIS-hd (20 mg/mL); various solution volumes of the component polymers were 

mixed in the right proportions to afford the desired blend film compositions. In cases where a 

diphenyl ether (DPE) processing additive was used, the chlorobenzene:DPE (v/v %) mixed solvent 

was achieved by adding the DPE to a prepared blend solution. The blend solutions were stirred 

overnight with low heating to achieve a homogeneous mixture. Each blend solution was then spin-

coated onto the cleaned substrate and annealed on a hot plate for 10 min to afford dried thin films 

with a thickness of 95 ± 5 nm. Finally, the MoO3 layer and Ag electrode were deposited within a 

thermal evaporator. Defined active area of 0.0314 cm2 was achieved for individual devices through 

a shadow mask. The photovoltaic cells were tested under AM 1.5G solar illumination at 100 

mW/cm2 in ambient air using a Solar Simulator (model 16S, Solar Light Co., Philadelphia, PA) 

with a 200W Xenon Lamp Power Supply (Model XPS 200, Solar Light Co., Philadelphia, PA) 

calibrated by NREL certified Si photodiode (Model 1787–04, Hamamatsu Photonics K.K., Japan) 

and a HP4155A semiconductor parameter analyzer (Yokogawa Hewlett-Packard, Japan). After the 

J–V measurement, the EQE was measured by using a solar cell quantum efficiency measurement 

system (Model QEX10, PV Measurements, Inc., Boulder, CO) with a 2 mm2 (2 × 1 mm) size 

masked incident light source and TF Mini Super measurement apparatus for multiple devices in a 

single substrate.  

SCLC Device Fabrication and Testing. The space charge limited current (SCLC)80 

devices fabricated and evaluated had the structures: ITO/PEDOT:PSS/blend/MoO3 (7.5 
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nm)/Ag(100 nm) (hole-only), where poly(3,4‐

ethylenedioxythiophene):poly(styrenesulfonate)  (PEDOT:PSS) is a hole injection layer; and 

ITO/ZnO/PEI/blend/LiF(1 nm)/Al(100 nm) (electron-only). The blend active layers in these SCLC 

devices had the same composition as the corresponding photovoltaic devices. Current-voltage (J-

V) characteristics of the SCLC devices were plotted as J0.5 versus V and fitted by using the 

following formula: J = 9 ε0 εr μV2/8d3, where J is the current density, ε0 is the permittivity of free 

space, εr is the relative dielectric constant of the transport medium, μ is the carrier mobility, V is 

the applied voltage, d is the thickness of blend active layer.  

Atomic Force Microscopy (AFM) Imaging. The surfaces of the actual all-polymer solar 

cell devices were imaged by using the atomic force microscope (Model: Bruker Dimension ICON).  

2D GIXD Measurements. Two-dimensional (2D) grazing incidence X-ray scattering 

(GIXD) experiments were conducted at the Japan Synchrotron Radiation Facility SPring-8 by 

using the beamline BL46XU. The thin-film samples investigated were prepared in the same 

manner as the corresponding photovoltaic devices on ZnO-coated ITO substrates, without the 

thermal deposition of top MO3/Ag electrodes. The X-ray beam was monochromatized by a double-

crystal Si(111) monochromator, and the X-ray energy in this experiment was 12.40 keV (λ = 0.1 

nm). The angle of incident X-ray to sample surface was 0.12° with a Huber diffractometer. The 

scattered profile from the film sample was detected using an area detector (PILATUS 300K) for 5 

s at room temperature, and the distance between the sample and detector was 174.4 mm. The 

crystal coherence length (Lc) of samples was determined by using the Scherrer equation: Lc = 

2πK/Δq, where K is a shape factor (typically 0.89) and Δq is the full width at half-maximum 

(FWHM) of the diffraction peak. Here, the Lc(100) was obtained from the FWHM of the (100) 

diffraction peak in the-plane (qxy) line cut.  
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3.3 RESULTS AND DISCUSSION 

3.3.1 Synthesis and Characterization of Acceptor Polymers.  

The acceptor polymers, PNDIT-hd and PNDIS-hd, were synthesized by using Stille 

copolymerization approach according to the procedures of previous reports.24, 39 The molecular 

structures of both polymers were confirmed by 1H NMR spectra. The polymers are readily soluble 

in common organic solvents such as chloroform (CF) and chlorobenzene (CB). The molecular 

weight of the polymers was determined by gel-permeation chromatography (GPC) eluting with 

chloroform at room temperature. The number-average molecular weight (Mn) of PNDIT-hd and 

PNDIS-hd was 10.0 and 22.1 kDa, with dispersity (Đ) of 2.10 and 2.94, respectively. (Table 3.1) 

The Mn values of both PNDIT-hd and PNDIS-hd were within the low range of polymer molecular 

weight (< 30 kDa), therefore were not considered to be impactful factors on their photovoltaic 

performance.111-112 Thermogravimetric analysis (TGA) showed that the decomposition 

temperature (5% weight loss) is 442 ºC for PNDIT-hd and 401 ºC for PNDIS-hd (Figure S3.9a), 

indicating excellent thermal stability of both acceptor polymers. Differential scanning calorimetry 

(DSC) scans showed that PNDIS-hd has broad melting peaks at 315 and 335 ºC and a broad 

recrystallization peak over the range of 320-290 ºC in the cooling scan (Figure S3.9b). In contrast, 

PNDIT-hd showed melting transition peak in the 260-270 ºC range and a relatively sharp 

recrystallization peak at 246 ºC. The significantly higher melt transition temperature of the 

selenophene-containing PNDIS-hd implies stronger intermolecular interactions due to Se-Se 

interactions,107, 113 given that both polymers (PNDIS-hd and PNDIT-hd) are otherwise similar in 

molecular structure.   
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Table 3.1. Molecular Weight, Optical Properties, and Energy Levels of the Acceptor Polymers 
 

Polymer 
Mn 

[kDa] 
Đ 

λmax
a

 

[nm] 
λmax

b
 

[nm] 
λonset

b 
[nm] 

Eg
opt 

[eV] 
Eox 

[eV] 
Ered 

[eV] 
EHOMO 

[eV] 
ELUMO 

[eV] 
PNDIT-

hd 
10.0 2.10 

325, 
543 

338, 
605 

702 1.77 1.25 
-

0.86 
-5.96 -3.85 

PNDIS-
hd 

22.1 2.94 
341, 

567 
347, 

608 
731 1.70 1.24 

-
0.84 

-5.95 -3.87 

aSolution. bThin-film. cEg
opt = 1240/λonset.  

 

The thin-film optical absorption spectra of the acceptor polymers, PNDIT-hd and PNDIS-

hd, are shown in Figure 3.1b while those in dilute (10-6 M) chlorobenzene solutions are shown in 

Figure S3.10. The absorption spectra are similar to previous reports,39, 114 with both PNDIT-hd and 

PNDIS-hd showing two characteristic absorption peaks, one centered at 320-350 nm attributed to 

the π-π* transition and the other at 540-610 nm due to intramolecular charge transfer (ICT).99-100 

In both dilute solution and thin film, PNDIS-hd exhibits a broader absorption band than PNDIT-

hd in agreement with previous reports39, 114 that showed that selenophene substitution for thiophene 

ring can slightly enhance light-harvesting. The bandgap (Eg) derived from the thin-film optical 

absorption edge was 1.77 eV for PNDIT-hd and 1.70 eV for PNDIS-hd. (Table 3.1) 

The HOMO/LUMO energy levels of the acceptor polymers were determined from cyclic 

voltammetry (CV) experiments (Figure S3.11) and relevant data are listed in Table 3.1. The 

HOMO/LUMO values observed, -5.96/-3.85 eV for PNDIT-hd and -5.95/-3.87 eV for PNDIS-hd, 

are essentially identical, which suggests that selenophene substitution for thiophene in the NDI-

arylene copolymer backbone does not significantly modify the electronic structure. We note that 

this result is very different from comparison between NDI-arylene copolymers containing 

biselenophene and bithiophene, where large differences in electronic structure, optical bandgap 
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and electron mobility were observed due to enhanced intramolecular charge transfer effects in 

favor of the NDI-biselenophene copolymer.25, 108 

The thin-film absorption spectrum and the HOMO/LUMO energy levels for the donor 

polymer PBDB-T are also shown in Figure 3.1. Although the optical bandgap (Eg
opt) of PBDB-T 

(~1.8 eV)59-60 is slightly larger than those of the acceptor polymers, there is a large spectral overlap 

between PBDB-T and both acceptor polymers (Figure 3.1b).  The lack of complimentary 

absorption among PBDB-T and PNDIT-hd or PNDIS-hd means that their binary blends are not 

ideal for the broader coverage of solar light harvesting.  Furthermore, the absorption coefficient of 

PBDB-T (1.78×105 cm-1) is much higher than that of either PNDIT-hd (0.58×105 cm-1) and 

PNDIS-hd (0.5×105 cm-1). The HOMO/LUMO energy levels for PBDB-T are -5.33/-2.92 eV.60 

Thus, the offset of the HOMO levels (ΔHOMO) in the PBDB-T:PNDIT-hd  and  PBDB-T:PNDIS-

hd binary blends is 0.93-0.95 eV, and the offset of the LUMO levels (ΔLUMO) is 0.62-0.63 eV 

(Figure 3.1c), ensuring sufficiently large driving forces for efficient electron and hole transfer 

processes and overall charge separation.115     

 
 

Table 3.2. Summary of Photovoltaic Properties of PNDIT-hd:PBDB-T and PNDIS-hd:PBDB-T 

Blends 

Blend DPE 
Jsc 

(mA/cm2) 
Voc 
(V) 

FF PCEmax (PCEavg
c) (%) EQEmax(%) 

Int Jsc 
(mA/cm2) 

PNDIT-hda - 11.45 0.83 0.68 6.52 (6.35±0.14) 70.0 11.16 

PNDIT-hda 1% 12.18 0.83 0.66 6.74 (6.46±0.14) 72.9 11.57 

PNDIS-hdb - 14.29 0.82 0.68 8.01 (7.72±0.26) 83.2 13.71 

PNDIS-hdb 0.5% 14.50 0.82 0.71 8.36 (8.05±0.19) 85.7 14.22 

 a Annealed at 155 °C for 10 min. b Annealed at 135 °C for 10 min. c Average of over 10 devices.   
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3.3.2 Photovoltaic Properties.  

We fabricated and evaluated all-polymer solar cells (all-PSCs) with an inverted device 

structure: ITO/ZnO(PEI)/blend/MoO3 (0.5 nm)/Ag (100 nm) as depicted in Figure 1a. The blend 

composition in terms of the donor:acceptor  (D:A) ratio and the active layer processing conditions, 

including the concentration of any processing additive, film thickness, annealing temperature and 

duration of annealing, were varied and optimized to achieve the best performance for each blend 

system (Table S3.5, Table S3.6, Table S3.7)The optimal D:A ratio was found to be 1:1.25 for 

both PBDB-T:PNDIT-hd and PBDB-T:PNDIS-hd bends. The optimal annealing temperatures 

were 155 °C for PBDB-T:PNDIT-hd and 135 °C for PBDB-T:PNDIS-hd and the optimal 

thicknesses were found to be 90-100 nm. The photovoltaic device parameters of the optimized all-

PSCs under different processing conditions are summarized in Table 3.2. The optimized PNDIT-

hd:PBDB-T all-PSCs, fabricated without using any processing additive, achieved a maximum PCE 

of 6.52% with Jsc = 11.45 mA/cm2, Voc = 0.83 V and a high FF of 0.68. The similarly fabricated 

PNDIS-hd:PBDB-T blend all-PSCs afforded a much higher efficiency of 8.01% PCE with Jsc = 

14.29 mA/cm2, Voc = 0.82 V an equally high  FF of 0.68. The similarity of the Voc of both PNDIS-

hd and PNDIT-hd all-PSCs is in excellent agreement with their identical electronic structures or 

HOMO/LUMO energy levels. It is clear that the primary effect of the selenophene substitution on 

the photovoltaic properties is the substantial enhancement in photocurrent and thus efficiency of 

PNDIS-hd blends, since both the photovoltage and fill factor are identical in both PNDIT-hd and 

PNDIS-hd blend devices. The origin of the large difference in photocurrent is not obvious given 

that both PNDIT-hd and PNDIS-hd have very similar optical absorption bands and thus light-

harvesting properties; we will seek to elucidate the origin of this difference through studies of 

blend photophysics, blend morphology, and charge transport in active layers as discussed below. 
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Figure 3.2. Current density-voltage (J-V) curves (a) and external quantum efficiency (EQE) 

profiles (b) for PNDIT-hd:PBDB-T and PNDIS-hd:PBDB-T all-PSCs fabricated without and with 

DPE processing additive.   
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The addition of an optimal amount of a processing additive, diphenyl ether (DPE), during 

the solution processing of the active layers in the all-PSCs was explored as a way to further 

improve the performance of each binary blend system. The current density -voltage (J-V) curves 

of PBDB-T:PNDIT-hd and PBDB-T:PNDIS-hd all-PSCs fabricated by means of a DPE-

processing additive are presented in Figure 3.2a and the photovoltaic parameters are summarized 

in Table 3.2.PNDIT-hd: PBDB-T blends processed with an optimum 1% (v/v) DPE additive 

showed the best PCE of 6.74% with a Jsc = 12.18 mA/cm2, Voc = 0.83 V and FF = 0.66. Compared 

to the corresponding PNDIT-hd: PBDB-T blends processed without an additive, there is only a 

marginal improvement in performance due to a small increase in Jsc, a small decrease in FF and a 

constant Voc. We found that the addition of an optimum 0.5%(v/v) DPE processing additive during 

the fabrication of PNDIS-hd:PBDB-T all-PSCs similarly resulted in only marginal improvement 

in efficiency to 8.36% PCE with Jsc = 14.50 mA/cm2, Voc = 0.82 V and FF = 0.71 relative to devices 

processed without an additive. Here too, the photovoltage was unchanged but small increases in 

Jsc and fill factor account for the observed increase in overall efficiency. Overall, these results 

clearly show that all-PSCs based on blends of the selenophene-containing acceptor PNDIS-hd are 

far superior to those based on similar blends of the thiophene-containing acceptor polymer PNDIT-

hd, with or without the use of a processing additive in the fabrication of the active layers.  

Figure 3.2b shows the external quantum efficiency (EQE) spectra corresponding to the 

optimal all-PSCs devices whose current density-voltage (J-V) curves are plotted in Figure 3.2a. 

The photoresponse of the PNDIT-hd:PBDB-T blends turns on at ~ 740 nm and extends to 300 nm, 

showing a narrow EQE peak of 70-73% at 560-580 nm. The EQE value drops significantly to only 

~ 40% in the 350-450 nm range. The EQE spectra of the PNDIS-hd:PBDB-T blend devices are 

slightly broader than those of PNDIT-hd:PBDB-T blend devices, turning on  at ~750 nm. Notably, 
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the EQE of the PNDIS-hd based all-PSCs have maximum values (EQEmax) that is significantly 

higher at 83-86 %, with or without the use of a DPE processing additive.  The much higher EQE 

values exhibited by the PNDIS-hd:PBDB-T blend devices at all wavelengths compared to the 

PNDIT-hd:PBDB-T blend devices, clearly suggest far more efficient charge generation, 

dissociation, and collection in the selenophene-containing blend system. We note that the 

integrated EQE spectra gave calculated Jsc values within experimental errors (< 2-5%) of those 

obtained directly from the current density-voltage (J-V) curves.  

We highlight the quite high fill factors observed in the present PNDIT-hd and PNDIS-hd 

based all-PSCs since low fill factor (FF) has long been considered a major drawback of all-PSCs 

and this has been hypothesized to be largely due to non-optimal blend morphology and associated 

effects on poor charge generation or transport. For example, only a small number of all-PSCs have 

been reported with fill factors  of 0.70 or higher,97, 110, 116-121  and most of those high FF devices 

have been achieved via terpolymer116, 119, 121 or ternary blend116-117, 119-120 strategies, and largely 

involved the well-studied acceptor polymer, N2200. In the present PNDIT-hd:PBDB-T and 

PNDIS-hd:PBDB-T all-PSC devices, FF values of 0.66-0.68 were obtained without the use of a 

processing additive in fabricating the active layers; the FF values of the all-PSCs reach 0.68-0.71 

by using a DPE processing additive.  These fill factor values are the highest observed to date for 

all-PSCs based on either PNDIT-hd114, 122-124 or PNDIS-hd24, 39, 114, 123, 125-128 as the acceptor 

polymer. The present high fill factors achieved for PNDIT-hd:PBDB-T and PNDIS-hd:PBDB-T 

all-PSC devices demonstrate that FF is not determined solely by either the acceptor or the donor 

component, but rather by a suitable combination of both, leading to an optimal blend morphology 

and associated blend photophysics and charge transport and collection.  

 



73 
 
 

 

 

Figure 3.3. Jph-V curves (a), Jsc versus light intensity (b), and Voc versus light intensity (c) for 

optimized PNDIT-hd:PBDB-T and PNDIS-hd:PBDB-T blend films processed without and with 

DPE additive.  
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3.3.3 Exciton Dissociation and Charge Collection.  

We measured the photocurrent density (Jph) versus the effective voltage (Veff) in order to 

evaluate the extent of exciton dissociation and charge collection129-130 in the present PNDIT-

hd:PBDB-T and PNDIS-hd:PBDB-T all-PSCs. Figure 3.3a shows a plot of Jph = JL- JD, where JL 

and JD stand for current densities under illumination and in the dark, respectively, versus Veff = Vbi 

– Vappl, where Vbi is the built-in voltage at Jph = 0, and the Vappl is the applied voltage. It is seen that 

the Jph reaches a plateau at Veff of 0.5 V in all the four blend systems, indicating that free charge 

carriers generated in the all-PSCs are rapidly swept out. Thus, there appears to be no difference 

between the PNDIT-hd and PNDIS-hd devices or between those fabricated with or without the use 

of a processing additive.  

The charge collection probability P(E, T) at short-circuit condition, estimated as the ratio  

Jsc/Jsat, where Jsat the saturated Jph value at high Veff, was found to be generally high at 94.0%  for 

PNDIT-hd:PBDB-T and 96.2% for PNDIS-hd:PBDB-T devices processed without the use of a 

processing additive. The corresponding PNDIT-hd and PNDIS-hd all-PSCs processed by using a 

DPE processing additive were only marginally higher with P(E, T) of 94.8% and 96.5%, 

respectively. We conclude that the observed large difference in the photovoltaic properties of 

PNDIT-hd and PNDIS-hd do not originate from a significant difference in the charge dissociation 

and collection processes.  
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Table 3.3. Charge Dissociation and Recombination Parameters, Ideality Factor and Carrier 

Mobilities for PNDIT-hd:PBDB-T and PNDIS-hd:PBDB-T Devices. 

Blend DPE P(E,T) α s 
µe (×10-5 

cm2V-1s-1) 
µh (×10-4 

cm2V-1s-1) 
µh /µe 

PNDIT-hd - 94.0% 1.006 1.37kT/q 
2.15 

(1.62±0.64) 
4.23 

(3.74±0.33) 
23.1 

PNDIT-hd 1% 94.8% 1.006 1.35kT/q 
3.76 

(3.11±0.53) 
6.46 

(5.92±0.64) 
19.0 

PNDIS-hd - 96.2% 0.992 1.25kT/q 
2.43 

(1.77±0.51) 
4.98 

(4.04±0.66) 
22.8 

PNDIS-hd 0.5% 96.5% 0.991 1.15kT/q 
3.17 

(3.07±0.80) 
5.62 

(5.20±0.48) 
16.9 

 

3.3.4 Charge Recombination.  

The dependence of photocurrent (Jsc) on the incident light intensity (Pin) was measured to 

examine the bimolecular recombination within the all-PSC devices.131 Generally, in polymer solar 

cells, the dependence of Jsc on Pin is expected to follow a power-law relationship: Jsc ∝ Pin
α, where 

significant deviation of the exponent from unity (α = 1) is considered to arise from bimolecular 

recombination. As shown in Figure 3.3b and Table 3.3, all four all-PSCs based on PNDIT-hd and 

PNDIS-hd, regardless of the processing strategy, follow the power-law behavior with α values of 

0.991-1.006. These results indicate that bimolecular recombination loss is negligible at short 

circuit condition in these all-PSCs and is thus not the limiting factor for their photovoltaic 

performance. We evaluated the dependence of Voc on the light intensity (Pin)131-133 and calculated 

the ideality factor,  𝑠 =
௞்

௤

డ௏౥ౙ

డ୪୬ (௉౟౤)
 towards examination of monomolecular recombination as a loss 

mechanism in the present all-PSCs. An ideality factor of unity (s =kT/q ) implies that bimolecular 

recombination is predominant at open circuit condition,  while an s value approaching 2kT/q 

signifies that monomolecular or trap-assisted recombination loss dominates. From the slopes 

extracted from Figure 3.3c and presented in Table 3.3, we found that the ideality factor values of 
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PNDIS-hd devices are much closer to unity than those for PNDIT-hd devices (1.37 kT/q and 1.35 

kT/q), suggesting that monomolecular or trap-assistant recombination loss is less severe in the 

former devices than the PNDIT-hd all-PSCs. 

3.3.5 Charge Transport Properties.  

We examined the extend that charge transport limits the performance of these PNDIT-hd 

and PNDIS-hd blend devices and contributes to explanation of the observed differences in 

photovoltaic properties by investigating single-carrier devices. The hole- and electron-only 

devices, analyzed by the space-charge-limited current (SCLC) method, were fabricated with the 

architectures: ITO/PEDOT:PSS/active layer/MoO3/Ag (hole-only) and ITO/ZnO(PEI)/active 

layer/LiF/Al (electron-only), where PEDOT:PSS is the hole injection layer and ZnO(PEI) is the 

electron injection layer. The J1/2-V characteristics of single-carrier devices are presented in Figure 

S3.12 and Figure S3.13 and the calculated carrier mobilities are summarized in Table 3.3.  

The hole mobility (µh) varied from 4.2×10-4 cm2V-1s-1 in the optimal PNDIT-hd:PBDB-T 

blend devices processed without using a processing additive to 5.0×10-4 cm2V-1s-1 in the 

corresponding PNDIS-hd:PBDB-T devices. The use of a DPE processing additive resulted in the 

hole mobility improving slightly to ~ 6×10-4 cm2V-1s-1 in both PNDIT-hd:PBDB-T blend devices 

and PNDIS-hd:PBDB-T devices. The observed hole mobility in the present all-PSC devices is 

comparable to other reported PBDB-T based all-PSC devices.25, 45, 98, 134 However, the electron 

mobility (µe) varied from 2.2×10-5 cm2V-1s-1 in the PNDIT-hd devices to 2.4×10-5 cm2V-1s-1 in 

PNDIS-hd devices processed without using a processing additive. The electron mobility in devices 

processed by using a DPE processing additive slightly improved to 3.8×10-5 cm2V-1s-1 and 3.2×10-

5 cm2V-1s-1 in the PNDIT-hd and PNDIS-hd devices, respectively. Among the striking features of 

these results include the fact that electron transport is not significantly different among the all-
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PSCs based on the two different acceptor polymers. Charge transport in all the present all-PSCs is 

highly asymmetric with the µh/µe ratios varying from 23 in the devices fabricated without the use 

of a processing additive to below 17-19 in devices produced with the aid of a DPE processing 

additive (Table 3.3). Despite the large asymmetry in the charge transport properties of both 

PNDIT-hd:PBDB-T and PNDIS-hd:PBDBT blend devices, the observed high fill factors of 0.68-

0.71 suggest that the all-PSCs have favorable morphology that enabled efficient charge 

photogeneration and collection. 

We conclude that poor electron transport is an important limitation of the present all-PSC 

devices based on both PNDIT-hd and PNDIS-hd acceptor polymers. On the other hand, the slightly 

different electron mobilities in the all-PSCs based on PNDIT-hd and PNDIS-hd could not account 

for the observed large difference in photovoltaic properties discussed earlier. 

3.3.6 Blend Surface Morphology.  

Atomic force microscopy (AFM) imaging was used to characterize the surface morphology of the 

optimal PNDIT-hd:PBDB-T and PNDIS-hd:PBDB-T all-PSC devices. The height and phase 

images of the PNDIT-hd:PBDB-T blend films processed without and with DPE additive are 

presented in Figure 3.4a and Figure 3.4b, respectively. The height and phase images of the 

PNDIS-hd:PBDB-T blend films processed without and with DPE additive are presented in Figure 

3.4c and Figure 3.4d, respectively.  

The most striking feature of these images of the surface morphology of the all-PSCs is the 

large difference between blend films containing the two different acceptor polymers PNDIT-hd 

and PNDIS-hd. Blend films containing the thiophene-linked acceptor polymer, PNDIT-hd, 

generally showed a much coarser surface morphology with larger domains than those containing 

the selenophene-linked acceptor polymer, PNDIS-hd. The surface roughness as measured by the 
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root-mean-square (RMS) value for PNDIT-hd:PBDB-T blend films was 2.5 nm without using a 

processing additive and 2.1 nm for the corresponding active layers processed with aid of a DPE 

additive. In contrast, the RMS value for PNDIS-hd:PBDB-T blend films processed without using 

a processing additive was 1.5 nm, which decreases to 1.3 nm when a DPE processing additive was 

used in fabricating the active layer. It is also clear that the use of the DPE processing additive in 

processing the active layer does lead to a smaller (~13-16%) decrease in the surface roughness.  

 

 

 
Figure 3.4. AFM height and phase images (5×5 µm) of polymer blends: (a) PBDB-T:PNDIT-hd, 

(b) PBDB-T:PNDIS-hd, (c) PBDB-T:PNDIT-hd processed with 1% DPE, and (d) PBDB-

T:PNDIS-hd films processed with 0.5% DPE. 

 
 
The surface morphology of PNDIS-hd:PBDB-T blend films processed without and with DPE 

additive (Figure 3.4c and d) show relatively uniform fine scale features across the whole surface 

area, indicating good intermixing between the donor and acceptor polymers with no obvious large 

scale phase separation. In the case of PNDIT-hd:PBDB-T blend films processed with DPE additive 
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(Figure 3.4b), some fibril-like patterns are visible whereas apparent larger scale phase-separated 

microstructure is seen in the corresponding blend films processed without DPE additive (Figure 

3.4a). The fine scale microstructures observed in the surface morphology of PNDIS-hd:PBDB-T 

blend films are consistent with the enhanced photovoltaic properties compared to PNDIT-

hd:PBDB-T blend films. We conclude that the molecular-level substitution of selenophene for 

thiophene in the polymer backbone when going from PNDIT-hd to PNDIS-hd has resulted in a 

significant and beneficial change in the blend film surface morphology than what could be 

achieved by the use of a processing additive. 

3.3.7 Bulk Blend Morphology.  

We used grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements to 

characterize the thin-film microstructures of the two pristine acceptor polymers, PNDIT-hd and 

PNDIS-hd, and their binary blends with the donor polymer, PBDB-T. The GIWAXS investigation 

was focused on the pristine and blend thin films processed under the conditions used in fabricating 

the optimal all-PSCs without the use of a processing additive; as discussed earlier, only marginal 

changes in the blend photophysics, charge photogeneration and recombination dynamics, and 

photovoltaic properties were observed by using a DPE processing additive in fabricating devices. 

The 2D-GIWAXS images and the corresponding line cuts for the neat acceptor polymer films are 

presented in Figure 3.5. A schematic illustration of the molecular packing of PNDIT-hd and 

PNDIS-hd, and the relevant d-spacings, is shown in Figure S3.14.  The peak positions, d-spacings, 

and the crystalline coherence length (Lc) for the neat polymer films are summarized in Table 3.4.  

The 2D-GIWAXS images and the corresponding line cuts for the neat donor polymer film and the 

photovoltaic blend films are shown in Figure 3.6. 
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Figure 3.5. 2D GIWAXS characterization of pristine acceptor polymer thin films: (a) 2D 

GIWAXS pattern of PNDIT-hd; (b) 2D GIWAXS pattern of PNDIS-hd; and (c) line-cut profiles 

for pristine films of PNDIT-hd and PNDIS-hd. “Δ” denotes the in-plane lamellar diffraction peaks 

(100) (200) (300), “#” denotes the (001), (002) and (003) diffraction peaks of the backbone 

ordering. 
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Figure 3.6. 2D GIWAXS characterizations of polymer blend thin films: (a) 2D GIWAXS image 

for PBDB-T:PNDIT-hd blend, (b) 2D GIWAXS image for PBDB-T:PNDIS-hd blend, and (c) line-

cut profiles for pristine PBDB-T and its blends with PNDIT-hd and PNDIS-hd, respectively.  “Δ” 

denotes the in-plane lamellar diffraction peak (100), and “#” denotes the diffraction peaks for the 

backbone ordering (001). The π-π stacking peak (010) positions from PBDB-T and PNDIT-hd and 

PNDIS-hd are also marked.  
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Table 3.4. Summary of In-plane (IP) and Out-of-plane (OOP) Peaks from 2D GIWAXS Data on 

Polymer and Blend Thin Films 

 IP (100) OOP (010) 

Polymer 
qxy 

(Å-1) 
d-spacing 

(Å) 
Lc 

(nm) 
qz (Å-

1) 
d-spacing 

(Å) 
Lc 

(nm) 

PBDB-T 0.290 21.69 7.01 1.68 3.74 1.47 

PNDIT-hd 0.285 22.05 14.68 1.57 4.00 1.13 

PNDIS-hd 0.288 21.85 17.31 1.59 3.94 1.60 

PNDIT-hd: PBDB-T 0.287 21.91 10.94 1.63 3.86 1.40 

PNDIS-hd: PBDB-T 0.286 21.96 11.26 1.62 3.87 1.38 

 

 

Neat films of both PNDIT-hd and PNDIS-hd exhibit intense (100) diffraction peaks in the 

in-plane (IP) direction (qxy = 0.285 – 0.290 Å-1), corresponding to d-spacing values of 21.7 – 22.1 

Å (Table 3.4). The comparable lamellar stacking distance observed in PNDIT-hd and PNDIS-hd 

is consistent with their similar molecular structures. Higher order in-plane diffraction peaks (200) 

(qxy = 0.56 Å-1) and (300) (qxy = 0.84 Å-1) were also observed in both neat PNDIT-hd and PNDIS-

hd films (Figure 5c), suggesting the highly crystalline and well-ordered nature of the acceptor 

polymer chains.135 Additionally, the (001) diffraction peaks in the IP direction were present in both 

acceptor polymer films at qxy of 0.61-0.62 Å-1, which suggest strong ordering along the polymer 

backbone directions. The d-spacing values for the IP (001) peaks are found to be 10.13 Å and 

10.30 Å for PNDIT-hd and PNDIS-hd, respectively, where the larger d-spacing of PNDIS-hd can 

be explained by the slightly larger molecular width of the selenophene ring relative to the 

thiophene ring.  

In the out-of-plane (OOP) direction, the neat PNDIT-hd and PNDIS-hd films showed 

pronounced and broad (010) diffraction peaks with comparable intensity at qz of 1.57 Å-1 and 1.59 
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Å-1 corresponding to a π-π stacking distance of 4.00 Å and 3.94 Å (Table 3.4), respectively. 

Compared to PNDIT-hd, PNDIS-hd exhibited a much more intense (100) diffraction peak in the 

OOP direction (Figure S3.15). Thus, the co-existence of the pronounced IP (100) peak and the 

distinct OOP (100) and (010) peaks in the PNDIS-hd films suggest that PNDIS-hd had mixed face-

on and edge-on oriented crystallites, whereas PNDIT-hd showed preferentially face-on molecular 

orientations. The crystalline coherence length (Lc) values estimated by using the Scherrer 

equation136 are presented in Table 3.4. The Lc values of PNDIS-hd calculated from the IP (100) 

and OOP (010) peaks were found to be higher than those of PNDIT-hd (Table 3.4), indicating that 

PNDIS-hd has enhanced crystallinity in both the lamellar and π-π stacking directions.  

As shown in Figure 3.6c, the neat donor polymer PBDB-T films exhibit intense (100) 

diffraction and (010) diffraction peaks in the IP and OOP directions at qxy of 0.29 Å-1 and qz of 

1.68 Å-1, respectively, suggesting that PBDB-T exhibited predominantly face-on orientated 

crystallites. The Lc of neat PBDB-T films was found to be 7.01 nm (Table 3.4). The 2D-GIWAXS 

results for the donor polymer PBDB-T agree well with previous reports.25, 134 

The (010) diffraction peaks in the OOP directions of both blend films are broadened and 

centered at qz values that lied between the qz of the donor and acceptor polymers (Table 3.4), 

which indicates that there is intimate mixing between the donor and acceptor polymers. As shown 

in Figure 3.6b, distinct and bright OOP (010) diffraction patterns are present in the PNDIS-

hd:PBDB-T blends, whereas the PNDIT-hd:PBDB-T blends showed minimal diffraction patterns 

in the OOP direction (Figure 3.6a). This result argues that the populations of face-on oriented 

crystallites are significantly higher in the PNDIS-hd:PBDB-T blends. The PNDIT-hd:PBDB-T 

blends were also found to exhibit increased populations of edge-on oriented crystallites compared 

to either of the neat component polymers as evidenced by the enhanced intensity of the (100) 
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diffraction peak in the OOP direction (Figure S3.16). The co-existence of face-on and edge-on 

oriented crystallites in PNDIT-hd:PBDB-T blends could justify the poorer photovoltaic properties 

as discussed above. The larger Lc value of the PNDIS-hd:PBDB-T blend films (Lc = 11.26 nm) 

suggest enhanced crystallinity compared to that of the thiophene-containing blend counterparts (Lc 

= 10.94 nm). Overall, these 2D-GIWAXS results and analysis collectively demonstrate that 

compared to the PNDIT-hd blend counterparts, PNDIS-hd:PBDB-T blends have a more optimal 

blend morphology that features predominantly face-on oriented crystallites with enhanced blend 

crystallinity; thus, corroborating the observed enhanced photovoltaic properties. 

3.4 CONCLUSIONS 

In summary, we have used the alternating naphthalene diimide-thiophene copolymer, 

PNDIT-hd, and naphthalene diimide-selenophene copolymer, PNDIS-hd, to investigate the effects 

of the donor moiety substitution on the intrinsic and photovoltaic blend properties of n-type 

semiconducting copolymers with simple donor-acceptor structure. Although both PNDIT-hd and 

PNDIS-hd have identical electrochemically derived HOMO/LUMO energy levels, we have found 

that the latter acceptor polymer has a broadened optical absorption with an optical bandgap of 1.70 

eV, which is 0.07 eV narrower relative to PNDIT-hd.  In binary blends with the donor polymer 

PBDB-T, the selenophene-containing acceptor polymer PNDIS-hd enabled all-PSCs with 

significantly enhanced photocurrent, external quantum efficiency (EQE) and overall photovoltaic 

power conversion efficiency compared to the thiophene-containing acceptor polymer. PNDIT-

hd:PBDB-T based all-PSCs could thus achieve a PCE of  6.7% (Jsc = 12.18 mA/cm2, FF = 0.66) 

whereas the corresponding PNDIS-hd:PBDB-T devices showed a higher PCE of 8.4% (Jsc = 14.50 

mA/cm2, FF = 0.71). The observed enhanced photovoltaic properties of the selenophene-

containing polymer PNDIS-hd could largely be accounted for by its improved light harvesting, 
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formation of optimal blend morphology as evidenced by the 2D GIWAXS results, and reduced 

monomolecular recombination losses, compared to its thiophene counterpart, PNDIT-hd. These 

results demonstrate the many advantages in selenophene substitution for thiophene in the design 

of n-type semiconducting polymers with donor-acceptor architectures for applications in all-

polymer solar cells.   
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3.5 SUPPORTING INFORMATION 

 

 
 

Figure S3.7. 1H NMR (500 MHz, 298 K, CDCl3) spectrum of PNDIT-hd. 
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Figure S3.8. 1H NMR (500 MHz, 298 K, CDCl3) spectrum of PNDIS-hd. 

 
Figure S3.9. TGA thermograms (a) and DSC traces (b) of PNDIT-hd and PNDIS-hd under 

flowing N2.  
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Figure S3.10. Optical absorption spectra of PNDIT-hd and PNDIS-hd in dilute chlorobenzene 

solutions (10-6 M).  
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Figure S3.11. Cyclic voltammograms of PNDIT-hd and PNDIS-hd thin films: (a) (b) reduction; 

(c) (d) oxidation.   
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Table S3.5. Summary of Photovoltaic Properties of PBDB-T:PNDIT(S)-hd Blends at Various 

Donor Polymer/Acceptor Polymer (D/A) Ratios. 

 
Polymera D/A Jsc (mA/cm2) Voc (V) FF PCEmax (PCEavg

b) (%) 

PNDIT-hd 1:0.8 10.22 0.85 0.61 5.25 (5.11±0.12) 

 1:1 10.04 0.85 0.65 5.53 (5.30±0.16) 

 1:1.25 10.12 0.84 0.64 5.45 (5.35±0.09) 

 1:1.5 9.97 0.84 0.65 5.44 (5.22±0.19) 

PNDIS-hd 1:0.8 13.69 0.82 0.60 6.67 (6.44±0.18) 

 1:1 14.14 0.81 0.59 6.68 (6.57±0.17) 

 1:1.25 14.54 0.82 0.62 7.39 (7.18±0.15) 

 1:1.5 14.37 0.82 0.61 7.10 (7.03±0.06) 
a Annealed at 175 °C for 10 min. bAverage of 4 devices.  
 
 
 
Table S3.6. Summary of Photovoltaic Properties of PBDB-T:PNDIT(S)-hd Blends (D/A = 1:1.25) 

at Various Annealing Temperatures. 

Polymer Temp (°C) Jsc (mA/cm2) Voc (V) FF PCEmax (PCEavg
a) (%) 

PNDIT-hd 135 11.75 0.85 0.65 6.41 (6.18±0.20) 

 155 11.95 0.85 0.65 6.63 (6.42±0.16) 

 175 11.73 0.84 0.60 5.90 (5.79±0.08) 

PNDIS-hd 135 14.27 0.83 0.66 7.78 (7.58±0.16) 

 155 13.60 0.83 0.65 7.28 (6.83±0.33) 

 175 13.74 0.82 0.63 7.11 (6.75±0.43) 
aAverage of 10 devices. 
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Table S3.7. Summary of Photovoltaic Properties of PBDB-T:PNDIT(S)-hd Blends (D/A = 1:1.25) 

with Various Composition of DPE Processing Additive.  

Polymer Additive Jsc (mA/cm2) Voc (V) FF PCEmax (PCEavg
c) (%) 

PNDIT-hda 
0.5% DPE 12.22 0.84 0.65 6.72 (6.43±0.32) 

1% DPE 12.75 0.85 0.64 6.86 (6.73±0.11) 

 
2% DPE 11.59 0.86 0.63 6.26 (6.13±0.11) 

1% DIO 12.00 0.86 0.65 6.77 (6.48±0.22) 

PNDIS-hdb 0.1% DPE 12.72 0.83 0.68 7.22 (7.04±0.17) 

 0.5% DPE 14.20 0.84 0.67 8.00 (7.80±0.16) 

 1% DPE 14.01 0.83 0.65 7.48 (7.13±0.25) 

 0.5% DIO 13.22 0.85 0.68 7.69 (7.36±0.30) 
aAnnealed at 155 °C for 10 min. b Annealed at 135 °C for 10 min. c Average of 10 devices.   
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Figure S3.12. J0.5-V plots for electron-only devices: (a)PBDB-T:PNDIT-hd, (b)PBDB-T:PNDIT-

hd with 1%DPE, (c)PBDB-T:PNDIS-hd, and (d)PBDB-T:PNDIS-hd with 0.5%DPE. 
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Figure S3.13. J0.5-V plots for hole-only devices: (a)PBDB-T:PNDIT-hd, (b)PBDB-T:PNDIT-hd 

with 1%DPE, (c)PBDB-T:PNDIS-hd, and (d)PBDB-T:PNDIS-hd with 0.5%DPE. 

 

 
Figure S3.14. Schematic illustration of the packing characteristics of the acceptor polymers 

PNDIT-hd (X = T) and PNDIS-hd (X = S).  



92 
 
 

 

0.4 0.8 1.2 1.6 2.0

100k

200k

300k

400k

500k

600k

700k

800k

In
te

n
si

ty

qz (Å
-1)

 IP_PNDIT-hd
 IP_PNDIS-hd

0.4 0.8 1.2 1.6 2.0

100k

200k

300k

400k

500k

600k

700k

800k

In
te

n
si

ty

qz (Å
-1)

 OOP_PNDIT-hd
 OOP_PNDIS-hd

0.4 0.8 1.2 1.6 2.0

100k

200k

300k

400k

500k

600k

700k

800k

In
te

n
si

ty

qz (Å
-1)

 IP_PBDB-T:PNDIT-hd
 IP_PBDB-T:PNDIS-hd

0.4 0.8 1.2 1.6 2.0

100k

200k

300k

400k

500k

600k

700k

800k

In
te

n
si

ty

qz (Å
-1)

 OOP_PBDB-T:PNDIT-hd
 OOP_PBDB-T:PNDIS-hd

(100)

0.5 0.6 0.7 0.8

100k
In

te
n

si
ty

qz (Å
-1)

 IP_PNDIT-hd
 IP_PNDIS-hd

(001)
(200) 

(010)

(100)

(010)

(100)

(100)

(a)

(c) (d)

(b)

 
Figure S3.15. 2D-GIWAXS line-cut profiles in absolute intensities: (a) in-plane (IP) and (b) out-

of-plane (OOP) for pristine films: PNDIT-hd and PNDIS-hd; and (c) in-plane (IP) and (d) out-of-

plane (OOP) for blend films: PBDB-T:PNDIT-hd and PBDB-T:PNDIS-hd.  
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Figure S3.16. 2D-GIWAXS line-cut profiles in absolute intensities to contrast pristine films of 

PNDIT(S)-hd and blends of PBDB-T:PNDIT(S)-hd. (a-c) in-plane (IP) and expansions of the 

green area; (d-f) out-of-plane (OOP) and expansions of the green-framed area.  
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Chapter 4. DEVELOPMENT OF NOVEL NON-FULLENE 

ACCEPTORS WITH IMPROVED INTRINSIC 

STABILITY TOWARD FUTURE 

COMMERCIALLIZATION 

4.1 LADDER MOLECULE ACCEPTORS FOR HIGH-PERFORMANCE ORGANIC SOLAR 

CELLS: DESIGN, SYNTHESIS, ENHANCED INTRINSIC STABILITY AND 

PHOTOVOLTAIC PROPERTIES 

4.1.1 Introduction 

Organic solar cells (OSCs) based on non-fullerene acceptors (NFAs) have made 

tremendous progress in the past few years.20, 53, 137-138 Especially, the acceptor-donor-acceptor (A-

D-A) small molecule acceptors (SMAs) originated from ITIC9 have demonstrated the most 

noticeable success.138 Extensive efforts have been devoted to the molecular engineering of ITIC-

like derivatives, which have generated numerous plausible acceptor materials and boosted the 

power conversion efficiency (PCE) towards record high values of 15~18%.68-71, 139-144 Despite the 

excitingly rapid progress, the state-of-the-art SMAs continue to revolve around the basic A-D-A 

structure consisted of an aromatic central core and two electron-withdrawing end groups. As 

illustrated in Figure 4.1a, these A-D-A structures were usually synthesized via Knoevenagel 

condensation between an aromatic dialdehyde building block and an active methylene compound 

such as 1,1-dicyanomethylene-3-indanone (DCMI), thus the resulted molecules feature the 

methine (=CH-) bridges connecting the donor and acceptor moieties. Recently, however, a number 

of studies  have revealed that the current SMAs-based OSCs suffered from various degradation 

processes,53 which were identified to originate from complex causes including chemical145-147, 
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photo148-150, photochemical151-153, and morphological154-155 instability. Taking ITIC for example, it 

was found out that the methine bridges in ITIC are the chemically vulnerable sites causing 

photocatalytic decomposition at ZnO/active layer interface.152 In another study, ITIC derivatives 

were found to undergo solution-phase redistribution process between end groups (EG), i.e., EG1-

IDTT-EG1 + EG2-IDTT-EG2 ⇌ 2 EG1-IDTT-EG2, hence high scrutiny is required when the 

photoactive blend is comprised of unsymmetrical structures or ternary blends with ITIC-like 

SMAs.146 Therefore, as the first important step towards superior operation stability of OSCs, 

designing NFAs with high intrinsic stability and free of weak linkages is crucial. 

Enhanced coplanarity and reduced conformational disorder have been another important 

pursuit in developing new NFAs. Highly coplanar structure ensures effective electronic 

delocalization and long effective conjugation length, which could enhance intrinsic charge 

transport properties. In the typical ITIC-like A-D-A structures, the methine bridges inevitably 

result in conformers due to rotational freedom around the single bond. Such conformational 

disorder would remain unresolved if the NF SMAs continue to adopt current A-D-A-type 

backbone architecture. In recent research, various methods have been exploited to achieve 

“conformation lock”, such as introducing steric hinderance156 and intramolecular noncovalent 

interactions157-158 (S···O, S···F, etc.). It could be reasonably argued that, in order to achieve high-

level coplanarity and to minimize conformational disorder, covalently fused ladder structures 

should be considered instead. In fact, ladder structures with fused double-stranded backbones, in 

the form of small molecules159-161 and polymers162, have been an important class of materials for 

application in various organic electronics, due to their unique optical, electronic and mechanical 

properties. Nevertheless, in the solution-processible OSCs, NF SMAs with true ladder structures 

have been extremely scarce.163-164 Two main reasons should be taken into account: (1) there has 
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been lack of efficient and versatile synthetic strategy towards ring annulation; and (2) poor 

solubility and strong aggregation of such ladder molecules prevent formation of favorable film 

morphology when blended with donor polymers.  

Here, we demonstrate a novel design of NF SMAs with ladder backbone to eliminate the 

chemically reactive and photo unstable methine bridges in the conventional A-D-A structures. As 

illustrated in Figure 4.1b, we synthesized the heretofore unreported bis(amino-aldehyde) building 

block, followed with Friedlander condensation with the methylene-keto-containing end groups to 

achieve “ladderization”. It is obvious that such molecular design could be applied to a variety of 

central cores and end groups, thus is expected to enable high tunability in the optical absorption 

and electronic structures of any resulted ladder molecules. As a proof of concept, we started with 

the IDTT core and the DCMI end groups, also for the purpose of comparing with the well-known 

ITIC. A series of ladder molecule acceptors (LMAs) named as LTXs were synthesized. In these 

LMAs, long branched side chains, 2-hexyldecyl chains, were installed to ensure suitable solubility. 

Various end-groups including DCMI, its fluorinated and chlorinated derivatives were used to 

further tune the optical and electronic properties. The resulted LMAs were named as LTX, LTX-

4F, and LTX-4Cl, respectively. (Figure 4.1b) The LTXs demonstrated unique dual-band optical 

absorption and enlarged energy bandgaps compared to their non-ladder counterpart, ITIC. The 

photovoltaic properties of the LTXs were investigated pairing with the widely used donor polymer 

PM6, yielding high PCEs of 7.2-11.5% with high Voc values of 0.93-1.13 V and high fill factors 

of 0.63-0.75. In particular, photovoltaic devices based on PM6:LTX-4F and PM6:LTX-4Cl 

demonstrated superior photovoltaic performance (PCE 11.0% and 11.5%) and afforded high fill 

factors of  0.74-0.75. The superior performance of LTX-4F and LTX-4Cl relative to LTX was 

attributed to broadened optical absorption and better donor/acceptor miscibility facilitating 
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formation of favorable morphology. In addition, the intrinsic photochemical stability of the LTXs 

and the long-term operation stability of solar cell devices based on PM6:LTXs were investigated 

side-by-side with ITIC and corresponding devices based on PM6:ITIC. The present study is a 

successful attempt to address the stability issue of current mainstream non-fullerene small 

molecule acceptors and provides a powerful alternative synthetic strategy towards ladder molecule 

acceptors with high intrinsic photochemical stability as well as high photovoltaic performance.   

 

 

Figure 4.1. (a) Structural illustration of conventional A-D-A type SMAs, exemplified with ITIC, 

synthesized via Knoevenagel condensation reaction; (b) structural illustration of the ladder 

molecule acceptors (LMAs) introduced in this work, synthesized via Friedlander condensation 

reaction.   
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4.1.2 Experimental Methods 

Material Synthesis and Characterization. The donor polymer PM6 and the acceptor 

ITIC were purchased from Solarmer, Inc. 1-bromo-4-(2-hexyldecyl)-benzene,165 IDTT-C6
9 and 

IDTT-hd9 were synthesized according to literature procedures. Other reagents and solvents were 

all from commercial sources. 1H NMR, 13C NMR and 19F NMR spectra were recorded 

on a Bruker DRX499 spectrometer. Mass spectrometry (MALDITOF) was performed on an 

Autoflex III smart beam. Thermogravimetric analysis (TGA) of the polymers was conducted on a 

TA Instruments model Q50 TGA at a heating rate of 10 °C/min under a flow of N2 with scans from 

room temperature to 800 °C. Optical absorption spectra were obtained from a PerkinElmer 

Lambda 900 UV-vis/near-IR spectrophotometer. 

IDTT-C6-2Br (compound 1a). In a 250 mL round-bottom flask, IDTT (1a) (1.758g, 1.72 

mmol) was dissolved in chloroform/acetic acid (50 mL/15 mL) solvent mixture. The flask was 

wrapped with aluminum foil to avoid light. To the stirring solution, NBS (0.629 g, 3.53 mmol, 

2.05 equiv) was added in one portion. Reaction mixture was kept stirring in dark at room 

temperature for overnight. Resulted yellow suspension was slowly poured into water. Perform 

extraction with dichloromethane. The organic layer was washed with water, NaHCO3 (aq) and 

brine. Organic fraction was then dried over Na2SO4, and concentrated in vacuo. Crude product was 

purifed with silica gel column, eluting with hexane/DCM (4:1 v/v). Collected product was 

recrystallized from DCM/MeOH, collected from filtration and further dried in vacuum oven. 

Yield:  1.91g, 94%, pale yellow powder. 1H NMR (500 MHz, CDCl3, δ): 7.52 (s, 2H), 7.27 (s, 

2H), 7.17 (d, J = 6.5 Hz, 8H), 7.08 (d, J = 6.5 Hz, 8H), 2.59 (t, J = 7.8 Hz, 8H), 1.66-1.57 (m, 

8H), 1.41-1.26 (br, 24H), 0.90 (t, J = 6.5 Hz, 12H). 13C NMR (125 MHz, CDCl3, δ): 153.23, 
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146.23, 142.30, 141.91, 139.92, 139.86, 135.86, 134.06, 128.53, 127.88, 122.97, 116.97, 112.49, 

62.88, 35.57, 31.69, 31.24, 29.14, 22.57, 14.08. MALDI-TOF, m/z: calcd for [C68H72Br2S4]: 

1174.288, found: 1174.427.  

IDTT-hd-2Br (compound 1b). Procedures were similar to IDTT-C6-2Br (1a). Crude 

product was purified with silica gel column eluting with hexane. Yield: 90%, pale yellow wax 

solid. 1H NMR (500 MHz, CDCl3, δ): 7.50 (s, 2H), 7.27 (s, 2H), 7.13 (d, J = 8.24 Hz, 8H), 7.05 

(d, J = 8.25 Hz, 8H), 2.54-2.42 (m, 8H), 1.60 (d, J = 17.76 Hz, 4H), 1.34-1.14 (m, 96H), 0.87 (m, 

24H); 13C NMR (125 MHz, CDCl3, δ): 153.30, 146.39, 142.28, 140.88, 139.86, 139.82, 135.89, 

134.17, 129.35, 127.73, 122.94, 116.98, 112.49, 62.92, 53.40, 40.23, 39.43, 33.33, 33.31, 33.28, 

33.26, 31.91, 31.86, 29.97, 29.61, 29.33, 26.59, 26.55, 26.54, 26.49, 22.69, 14.13; MALDI-TOF, 

m/z: calcd for [C108H152Br2S4]: 1734.914, found: 1735.187.  

IDTT-C6-2CHO-2Br (compound 2a). In an argon-filled 250 mL Schlenck tube, IDTT-

2Br (2a) (400 mg, 1.27 mmol) was dissolved in 80 mL anhydrous THF. Solution was cooled down 

to -78 ºC and kept for 15 min. At -78 ºC, lithium diisopropylamide (LDA) (1M solution in 

THF/hexane, 2.55 mL, 5.10 mmol, 3.5 equiv) was added dropwise. Reaction mixture was first 

darkened, then turned greenish, and then became bright pink-red-colored. The mixture was kept at 

-78 ºC and allowed to gradually warm up to room temperature for overnight, and then continue to 

stir at room temperature for additional 12 h. Resulted yellowish brown mixture was again cooled 

to 0 ºC. Anhydrous DMF (1 mL, excess) was added slowly. Resulted greenish suspension was 

kept stirring at room temp for 2 h. Saturated NH4Cl (aq) was added. The mixture was then extracted 

with dichloromethane, washed with sat. NH4Cl (aq), brine and dried over Na2SO4. Crude product 

was purified with silica gel column eluting with hexane/DCM with increasing polarity (from 2:1 

to 2:1.5 v/v), followed with precipitation into methanol. Product was then filtered and dried in 
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vacuum oven. Yield: 500 mg, %, lightly-greenish yellow powder. 1H NMR (500 MHz, CDCl3, δ): 

9.96 (s, 2H), 7.65 (s, 2H), 7.12 (m, 16H), 2.57 (t, J = 7.8 Hz, 8H), 1.59 (m, 8H), 1.40-1.22 (br, 

24H), 0.88 (t, J = 6.5 Hz, 12H). 13C NMR (125 MHz, CDCl3, δ): 182.80, 154.61, 148.88, 147.24, 

143.97, 142.51, 138.86, 138.33, 136.60, 136.46, 128.82, 127.68, 118.18, 113.87, 63.34, 35.54, 

31.66, 31.23, 29.09, 22.55, 14.06. MALDI-TOF, m/z: calcd for [C70H72Br2O2S4]: 1230.278, found: 

1230.465.   

IDTT-hd-2CHO-2Br (compound 2b). Procedures similar to IDTT-C6-2CHO-2Br (2a). 

Crude product was purified with silica gel column eluting with hexane/DCM (2.5:1 v/v). Collected 

pure fraction was concentrated and competely dried under high vacuum. Yield: 500 mg, %, yellow 

wax solid.  1H NMR (500 MHz, CDCl3, δ): 9.97 (s, 2H), 7.68 (s, 2H), 7.14 (d, J = 8.23 Hz, 8H), 

7.09 (d, J = 8.28 Hz, 8H), 2.57-2.43 (m, 8H), 1.61 (s, 4H), 1.24 (m, 96H), 0.93-0.82 (m, 24H); 13C 

NMR (125 MHz, CDCl3, δ): 182.70, 154.65, 148.87, 147.31, 143.91, 141.48, 138.82, 138.38, 

136.63, 136.47, 129.62, 127.52, 118.18, 113.76, 63.39, 40.17, 39.40, 33.26, 33.20, 31.89, 31.84, 

29.95, 29.60, 29.30, 26.54, 26.47, 22.67, 22.64, 14.11; MALDI-TOF, m/z: calcd for 

[C110H152Br2O2 S4]: 1790.904, found: 1791.474.  

IDTT-C6-2CHO-2NH2 (compound 5a). IDTT-C6-2CHO-2Br (3a) (262 mg, 0.21 mmol), 

NaN3 (138 mg, 2.1 mmol, 10 equiv) and  a stirrer was added into a 20 mL vial. Anhydrous DMPU 

(4 mL) was added and vial was capped.  Reaction mixture was left stirring at room temperature 

for 24 h. Resulted dark solution was then precipitated into 150 mL MeOH and filtered. Dark yellow 

solid was collected and was used for next step without further purification. Analytical sample of 

IDTT-C6-2CHO-2N3 (4a) was collected from column purification, dried in vacuum oven at room 

temp to remove residual solvent completely and was then used to obtain 1H NMR and 13C NMR 

spectra. IDTT-C6-2CHO-2N3 (4a): 1H NMR (500 MHz, CDCl3, δ): 9.92 (s, 2H), 7.62 (s, 2H), 7.11 
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(m, 16H), 2.56 (t, 8H), 1.58 (m, 8H), 1.29 (br, 24H), 0.87 (t, 12H). 13C NMR (125 MHz, CDCl3, 

δ): 180.21, 154.90, 149.01, 146.97, 142.53, 138.99, 138.69, 137.62, 136.16, 134.05, 128.80, 

127.70, 118.16, 63.18, 35.54, 31.66, 31.22, 29.08, 22.55, 14.06. Crude solid IDTT-C6-2CHO-2N3 

(4a) was redissolved in  5 mL chloroform in a vial. 40% ammonium sulfide (1 mL, excess) was 

added dropwise. Mixture was stirred for 30 min at room temperature until gas evolution had 

ceased. Perform extraction with ether, wash with brine and dry over Na2SO4. Crude product was 

purified with a short silica gel column, eluting first with hexane and then DCM and DCM with 

drops of MeOH. Collected pure fraction was concentrated on rotary evaporator and was 

recrystallized from hexane at r.t.. Product was then filtered and dried in vacuum oven. Overall 

yield from 3a: 180 mg, 76%, yellow solid with typical odor of amines. 1H NMR (500 MHz, CDCl3, 

δ): 9.47 (s, 2H), 7.60 (s, 2H), 7.16 (d, J = 7.64 Hz, 8H), 7.12 (d, J = 7.90 Hz, 8H), 6.29 (s, 4H), 

2.58 (t, 8H), 1.60 (td, J = 15.28, 7.51 Hz, 8H), 1.32 (br, 24H), 0.88 (t, J = 6.42 Hz, 12H). 13C NMR 

(not available due to low solubility). MALDI-TOF, m/z: calcd for [C70H76N2O2S4]: 1104.479, 

found: 1104.577.  

IDTT-hd-2CHO-2NH2 (compound 5b). Procedures were similar to IDTT-C6-2CHO-

2NH2 (5a). Crude product was purified with a short silica gel column, eluting first with hexane 

and then DCM. Collected pure fraction was concentrated on rotary evaporator and completely 

dried under high vacuum. Two-step yield from 3b: 75%, orange-red solid with typical odor of 

amines. 1H NMR (500 MHz, CDCl3, δ): 7.64 (s, 2H), 9.48 (s, 2H), 7.18 (d, J = 8.25 Hz, 8H), 7.11 

(d, J = 8.28 Hz, 8H), 6.33 (s, 4H), 2.63-2.42 (m, 8H), 1.62 (br, 4H), 1.38-1.18 (m, 96H), 0.89 (m, 

24H). 13C NMR (125 MHz, CDCl3, δ): 182.85, 154.62, 147.87, 147.28, 147.24, 141.22, 139.76, 

139.03, 136.19, 130.99, 129.40, 127.72, 117.80, 114.21, 63.18, 40.18, 39.39, 33.28, 33.22, 33.21, 
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31.87, 31.82, 29.94, 29.57, 29.29, 26.54, 26.51, 26.48, 26.44, 22.65, 22.63, 14.09; MALDI-TOF, 

m/z: calcd for [C110H156N2O2S4]: 1665.105, found: 1665.569.  

General Procedures for Friedlander Condensation Reactions. In a round bottom flask, 

bis(amino-aldehyde) (1 equiv) was dissolved into anhydrous toluene and purged with Argon for 

20 min. On the side, DCMI end group (5 equiv) and diphenyl phosphate (20 equiv) was dissolved 

in anhydrous toluene in an argon-filled Schlenck tube. The bis(amino-aldehyde)/toluene solution 

was then slowly transfered into Schlenck tube via syringe/needle or cannula. Reaction mixture was 

heated to 90-100 °C and kept stirring for 24 h. After cooling to room temperature, remove toluene 

under high vacuum. Crude product was redissolved with chloroform, absorbed onto silica gel and 

loaded onto silica gel column. Product was then purified eluting with hexane:DCM (2.5:1), 

followed with preparative TLC plates. Collected pure fraction was concentrated and recrystallized 

with CF/MeOH bilayer method. Pure solid product was then filtered and dried in vacuum oven.  

LTX-C6 (compound 6a). Yield: 80 mg, 30%, dark solid. 1H NMR (500 MHz, CDCl3), δ: 

8.91 (s, 2H; Ar H), 8.42 (d, J = 7.76 Hz, 2H; Ar H), 8.02 (d, J = 7.40 Hz, 2H; Ar H), 7.71 (s, 2H; 

Ar H), 7.60 (t, J = 7.47 Hz, 2H; Ar H), 7.44 (t, J = 7.60 Hz, 2H; Ar H), 7.23 (d, J = 8.30 Hz, 8H; 

Ar H), 7.15 (d, J = 8.31 Hz, 8H; Ar H), 2.59 (t, 8H; CH), 1.60 (td, J = 15.42, 7.58 Hz, 8H; CH2), 

1.41-1.22 (br, 24H), 0.86 (t, J = 6.73 Hz, 12H; CH3). 13C NMR (not available due to low solubility). 

MALDI-TOF, m/z: calcd for [C94H80N6S4]: 1420.533, found: 1420.836. 

LTX (compound 6b). Yield: 117 mg, 32%, dark solid. 1H NMR (500 MHz, CDCl3), δ: 

8.91 (s, 2H), 8.42 (d, J = 7.78 Hz, 2H), 8.02 (d, J = 7.36 Hz, 2H), 7.72 (s, 2H), 7.61 (t, J = 7.48 

Hz, 2H), 7.45 (dt, J = 7.71, 1.03 Hz, 2H), 7.22 (d, J = 8.32 Hz, 8H), 7.11 (d, J = 8.36 Hz, 8H), 

2.50 (d, J = 6.76 Hz, 8H), 1.65-1.55 (m, 4H), 1.19 (m, 96H), 0.84 (m, 24H); 13C NMR (125 MHz, 

CDCl3, δ): 159.68, 158.33, 154.89, 152.14, 149.27, 147.82, 141.49, 140.50, 139.51, 139.10, 
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137.52, 136.71, 135.37, 135.10, 134.66, 130.94, 129.60, 128.49, 127.78, 126.14, 123.43, 121.81, 

118.22, 113.44, 113.17, 74.55, 63.25, 40.23, 39.46, 33.32, 33.28, 33.25, 33.22, 31.9, 31.8, 29.97, 

29.60, 29.30, 26.57, 26.55, 26.49, 22.66, 22.64, 14.09; MALDI-TOF, m/z: calcd for 

[C134H160N6S4]: 1981.159, found: 1981.673. 

LTX-4F (compound 7b). Yield: 120 mg, 31%, dark solid. 1H NMR (500 MHz, CDCl3, 

δ): 8.89 (s, 2H), 8.32-8.26 (m, 2H), 7.83 (m, 2H), 7.73 (s, 2H), 7.11 (d, J = 8.33 Hz, 8H), 7.20 (d, 

J = 8.31 Hz, 8H), 2.50 (d, J = 6.94 Hz, 8H), 1.58 (s, 4H), 1.32-1.14 (br, 96H), 0.84 (m, 24H); 13C 

NMR (125 MHz, CDCl3, δ): 157.74, 156.40, 155.05, 153.76, 153.65, 152.84, 152.73, 152.24, 

150.81, 150.70, 149.76, 147.94, 141.55, 140.03, 138.91, 137.47, 136.72, 135.41, 131.59, 129.63, 

128.78, 128.52, 127.71, 126.31, 123.34, 118.30, 116.16, 115.99, 112.91, 112.74, 111.45, 111.29, 

77.25, 77.00, 76.75, 75.46, 63.27, 40.22, 39.44, 33.31, 33.28, 33.23, 31.88, 31.84, 29.96, 29.59, 

29.30, 26.55, 26.48, 22.66, 22.64, 14.09; 19F NMR (470 MHz, CDCl3, δ: -131.13 (d, J = 19.10 

Hz,2F), -124.73 (d, J = 18.72 Hz,2F); MALDI-TOF, m/z: calcd for [C134H156F4N6S4]: 2053.121, 

found: 2053.471.  

LTX-4Cl (compound 8b). Yield: 140 mg, 35%, dark solid. 1H NMR (500 MHz, CDCl3, 

δ): 8.88 (s, 2H), 8.43 (s, 2H), 8.05 (d, J = 7.36 Hz, 2H), 7.76 (d, J = 5.80 Hz, 2H), 7.26-7.21 (m, 

8H), 7.13 (d, J = 8.29 Hz, 8H), 2.62-2.45 (m, 8H), 1.60 (d, J = 11.69 Hz, 5H), 1.24 (br, 96H), 

0.88-0.81 (m, 24H). 13C NMR (125 MHz, CDCl3, δ): 157.79, 156.37, 155.08, 152.35, 149.91, 

147.95, 141.59, 140.19, 140.14, 139.54, 138.87, 137.48, 136.75, 135.89, 135.17, 134.64, 129.64, 

128.80, 127.82, 127.71, 123.62, 123.32, 118.33, 113.01, 112.79, 75.69, 63.25, 53.40, 40.21, 39.44, 

33.31, 33.28, 33.22, 31.88, 31.84, 29.97, 29.60, 29.31, 26.56, 26.54, 26.48, 22.67, 22.65, 14.10; 

MALDI-TOF, m/z: calcd for [C134H156Cl4N6S4]: 2117.003, found: 2117.658.  
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Cyclic voltammetry measurements. Cyclic voltammetry (CV) measurements were 

performed on an EG&G Princeton Applied Research potentiostat/galvanostat (model 273A). A 

three-electrode cell was used, using platinum (Pt) wires as both counter and working electrodes. 

Silver/silver ion (Ag in 0.01 M AgNO3 solution) was used as the reference electrode. For thin 

films, the working electrode was a Pt wire coated with the synthesized small molecules, dip-coated 

from concentrated solution in chloroform and air dried for overnight. CV measurements of thin 

films were carried out in 0.1 M tetrabutylammonium hexafluorophosphate (Bu4NPF6) solution in 

acetonitrile at a scan rate of 50 mV/s. For solutions, the working electrode was a bare Pt wire. CV 

measurements of solutions were carried out in 1,2-dichlorobenzene/acetonitrile (10:1) (0.1 mM 

LTXs) containing 0.1 M tetrabutylammonium hexafluorophosphate (Bu4NPF6) as supporting 

electrolyte. Scan rate was 100 mV/s. Solutions were purged with inert gas for 20 min before 

measurements. All recorded reduction and oxidation potentials were calibrated with the 

ferrocene/ferrocenium (Fc/Fc+) couple. 

Solar Cell Fabrication and Testing. The inverted device structure fabricated and 

evaluated was: ITO/ZnO/PEI/blend active layer/ MoO3(0.5 nm)/Ag(100 nm), where PEI or 

polyethylenimine is a cathode buffer layer.79 The ITO glass substrates were sequentially sonicated 

in acetone, deionized (DI) water and isopropanol for 20 min each and then plasma cleaned for 10 

min. The ZnO layer (~30 nm) was spin-coated from the precursor solution (0.5 g of zinc acetate 

dihydrate, 0.14 g of ethanolamine and 5 mL of 2-methoxyethanol) and baked at 250 ºC for 30 min 

in open air. Solution of PEI (Mw = 25k, Aldrich 408727) in 2-methoxyethanol (0.05 wt%) was then 

spin-coated onto the ZnO layer and dried at 120 ºC for additional 10 min. The resulting substrates 

were then stored in an argon-filled glovebox for deposition of active layers. The active layer blend 

solution was prepared by mixing a chlorobenzene solution of the donor polymer PM6 respectively 
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with a chlorobenzene solution of acceptors, LTX, LTX-4F, and LTX-4Cl; various solution 

volumes of the component polymers were mixed in the right proportions to afford the desired blend 

film compositions. In cases where a processing additive was used, the chlorobenzene:additive (v/v 

%) mixed solvent was achieved by adding CN to a prepared blend solution. The blend solutions 

were stirred overnight with low heating to achieve a homogeneous mixture. Each blend solution 

was then spin-coated onto the cleaned substrate and annealed on a hot plate for 10 min to afford 

dried thin films with a thickness of 95 ± 5 nm. Finally, the MoO3 layer and Ag electrode were 

deposited within a thermal evaporator. Defined active area of 0.0314 cm2 was achieved for 

individual devices through a shadow mask. The photovoltaic cells were tested under AM 1.5G 

solar illumination at 100 mW/cm2 in ambient air using a Solar Simulator (model 16S, Solar Light 

Co., Philadelphia, PA) with a 200W Xenon Lamp Power Supply (Model XPS 200, Solar Light 

Co., Philadelphia, PA) calibrated by NREL certified Si photodiode (Model 1787–04, Hamamatsu 

Photonics K.K., Japan) and a HP4155A semiconductor parameter analyzer (Yokogawa Hewlett-

Packard, Japan). After the J–V measurement, the EQE was measured by using a solar cell quantum 

efficiency measurement system (Model QEX10, PV Measurements, Inc., Boulder, CO) with a 2 

mm2 (2 × 1 mm) size masked incident light source and TF Mini Super measurement apparatus for 

multiple devices in a single substrate.  

SCLC Device Fabrication and Testing. The space charge limited current (SCLC)80 

devices fabricated and evaluated had the structures: ITO/PEDOT:PSS/blend/MoO3/Ag (hole-

only), where poly(3,4‐ethylenedioxythiophene):poly(styrenesulfonate)  (PEDOT:PSS) is a hole 

injection layer; and ITO/ZnO/PEI/active layer/PFN-Br/Al (electron-only). The blend active layers 

in these SCLC devices had the same composition as the corresponding photovoltaic devices. 

Current-voltage (J-V) characteristics of the SCLC devices were plotted as J0.5 versus V and fitted 
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by using the following formula: J = 9 ε0 εr μV2/8d3, where J is the current density, ε0 is the 

permittivity of free space, εr is the relative dielectric constant of the transport medium, μ is the 

carrier mobility, V is the applied voltage, d is the thickness of blend active layer.  

Atomic Force Microscopy (AFM) Imaging. The surfaces of the actual all-polymer solar 

cell devices were imaged by using the atomic force microscope (Model: Bruker Dimension ICON).  

2D GIXD Measurements. Two-dimensional (2D) Grazing incidence X-ray scattering 

(GIXD) experiments were conducted at the Japan Synchrotron Radiation Facility SPring-8 by 

using the beamline BL46XU. The thin-film samples investigated were prepared in the same 

manner as the corresponding photovoltaic devices on ZnO-coated ITO substrates, without the 

thermal deposition of top MO3/Ag electrodes. The X-ray beam was monochromatized by a double-

crystal Si(111) monochromator, and the X-ray energy in this experiment was 12.40 keV (λ = 0.1 

nm). The angle of incident X-ray to sample surface was 0.12° with a Huber diffractometer. The 

scattered profile from the film sample was detected using an area detector (PILATUS 300K) for 5 

s at room temperature, and the distance between the sample and detector was 174.4 mm. The 

crystal coherence length (Lc) of samples was determined by using the Scherrer equation: Lc = 

2πK/Δq, where K is a shape factor (typically 0.89) and Δq is the full width at half-maximum 

(FWHM) of the diffraction peak.  

 
 
  



107 
 
 

4.1.3 Results and Discussion 

4.1.3.1 Synthesis of Ladder Molecule Acceptors.  

 

 
Scheme 4.1. Synthesis of ladder molecule acceptors: LTX-C6, LTX, LTX-4F and LTX-4Cl.  

Reagents and conditions: (i) NBS (2.0 equiv), S: CHCl3/AcOH (v:v 3:1), r.t., overnight; (ii) 1) 

LDA(3.0 equiv), S: THF, -78 ºCr.t., 24 h; 2) DMF (excess), 0 ºC r.t. for 2 h; (iii) NaN3 (10 

equiv), S: DMPU, r.t., 24 h; (iv) (NH4)2S (aq, excess), S: CHCl3/MeOH, r.t. for 30 min; (v) 

diphenyl phosphine, S: Toluene, 90 ºC, 24h. 

 
 

Since ITIC has n-hexyl side chains, we initially synthesized bis(amino-aldehyde) based on 

IDTT-C6 for comparison purposes. However, it was soon found out that the resulted product, LTX-

C6 (6a), had low solubility in common organic solvents (dichloromenthane, chloroform, 

chlorobenzene) and it could not be used for proper solution-processing. The drastic decrease in 

solubility after “ladderization” is caused by loss of rotational freedom. Figure S1 showed the 

contrast of 1H NMR spectra of ITIC and LTX-C6 in the aromatic regions at the same concentration 

in CDCl3 and the assignment of important peaks are labeled. In the spectrum of ITIC, the singlet 
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at 8.22 ppm (peak c) representing the protons on thiophenes showed clear broadening, indicating 

the existence of rotamers in solution for ITIC. Of course, there is no corresponding peak c in LTX-

C6 due to annulation. To improve solubility, we proceeded to increase the length of alkyl chains, 

from n-hexyl to 2-hexyldecyl chains. In addition to the DCMI end group, the fluorinated and 

chlorinated analogues, 2-(5,6-difluoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile and 

2-(5,6-dichloro-3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile, were also used to condense 

with the bis(amino-aldehyde) intermediate, leading to three ladder molecules noted as LTX, LTX-

4F and LTX-4Cl. (Scheme 4.1) These three were later applied as the acceptors in photovoltaic 

devices.  

Synthesis of IDTT-hd followed the same procedures as IDTT-C6,9 except replacing 1-

bromo-4-hexylbenzene with 1-bromo-4-(2-hexyldecyl)benzene during the cyclization step. 

Lithiation of the dibromides by lithium diisopropylamide (LDA) followed with quenching with 

dimethylformamide (DMF) gave bis(bromo-aldehyde)s via “halogen dance” mechanism.141 

Subsequently, the bis(bromo-aldehyde) were converted to bis(azido-aldehyde) with NaN3 in N, 

N′-dimethylpropyleneurea (DMPU) solvent, which then could be readily reduced to bis(amino-

aldehyde) with commercial ammonium sulfide aqueous solution, (NH4)S (aq) (40%).166-169 The 

bis(amino-aldehyde) was purified with silica gel column. Finally, Friedlander condensations of 

bis(amino-aldehyde) with various end-groups were conducted with diphenyl phosphate (DPP) as 

acid catalyst and toluene as solvent, following similar procedures previously reported from our 

group.170-171 

During the course of developing efficient and grams-scale synthesis, we encountered 

several problems and adjusted our methods accordingly: (1) Halogen dance (HD) reaction has been 

frequently reported on other smaller fused-cores (such as IDT) generally using 2 equiv LDA per 
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functional group (-Br) and high yields (70 – 90%) were reported.141 However, our HD reactions 

on IDTT core under literature conditions always gave complex mixture of products, including 

intermediates and several byproducts, leading to low yields (<30%). To maximize yield of target 

product, we adjusted equivalence of LDA to 1.5 equiv per functional group (-Br) and extended the 

time endurance of cryogenic temperature to slow down lithiation process (12h, total reaction time 

24 h). The yields varied in the range of 55-80%. (2) Procedures for the conversion of bis(bromo-

aldehyde) to bis(azido-aldehyde) and then to bis(amino-aldehyde) were adapted from early 

research on simple heterocyle azido compounds.166-169 Our initial attempt to run the azido reaction 

in dimethyl sulfoxide (DMSO) failed to give target product, but DMPU as solvent worked out very 

well. Purification of bis(azido-aldehyde)s with silica gel column is not recommended and also 

unnecessary, as they showed certain interaction with silica gel which likely led to partial reduction 

and/or decomposition. Instead, crude product of bis(azido-aldehyde) was used directly for the next 

step. (3) The byproduct of the reduction towards bis(amino-aldehyde)s is sulfur. While in early 

literatures,166-169 solid sulfur was reported to be easily removed with simple filtration, we found 

that sulfur co-existed with bis(amino-aldehyde)s since both are soluble in common organic 

solvents such as dichloromethane and chloroform. (4) Removal of the polar solvent DMPU 

(b.p.247 °C) with rotary evaporator was ineffective. However, extraction with ether from aqueous 

mixture could effectively separate DMPU from crude product. Subsequently, bis(amino-

aldehyde)s were further purified with silica gel columns eluting with dichloromethane or with 

additional methanol if needed. Yields of the two-step conversion from bis(bromo-aldehyde)s to 

bis(amino-aldehyde)s were fairly high (~75%). More details on synthetic procedures and related 

characterization data are included in Supporting Information. Thermogravimetric analysis (TGA) 

showed that these ladder molecules have extraordinary thermal stability with high decomposition 
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temperatures (Td) (determined at 5% weight loss) all above 400 ºC: LTX (418 ºC), LTX-4F (423 

ºC) and LTX-4Cl (417 ºC). (Figure S1)  

 

4.1.3.2 Optical absorption.  

 

 
Figure 4.2. UV-vis absorption of LTX, LTX-4F and LTX-4Cl in (a) dilute solutions (10-5 M) in 

chloroform and (b) thin films.  

 
 
Table 4.1. Optical Absorption and Energy Levels of LTX, LTX-4F and LTX-4Cl 

a Eg
opt = 1240 / λonset

film 
b Estimated from cyclic voltammetry in solutions with reference to Fc/Fc+ following the formula: 
EHOMO/LUMO = -(4.8+Eox/red

1/2) eV. 
c Calculated with DFT with B3LYP 6-31G(d) basis set.  

Acceptors 
λmax

sol 
[nm] 

λmax
film 

[nm] 
λonset

film 
[nm] 

Eg
opt, a 

[eV] 
HOMOb 

[eV] 
LUMOb 

[eV] 
Eg

b 

[eV] 
HOMOc 

[eV] 
LUMOc 

[eV] 
Eg

c 

[eV] 

LTX 430, 610 435, 631 680 1.82 -5.60 -3.65 1.95 -5.51 -3.35 2.16 

LTX-4F 435, 625 446, 668 722 1.72 -5.63 -3.74 1.89 -5.64 -3.53 2.11 

LTX-4Cl 440, 633 450, 675 726 1.71 -5.64 -3.79 1.85 -5.69 -3.61 2.07 
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The optical absorption spectra of these ladder molecules in dilute solutions in chloroform 

(10-5 M) and in thin films are presented in Figure 4.2, and the corresponding data regarding the 

absorption maxima and the determined onset values are listed in Table 4.1. The most striking 

feature is that these ladder molecules have dual-band absorption, which is not seen in the common 

A-D-A-type SMAs such as ITIC. In the range of 500-800 nm, a strong and broad absorption band 

appeared, primarily due to the intramolecular charge transfer (ICT) between the electron-rich core 

and the electron-withdrawing end-groups. In addition, a relatively weaker absorption band is 

present in the short-wavelength region (380-450 nm). This short-wavelength absorption band is 

located close to the absorption of the bis(amino-aldehyde), IDTT-hd-2CHO-2NH2 (Figure S4). 

Thus, it could be deduced that the short-wavelength band originated from the p-p* transition of 

the fully fused ladder backbone without the cyano (-CN) groups. Time-dependent density function 

theory (TD-DFT) calculations (vide infra) further confirmed that this short-wavelength absorption 

band comes from the HOMOLUMU+2 transitions, where both molecular orbitals (MO) are 

spreading within the ladder framework. (Figure S6b) Despite the broad optical absorption range, 

it should be pointed out that the LTXs have relatively lower absorption coefficients compared to 

their non-ladder counterpart, ITIC. This is also reflected in DFT calculations that LTX has lower 

oscillator strength than ITIC. In addition, for each of the ladder molecules, the absorption spectrum 

of thin film (Figure 4.2) showed bathochromic shift of 20~50 nm in both absorption bands 

compared to that of the corresponding solution, indicating backbone aggregation and p-p 

interaction in solid state. LTX-4F and LTX-4Cl showed larger shift relative to LTX. Fluorination 

and chlorination gradually broadened the absorption ranges, which would benefit overall light 

harvest when applied in photovoltaic blends. 
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4.1.3.3 Electrochemical properties and DFT calculations.  

The redox properties of the LTXs were investigated with cyclic voltammetry (CV) in 

solutions. The three molecules all exhibited two reversible reduction waves (Figure S5) and could 

sustain multiple cycles, demonstrating excellent redox stability. The half-wave oxidation 

potentials (Eox
1/2) and the first half-wave reduction potentials (Ered

1/2) were used to derive the 

HOMO and LUMO energy levels, respectively, assuming that the vacuum level energy of 

ferrocene/ferrocenium (Fc/Fc+) is -4.8 eV. The following formula was used: EHOMO/LUMO = -

(4.8+Eox/red
1/2) eV. Based on the electrochemical data extracted from cyclic voltammograms, the 

estimated HOMO/LUMO energy levels are as follows: LTX (-5.60/-3.65 eV), LTX-4F (-5.63/-

3.74 eV) and LTX-4Cl (-5.64/-3.79 eV). (Table 4.1) The results also showed that fluorination and 

chlorination of LTX led to lowered HOMO/LUMO energy levels and smaller band gaps, 

consistent with the observation from optical absorption. 

To better understand the electronic structures and optical properties of these ladder 

molecules, density functional theory (DFT, B3LYP6-31G(d)) calculations were performed on the 

model structure, LTX, along with ITIC for comparison purposes. Long alkyl chains in both 

structures were replaced with methyl groups for simplification. The calculated energy diagrams 

and frontier molecular orbital profiles are presented in Figure S7. Results indicate that 

“ladderization” would raise the LUMO level and lower the HOMO level simultaneously, causing 

enlarged bandgap, (Figure S7a) consistent with the results from cyclic voltammetry. Another 

significant change caused by “ladderization” is the spatial distribution of the molecular orbitals. 

As depicted in Figure S7b, ITIC has HOMO mainly localized in the central fused core and LUMO 

fairly delocalized through the conjugated backbone, whereas LTX has HOMO similar to that of 

ITIC, but the LUMO of LTX is mainly localized on the end-group regions, which explains weaker 
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oscillator strength of LTX due to poor orbital overlap. TD-DFT calculations predicted that, unlike 

ITIC, LTX has two major absorption bands (Figure S8, 9) where the long-wavelength absorption 

band (500-700 nm) originates from HOMOLUMO transitions (657.26 nm, f = 1.1278) and the 

short-wavelength absorption band (380 – 460 nm) is mainly from HOMOLUMO+2 transitions 

(435.58 nm, f = 1.0356). (Table S1, S2) Transition of HOMOLUMO+1 is symmetry forbidden 

for LTX. Further calculations on LTX-4F and LTX-4Cl (Figure S10, S11) revealed that the 

halogenations, from fluorination to chlorination, gradually lowered HOMO/LUMO energy levels 

and shrank the band gaps, consistent with results from optical spectra and cyclic voltammetry.  

 

4.1.3.4 Intrinsic Photochemical Stability.  

 

 
Figure 4.3. Progression of optical absorption spectra for (b) LTX, (c) LTX-4F, (d) LTX-4Cl, and 

(e) ITIC; (f) percentage loss of maximum absorbance over time for the intra-molecular charge 

transfer (ICT) bands (550 – 750 nm) of the four acceptors; (g) percentage loss of maximum 
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absorbance over time for the HOMO  LUMO+2 transitions (380 – 480 nm) of the three ladder 

molecule acceptors.   

 
To validate the intrinsic photochemical stability of the LTXs, we traced the optical 

absorption spectra of the neat films, as well as the neat film of ITIC, under continuous 1 sun 

illumination in ambient environment with controlled temperature. Figure 4.3a exhibited the 

photos of the neat films of LTX, LTX-4F, LTX-4Cl and ITIC recorded at every 4 hours. The 

corresponding absorption spectra for each film is plotted in Figure 4.3b-e. The absorption peaks 

of ITIC decreased rapidly upon illumination and the neat film became transparent beyond 32 h, 

indicating complete disintegration of conjugation backbone. In contrast, the LTXs demonstrated 

much slower photodegradation progress. As plotted in Figure 4.3f, in the major absorption band 

at 550-750 nm, LTX retained 65% of the initial maximum absorbance, whereas LTX-4F and LTX-

4Cl retained 75-76% of their initial maxima. The secondary absorption band at 380 – 480 nm 

showed even more slower degradation, with LTX retaining 80% of the initial maximum 

absorbance and LTX-4F and LTX-4Cl retaining 86-87%. (Figure 4.3g) The different 

photodegradation rate of the two bands indicated that the minor bond breakage might have 

happened at different sites of the ladder structure. The results also revealed that fluorination and 

chlorination were beneficial to further enhance the intrinsic photochemical stability.  
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4.1.3.5 Contact Angle Measurements 

 
Table 4.2. Contact Angles and Calculated Surface Energy Parameters of the Neat Films. 

a oil represents the contact angle of 1,8-diiodomethane;  
b  values are calculated by the Owens-Wendt-Rabel-Kaelble (OWRK) method, where d and   p 
represent the surface free energies generated from the dispersion forces and the polar forces, 

respectively, and   represents the surface energy ( = d + p). 
c 𝜒 = 𝑘(√𝛾஽ − √𝛾஺)ଶ, where k is a constant. 

 

To predict the mixing behaviors in the blend systems, contact angle measurements were 

performed on the individual neat films of the polymer donor and the LMAs, using water and 

diiodomethane as wetting solvents. The relevant images are shown in Figure S10 and the 

calculated surface energy parameters are summarized in Table 4.2. All four neat films showed 

water contact angles greater than 90° (99.42°-106.70°) and diiodomethane contact angles much 

smaller than 90° (30.75°-67.42°), suggesting that both the polymer donor and the acceptors are 

hydrophobic-oleophilic. According to the surface tension ( calculated based on the widely used 

Wu model,172 the involved donor and acceptors stand in the following order: LTX (38.85 mN∙m-

1) > LTX-4F (35.85 mN∙m-1) > LTX-4Cl (34.61 mN∙m-1) > PM6 (24.49 mN∙m-1). Fluorination and 

chlorination decreased the surface energy of the acceptor, bringing it closer to that of PM6, thus 

increasing the donor/acceptor miscibility: PM6:LTX < PM6:LTX-4F < PM6:LTX-4Cl. Overall, 

the surface tensions of the three acceptors are similar to each other but are significantly higher than 

Neat film water (o) oil (o)a 
d 
(mN/m)b 

p 
(mN/m)b 

  
(mN/m)b 

c 

PM6 106.7 67.42 24.33 0.17 24.49 - 

LTX 109.5 42.34 38.41 0.43 38.85 1.65k 

LTX-4F 104.28 47.16 35.84 0.01 35.85 1.08k 

LTX-4Cl 99.81 49.67 34.46 0.15 34.61 0.87k 
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that of PM6. As a result, vertical composition gradient could be formed within the blend films, 

where the acceptors with higher surface energies would enrich at the bottom and the polymer donor 

PM6 enrich on the surface. In an inverted device architecture where ZnO serves as the bottom 

electron-transporting layer, such vertical composition gradient is advantageous for vertical charge 

transport and collection, therefore benefit device performance.  

In addition, Flory-Huggins interaction parameter (D,A) could be used to evaluate the 

miscibility of the donor and acceptor components in BHJ blend films.116 D,A is estimated using 

the empirical formula: 𝜒஽,஺ = 𝐾(√𝛾஽ − √𝛾஺)ଶ, where  is a positive constant and D and A are 

the surface energies of the neat films of donor and acceptor, respectively.173 Generally, a low value 

of D,A indicates high miscibility of donor and acceptor, while a high value of D,A leads to phase 

separation in the blend films. As listed in Table 4.2, the D,A values of the three blend systems 

stand in the descending order: PM6:LTX (1.65) > PM6:LTX-4F (1.08) > PM6:LTX-4Cl 

(0.87). Thus, among the three blend systems, PM6:LTX is expected to have the lowest 

miscibility and the greatest phase separation, while PM6:LTX-4Cl is expected to have the best 

miscibility and the finest phase separation.  

4.1.3.6 Photovoltaic Properties.  

The photovoltaic properties of LTXs were investigated by fabricating solar cell devices 

with inverted architecture: ITO/ZnO/PEI/photoactive layer/MoO3/Ag, where PEI was used as a 

cathode interlayer. The photoactive layer was a binary blend of the donor polymer PM6 and the 

synthesized LMAs: LTX, LTX-4F and LTX-4Cl. For each PM6:LMA combination, devices were 

individually optimized by varying the donor:acceptor (D:A) weight ratios, the annealing 

temperature, and the usage of processing additives. For PM6:LTX, the optimal conditions were 
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found to be with D:A ratio of 1:1.2 (wt:wt) and aging inside the Argon filled glovebox at room 

temperature for 2 h after spin-coating, with 2 vol% chloronaphthalene (CN) as processing additive, 

while for PM6:LTX-4F and PM6:LTX-4Cl, the optimal conditions were with D:A ratio of 1:1.5 

(wt:wt) and thermal annealing at 110 oC for 10 min after spin-coating, with 0.5 vol% CN as 

processing additive.  

 

 

 

Figure 4.4. (a) Energy levels and (b) thin film optical absorption of the donor polymer PM6 and 

the ladder molecule acceptors: LTX, LTX-4F and LTX-4Cl; (c) J-V response curves and (d) EQE 

spectra, (e) charge photogeneration, (f) light intensity dependence of short-circuit current (Jsc), and 

(g) light intensity dependence of open-circuit voltage (Voc) for the blend films of PM6:LTXs under 

optimized conditions. 
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Table 4.3. Summary of Photovoltaic Parameters and Charge Transport Properties of the 

Optimized Devices of PM6:LTXs 

Blends Jsc 
(mA/cm2) 

Voc 
(V) 

FF 
PCE a 
(%) 

Jsc
calc.  

(mA/cm2) 


h  

(10-4 cm2/Vs) 


e  

(10-4 cm2/Vs) 


h/e
 

PM6:LTX 
10.02 
(9.72 ± 0.21) 

1.13 
(1.13 ± 0.00) 

0.63 
(0.61 ± 0.01) 

7.17 
(6.69 ± 0.24) 

9.51 4.09  4.40 0.93 

PM6:LTX-4F 
15.49 
(15.10 ± 0.35) 

0.954 
(0.950 ± 0.004) 

0.74 
(0.74 ± 0.01) 

10.98 
(10.55 ± 0.21) 

14.32 4.12 3.58 1.15 

PM6:LTX-4Cl 
16.39 
(15.78 ± 0.55) 

0.935 
(0.924 ± 0.010) 

0.75 
(0.74 ± 0.01) 

11.48 
(10.83 ± 0.46) 

15.48 4.87 3.84 1.27 

a Average values of over 15 devices. 
 

The current density-voltage (J-V) curves of the best performing devices are presented in 

Figure 4.4. The detailed photovoltaic parameters including open-circuit voltage (Voc), short-circuit 

current density (Jsc), fill factor (FF) and power conversion efficiency (PCE) are summarized  in 

Table 4.3. It is noteworthy that all three blends demonstrated fairly high Voc: PM6:LTX (1.13 V), 

PM6:LTX-4F (0.954 V) and PM6:LTX-4Cl (0.935 V). Such Voc values are among the highest for 

polymer solar cells in general. The high Voc values of PM6:LTXs are consistent with previous 

findings from DFT calculations (Figure S6a) showing that the LTXs have relatively high-lying 

LUMO energy levels compared to their non-ladder counterpart, ITIC. Furthermore, we observed 

the trend that halogenations led to decreased Voc, which is also consistent with previous results 

showing gradually lowered LUMO energy levels from fluorination to chlorination. (Table 1) 

Compared to the PM6:LTX blend, the PM6:LTX-4F and PM6:LTX-4Cl blends produced 

significantly higher Jsc: PM6:LTX (9.72 ± 0.21 mA/cm2),  PM6:LTX-4F (15.10 ± 0.35 mA/cm2), 

PM6:LTX-4Cl (15.78 ± 0.55 mA/cm2). This is partly due to the fact that LTX-4F and LTX-4Cl 

have red-shifted absorption bands relative to LTX.(Figure 4.4) Besides, the PM6:LTX-4F and 

PM6:LTX-4Cl blends demonstrated far better fill factors than the PM6:LTX blend: PM6:LTX (FF 

= 0.61 ± 0.01), PM6:LTX-4F (FF = 0.74 ± 0.01) and PM6:LTX-4Cl (FF = 0.74 ± 0.01), indicating 
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formation of more favorable blend morphology with the halogenated derivatives. The observed 

enhancement in both Jsc and FF suggest that the halogenations is an effective method to improve 

light harvest and induce formation of favorable blend morphology, thereby improve photovoltaic 

performance. Summarized in Table 4.3, these photovoltaic parameters combined led to the 

champion devices: PM6:LTX (PCE = 7.17%), PM6:LTX-4F (PCE = 10.98%), and PM6:LTX-4Cl 

(PCE = 11.48%). The corresponding EQE spectra of the optimized devices based on PM6:LTXs 

are shown in Figure 4.4. 

The photo responses of the PM6:LTXs blend devices spanned over a broad range from 300 

nm to 700-770 nm, contributed by the absorption from both the donor polymer and the LMAs. In 

correspondence to the individual optical absorption of the donor and the acceptors, the EQE 

responses in the range of  390-480 nm and 625-770 nm originated primarily from the photoinduced 

hole transfer of the acceptors LTXs, whereas the EQE responses in the range of 480-620 nm was 

largely contributed by the photoinduced electron transfer of the donor polymer PM6. The 

maximum EQE were found to be 60.8%, 77.5%, and 80.2% for PM6:LTX, PM6:LTX-4F, and 

PM6:LTX-4Cl, respectively, in the range of 570-610 nm. The calculated Jsc (Jsc
calc.) (Table 4.3) 

obtained by integrating the EQE spectra were within 3-5% error with the Jsc extracted from the J-

V curves. 

We highlight the high fill factors and high PCEs achieved from the blends of PM6:LTX-

4F (FF = 0.74 ± 0.01, PCE = 10.55 ± 0.21%) and PM6:LTX-4Cl (FF = 0.74 ± 0.01, PCE = 10.83 

± 0.46%), as these are the highest values achieved for ladder molecules so far. In previous 

literatures, the LMAs were mostly based on fused perylene diimide (PDI) and bithiophene imide 

(BTI) where the resulted blend films with donor polymers often suffered from poor morphology, 

causing low fill factors and low PCEs. We think that the LTXs are inspiring examples that 
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overcame those drawbacks and demonstrated feasibility and potential of LMAs in polymer solar 

cells. 

4.1.3.7 Charge Photogeneration, Recombination and Charge Transport.  

The dependence of Jsc and Voc on the incident light intensity (Plight) were characterized to 

investigate the charge recombination mechanism. (Figure 4.4) The relationship between Jsc and 

Plight follows the power law: 𝐽௦௖  ∝  𝑃௟௜௚௛௧
ఈ . Under short-circuit conditions, when bimolecular 

recombination within the photoactive layer is negligible,  approaching 1 should be observed. 

Deviation from 1 indicates loss from bimolecular recombination. We observe  values as follows: 

PM6:LTX (1.03), PM6:LTX-4F (0.98), PM6:LTX-4Cl (0.95), suggesting minor bimolecular 

recombination loss. On the other hand, we evaluated the correlation between Voc and Plight, where 

the ideality factor s was extracted with the following equation: 𝑠 =
௞்

௤

డ௏೚೎

డ୪୬ (௉೗೔೒೓೟)
. Under open-

circuit conditions, when bimolecular recombination is predominant, an ideality factor of unity (s 

= kT/q) should be observed, while an s value approaching 2kT/q signifies monomolecular or trap-

assisted recombination loss. We observed relatively low s values:  PM6:LTX (1.22 kT/q), 

PM6:LTX-4F (1.17 kT/q) and PM6:LTX-4Cl (1.15 kT/q). The PM6:LTX blend demonstrated 

relatively higher s value, indicating less optimal charge collection processes compared to the 

PM6:LTX-4F and PM6:LTX-4Cl blends.  

The bulk charge transport properties of the LTXs neat films and the PM6:LTXs blend films 

were characterized by extracting the space-charge limited current (SCLC) carrier mobilities from 

single-carrier diodes. The device architecture for the hole-only diode is: ITO/PEDOT:PSS/active 

layer/MoO3/Ag, and for the electron-only diode: ITO/ZnO/PEI/active layer/PFN-Br/Al. The LTXs 

neat films were thermally annealed at 110oC for 10 min. The PM6:LTXs blend films were 
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processed under the same optimized conditions as used in the corresponding solar cell devices. 

The corresponding J-V curves and SCLC fittings for the neat and blend films are presented in 

Figure SX-X. The neat films of LTX, LTX-4F and LTX-4Cl exhibited high electron mobilities 

(e) of 1.02 × 10-4 cm2/Vs, 3.40 × 10-4 cm2/Vs and 2.94 × 10-4 cm2/Vs, respectively.(Table S4) 

Results suggest that fluorination and chlorination led to ~ 3-fold enhancement in electron transport 

for the neat films. The blend films of PM6:LTXs demonstrated highly symmetrical hole/electron 

transport, where the h/e ratios for the blends of PM6:LTX, PM6:LTX-4F and PM6:LTX-4Cl 

were found to be 0.93, 1.15 and 1.27, respectively. (Table 4.3) The electron mobilities for the 

PM6:LTXs blends were higher (3.58 × 10-4 -4.40 ×10-4 cm2/Vs) than those for the corresponding 

LTXs neat films (1.02 × 10-4 - 3.40 × 10-4 cm2/Vs), suggesting that the combination of PM6 and 

LTXs could produce favorable local fields arising from the permanent dipole moments in these 

conjugated molecules which in turn facilitated efficient electron transport across the electrodes.174 

Furthermore, the influence of fluorination and chlorination on the charge transport properties of 

blend films was not significant and no clear trend could be established.  

4.1.3.8 Surface Morphology and Bulk Blend Morphology.  

Surface morphology of the PM6:LTXs blend films under optimal conditions were 

presented in Figure S17. The bulk morphology of the LTXs neat films and the PM6:LTXs blend 

films were characterized using synchrotron-based two-dimension grazing incidence X-ray 

scattering (2D-GIXD). Figure 4.5 presented the 2D diffraction patterns and the corresponding 1D 

line-cut profiles in the in-plane (IP) (qxy) and the out-of-plane (OOP) (qz) directions for all relevant 

neat and blend films. The extracted data for peak positions, d-spacing, and the calculated 

crystalline coherence length (Lc) for each of the neat and blend films are summarized in Table 4. 
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The 2D diffraction patterns for PM6 are included in Figure S14. The IP and OOP line-cuts of PM6 

are plotted within  Figure 4.5g-h for better visualization.   
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Figure 4.5. 2D GIXD patterns for the LTXs neat films and the PM6:LTXs blend films: (a) LTX; 

(b) LTX-4F; (c) LTX-4Cl; (d) PM6:LTX; (d) PM6:LTX-4F; (e) PM6:LTX-4Cl; and 1D line cuts 

for all neat and blend films in (g) in-plane (IP) and (h) out-of-plane (OOP) directions, where “♦” 

denotes peaks from the donor polymer PM6 and “▽” denotes peaks from ladder molecule 

acceptors LTXs. 
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As shown in Figure 4.5a-c, 2D GIXD patterns of the neat films for LTX, LTX-4F and LTX-4Cl 

showed similar features: strong π-π diffraction patterns in the OOP direction, associated with 

lamellar diffractions in the lower qxy region in the IP direction. Such diffraction patterns suggest 

that the ladder molecules adopted preferentially face-on orientation in the neat films, where the 

ladder conjugation backbones are parallel to the substrate and the - stacking is in the vertical 

direction. In the IP direction, lamellar peak positions at the lower qxy region were determined at: 

LTX (0.228 Å-1), LTX-4F (0.240 Å-1), and LTX-4Cl (0.249 Å-1), corresponding to the d-spacing 

distances of 27.6 Å, 26.2 Å, and 25.3 Å, respectively. (Figure 4.5g) This d-spacing distance is 

corresponding to the crystal parameter, b/2, as illustrated in Figure S4.16. In addition, LTX also 

showed weak and broad peaks at qxy = ~ 0.40 Å-1 (d ~ 15 Å) and  ~0.60 Å (d ~ 10 Å) in the IP 

direction, seemingly representing different types of in-plane structural ordering. LTX-4F and 

LTX-4Cl have similar peaks at identical positions but with significantly reduced peak intensities, 

indicating that LTX had the highest crystallinity among the three acceptors and the halogenations 

decreased crystallinity. Calculated from the lamellar peaks in the IP directions, the estimated 

crystalline coherence length (Lc) of the LTXs neat films were in the descending order: LTX (21.8 

nm) > LTX-4F (15.5 nm) > LTX-4Cl (13.8 nm). In the OOP direction, (Figure 4.5h) the π-π peak 

positions at qz were estimated to be: LTX (1.81 Å-1), LTX-4F (1.77 Å-1), and LTX-4Cl (1.80 Å-1), 

corresponding to the π-π stacking distances of 3.47 Å, 3.54 Å, and 3.49 Å, respectively.(Table S5)  

In the blend films of PM6:LTXs, the 2D GIXD diffraction patterns (Figure 4.5d-f) 

preserved strong π-π (010) diffractions in the OOP direction, suggesting largely populated face-

on-oriented crystallites. The corresponding 1D line-cut profiles of the blend films in both the IP 

and OOP directions were much like the overlay of the line-cuts from the respective donor and 

acceptor components, as marked in Figure 4.5g-h. It is worth noting that the three acceptors, LTX, 
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LTX-4F and LTX-4Cl, behaved differently when blended with the donor polymer PM6. As shown 

in Figure 4.5g for the IP direction, in the blend of PM6:LTX, we observed well separated peaks 

at lower qxy region, originated from PM6 and LTX respectively, indicating distinct phase 

separation with high domain purity. Correspondingly, in the blend of PM6:LTX-4F, the two peaks 

started to merge as a main peak at 0.246 Å-1 along with a shoulder peak at 0.289 Å-1, whereas in 

the blend of PM6:LTX-4Cl, the peaks appeared as one broad peak centered at median qxy of 0.258 

Å-1. As listed in Table S4, the estimated Lc values for the blend of PM6:LTX were identical to that 

of the respective neat components, whereas for the blends of PM6:LTX-4F and PM6:LTX-4Cl, 

calculated Lc values decreased to 9.2 nm and 7.6 nm, respectively, due to peak broadening. The 

evident progression of the IP lamellar diffraction peaks going from PM6:LTX to PM6:LTX-4F 

and PM6:LTX-4Cl suggested that the fluorination and chlorination enhanced the miscibility 

between the donor polymer and the acceptor molecules and promoted donor/acceptor intermixing 

within the blend films. In the OOP direction, the three blend films showed similar patterns, 

featuring bright π-π diffraction patterns at the higher qz region (Figure 4.5d-f) and weak lamellar 

peaks at the lower qz region resembling that of PM6 (Figure 4.5h). There were subtle differences 

in the OOP diffractions going from PM6:LTX-hd to PM6:LTX-hd-4F and PM6:LTX-hd-4Cl. In 

the blend of PM6:LTX-hd, the broad -  diffraction peak maximized at qz close to that of LTX-

hd, whereas in the blend films of PM6:LTX-hd-4F and PM6:LTX-hd-4Cl, the broad -  

diffraction peak centered at median qz values. (Figure 4.5h) These observations are consistent with 

the analysis of the IP diffractions that PM6:LTX-hd had distinct phase separation while PM6:LTX-

hd-4F and PM6:LTX-hd-4Cl had enhanced donor/acceptor miscibility and intermixing. The 

results are also consistent with previous predictions based on contact angle measurements. More 

importantly, the increasing donor/acceptor intermixing in the blend films going from PM6:LTX to 
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PM6:LTX-4F and PM6:LTX-4F coincided with the observed improvement in their photovoltaic 

parameters (both Js and FF), suggesting that such enhancement of donor/acceptor miscibility and 

intermixing as a result of fluorination and chlorination was advantageous for the photovoltaic 

performance of the blend films. 

4.1.4 Conclusions 

In this paper, we have demonstrated an alternative molecular design of NF SMAs in an 

attempt to address the issue of intrinsic photochemical stability. A series of ladder molecule 

acceptors (LMAs), namely LTX, LTX-4F and LTX-4Cl, were successfully synthesized via 

Friedlander condensation reactions and characterized side-by-side in comparison with ITIC. 

Owing to the completely fused ladder backbones, the LTXs indeed demonstrated superior intrinsic 

photochemical stability under continuous 1 sun illumination in ambient atmosphere. More 

importantly, high photovoltaic performance was well preserved: PM6:LTX (PCE 7.2%), 

PM6:LTX-4F (PCE 10.5%) and PM6:LTX-4Cl (PCE 11.5%). 

The LTXs have distinctive dual-band optical absorption. Compared with ITIC, the LTXs 

generally have enlarged bandgaps with lower-lying HOMO energy levels and higher-lying LUMO 

energy levels. Thus, relatively high Voc values of 0.93-1.13 V were achieved in the photovoltaic 

blends of PM6:LTXs. Moreover, the blend of PM6:LTX had relatively low fill factor of 0.63, 

whereas the blends of PM6:LTX-4F and PM6:LTX-4Cl showed high fill factors of 0.74-0.75. 

Contact angle measurements suggested that fluorination and chlorination helped to lower the 

surface energies of the LTXs, therefore could afford better donor /acceptor miscibility when 

blended with PM6. Meanwhile, results from 2D GIXD analysis clearly showed that the blend of 

PM6:LTX had distinct phase separation, whereas the blends of PM6:LTX-4F and PM6:LTX-4Cl 

have enhanced donor/acceptor intermixing. These observations suggested that the halogenations 
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were very effective strategy not only to broaden the optical absorption, but also to induce formation 

of favorable blend morphology.   

Furthermore, we would also like to point out that, compared with ITIC-like NFAs, the 

LTXs lacked the optical absorption in the 700 – 900 nm range, which may have greatly limited 

their photocurrent. Further molecular engineering that would enable broadened optical absorption 

extending into the near infrared region should be explored.   

 

 

  



128 
 
 

4.1.5 Supporting Information 

 
 

 
Figure S4.6. Comparison of 1H NMR (CDCl3, 500 MHz, 298K) spectra for ITIC and LTX-C6 at 

the same concentrations.  
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Figure S4.7. TGA traces of LTX, LTX-4F and LTX-4Cl.  
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Figure S4.8. UV-vis absorption of IDTT-hd-2CHO-2NH2 as dilute solution in chloroform.  
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Figure S4.9. Cyclic voltammograms of dilute solutions: (a) LTX, (b) LTX-4F and (c) LTX-4Cl.  
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Figure S4.10. (a) Calculated energy diagrams and (b) visualization of molecular orbitals of ITIC 

and LTX with DFT (B3LYP(6-31G(d)). All alkyl chains were replaced with methyl groups for 

simplification.  
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Table S4.4. Selected TD-DFT (B3LYP/6-31G(d)) Calculated Energies, Oscillator Strength and 
Cmpositions of Major Electronic Transitions of LTX. 

No. Wavelength (nm) Oscillator Strength (f) Major Contributions 

1 657.26 1.1278 HOMO  LUMO (96%) 

2 494.27 0.1266 HOMO-1  LUMO+1(50%) 
HOMO-2  LUMO (32%) 

3 444.46 0.1683 HOMO-2  LUMO (54%) 
HOMO-1 LUMO+1 (30%) 

4 438.71 0.0835 HOMO-4  LUMO (84%) 

5 435.58 1.0356 HOMO  LUMO+2 (91%) 

6 426.62 0.1402 HOMO-6  LUMO (64%) 

7 351.34 0.3055 HOMO-10  LUMO (63%) 

8 339.45 0.1332 HOMO-13  LUMO+1 (48%) 
HOMO  LUMO+4 (34%) 
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Figure S4.11. Calculated UV-vis absorption spectrum of LTX with DFT (B3LYP(6-31G(d)).  
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Table S4.5. Selected TD-DFT (B3LYP/6-31G(d)) Calculated Energies, Oscillator Strength and 

Compositions of Major Electronic Transitions of ITIC. 

No. Wavelength (nm) Oscillator Strength (f) Major Contributions 

1 648.73 2.5293 HOMO  LUMO (99%) 

2 488.35 0.1934 HOMO  LUMO+2 (94%) 

3 441.16 0.0402 
HOMO-1  LUMO+1 (66%) 
HOMO-4  LUMO (28%) 

4 435.34 0.4446 HOMO-4  LUMO (65%) 
HOMO-1  LUMO+1 (28%) 

5 375.3 0.0955 HOMO-1  LUMO+3 (53%) 

6 364.59 0.0664 HOMO  LUMO+4 (66%) 

 
 

200 400 600 800 1000 1200
0.0

2.0x104

4.0x104

6.0x104

8.0x104

1.0x105

1.2x105



Wavelength (nm)

0.0

1.0

2.0

3.0

O
sc

ill
at

o
r 

S
tr

en
g

th
 (

f)

 
Figure S4.12. Calculated UV-vis absorption spectrum of ITIC with DFT (B3LYP(6-31G(d)).  
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Figure S4.13. Calculated energy levels and band gaps of LTX, LTX-4F and LTX-4Cl with DFT 

(B3LYP/6-31G(d)).  

 

 
 

Figure S4.14. Molecular orbitals of LTX, LTX-4F and LTX-4Cl.  
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Figure S4.15. Photos of neat films of LTX, LTX-4F, LTX-4Cl and ITIC under continuous 1 sun 

illumination for up to 48 h. 

 
Table S4.6. Extracted Data of Absorbance at Peak Positions During Photodegradation for Thin 

Films of LTX, LTX-4F, LTX-4Cl and ITIC  

 
 
 

Time 
(hours) 

LTX LTX-4F LTX-4Cl ITIC 

380-480 nm 550-750 nm 380-480 nm 550-750 nm 380-480 nm 550-750 nm 695 nm 

Abs. 
Abs. 
(%) 

Abs. 
Abs. 
(%) 

Abs. 
Abs. 
(%) 

Abs. 
Abs. 
(%) 

Abs. 
Abs. 
(%) 

Abs. 
Abs. 
(%) 

Abs. 
Abs. 
(%) 

0 0.41 100 0.52 100 0.66 100 0.76 100 0.70 100 0.75 100 1.67 100 

4 0.40 97.99 0.50 96.02 0.66 98.75 0.74 97.70 0.69 97.74 0.73 96.62 1.19 71.47 

8 0.40 99.10 0.49 94.88 0.64 96.48 0.72 94.73 0.68 97.22 0.71 94.90 0.92 54.79 

12 0.38 94.44 0.46 88.83 0.64 95.85 0.71 93.00 0.67 95.20 0.69 91.91 0.66 39.55 

16 0.38 92.44 0.45 85.76 0.62 92.68 0.68 89.23 0.65 93.21 0.67 89.30 0.43 25.86 

20 0.37 91.15 0.43 83.03 0.62 93.44 0.68 88.93 0.65 92.31 0.66 87.63 0.28 16.95 

24 0.36 89.74 0.42 80.23 0.62 93.79 0.67 88.16 0.64 91.68 0.65 86.14 0.14 8.13 

28 0.36 88.10 0.40 77.65 0.61 91.35 0.65 85.06 0.63 90.43 0.63 84.14 0.10 5.92 

32 0.35 86.44 0.39 74.99 0.60 90.87 0.64 83.72 0.62 88.52 0.61 81.56 0.06 3.87 

36 0.35 87.00 0.38 73.57 0.60 90.16 0.62 82.14 0.63 89.18 0.61 81.32 0.05 3.02 

40 0.35 85.01 0.37 70.61 0.59 88.97 0.61 80.19 0.61 87.50 0.59 79.09 0.04 2.26 

44 0.33 82.49 0.35 67.44 0.58 87.57 0.59 78.10 0.61 86.97 0.59 77.90 0.03 1.99 

48 0.33 80.28 0.33 64.38 0.58 86.71 0.58 76.40 0.60 85.31 0.57 75.59 0.03 1.72 
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X-ray Crystallography of LTX.  A black prism, measuring 0.30 × 0.25 × 0.10 mm3 was 

mounted on a loop with oil.  Data was collected at -173oC on a Bruker APEX II single crystal X-

ray diffractometer, Mo-radiation. 

Crystal-to-detector distance was 40 mm and exposure time was 150 seconds per frame for 

all sets.  The scan width was 0.75o.   Data collection was 100% complete to 20.816o  in .  A total 

of  13825 reflections were collected covering the indices, -35 ≤ h ≤ 30, 0 ≤ k ≤ 66, 0 ≤ l ≤ 22, Rint 

= 0.1893 indicated that the data was very weak.  Indexing and unit cell refinement indicated a C-

centered monoclinic lattice.  The space group was found to be Cc  (No. 9).  

 The data was integrated and scaled using SAINT, SADABS within the APEX2 software 

package by Bruker.90   

Solution by direct methods (SHELXS, SIR9790) produced a complete heavy atom phasing 

model consistent with the proposed structure. The structure was completed by difference Fourier 

synthesis with SHELXL97.91-93 Scattering factors are from Waasmair and Kirfel.94 Hydrogen 

atoms were placed in geometrically idealised positions and constrained to ride on their parent 

atoms with C---H distances in the range 0.95-1.00 Angstrom. Isotropic thermal parameters Ueq 

were fixed such that they were 1.2Ueq of their parent atom Ueq for CH's and 1.5Ueq of their parent 

atom Ueq in case of methyl groups. All non-hydrogen atoms were refined anisotropically by full-

matrix least-squares.  

Data were summaried in Table S4.7. 
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Table S4.7. Crystallographic data for ladder molecule acceptor, LTX. 
 

Empirical formula  C134 H160 N6 S4 

Formula weight  1982.91 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C c 

Unit cell dimensions a = 29.872(4) Å = 90°. 

 b = 55.816(9) Å = 122.556(7)°. 

 c = 18.769(2) Å  = 90°. 

Volume 26377(7) Å3 

Z 8 

Density (calculated) 0.999 Mg/m3 

Absorption coefficient 0.118 mm-1 

F(000) 8560 

Crystal size 0.300 x 0.150 x 0.100 mm3 

Theta range for data collection 1.361 to 20.816°. 

Index ranges -35<=h<=30, 0<=k<=66, 0<=l<=22 

Reflections collected 13825 

Independent reflections 13825 [R(int) = 0.1893] 

Completeness to theta = 20.816° 100.0 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 13825 / 6861 / 2449 

Goodness-of-fit on F2 1.082 

Final R indices [I>2sigma(I)] R1 = 0.2014, wR2 = 0.4160 

R indices (all data) R1 = 0.4699, wR2 = 0.5770 

Absolute structure parameter 0.8(6) 

Largest diff. peak and hole 0.592 and -0.446 e.Å-3 
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Figure S4.16. Crystal packing of LTX, viewing in the horizontal direction of face-on oriented 

ladder backbones. Alkyl side chains are omitted for clarity.  

 

 
Figure S4.17. Crystal packing of LTX (top view, along c). Alkyl side chains are omitted for 

clarity.  
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Figure S4.18. Views of surface contact measurements for the neat films of PM6 and the ladder 

small molecule acceptors: LTX, LTX-4F and LTX-4Cl, using water and diiodomethane as the 

wetting liquid.  
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 Figure S4.19. SCLC fitting for electron-only devices based on neat films of: (a) LTX; (b) LTX-
4F; and (c) LTX-4Cl.  
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Table S4.8. SCLC Electron Mobilities of the LTXs Neat Films 

Acceptors 
e 

(10-4 cm2/Vs) 

LTX-hd 1.02 (± 0.12) 

LTX-hd-4F 3.40 (± 1.07) 

LTX-hd-4Cl 2.94 (± 0.30) 
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Figure S4.20. SCLC fitting for single-carrier devices of the PM6:LTXs blend films: (a) 

PM6:LTX (electron-only); (b) PM6:LTX (hole-only); (c) PM6:LTX-4F (electron-only); (d) 

PM6:LTX-4F (hole-only); (e) PM6:LTX-4Cl (electron-only); and (f) PM6:LTX-4Cl (hole-only). 
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Figure S4.21. AFM images height and phase images (2 µm × 2 µm) of blend films based on  (a) 

PM6:LTX, (b) PM6:LTX-4F and (c) PM6:LTX-4Cl, under optimal processing conditions.  

 

 

Figure S4.22. 2D GIXD diffraction pattern for the neat film of PM6.  
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Table S4.9. Summary of Major In-Plane (IP) and Out-of-Plane (OOP) Peaks from 2D GIXD and 

the Corresponding d-Spacing Distances and Crystalline Coherence Length (Lc) 

Films 
IP (100) OOP (001) 

qxy [Å-1] d-spacing [Å] Lc [nm] qz [Å-1]d-spacing [Å] Lc [nm] qz [Å-1] d-spacing [Å] Lc [nm]

LTX 0.228, 0.393 27.6, 16.0 20.55 - - - 1.81 3.47 2.95 

LTX-4F 0.240 26.2 15.27 - - - 1.77 3.54 2.10 

LTX-4Cl 0.249 25.3 13.42 - - - 1.80 3.49 2.47 

PM6 0.289 21.7 7.23 3.259 19.28 6.25 1.69 3.72 2.09 

PM6:LTX 
0.222, 
0.289 

28.4, 
21.7 

21.33, 
11.85 

3.256 19.28 6.96 1.79 3.51 2.54 

PM6:LTX-4F 0.246 (shoulder) 25.5 7.64 3.075 20.43 9.43 1.76 3.58 2.03 

PM6:LTX-4Cl 
0.258  
(broad) 

24.3 8.71 3.075 20.43 8.74 1.77 3.56 2.06 
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Below are 1H NMR, 13C NMR, 17F NMR and MALDI-TOF spectra for synthesized 
compounds: 

 
Figure S4.23. 1H NMR (500 MHz, CDCl3) spectrum of IDTT-hd. 
 
 

 
Figure S4.24. 13C NMR (125 MHz, CDCl3) spectrum of IDTT-hd. 
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Figure S4.25. MALDI-TOF mass spectrum of IDTT-hd.  
 
 

 
Figure S4.26. 1H NMR (500 MHz, CDCl3) spectrum of IDTT-C6-2Br.  
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Figure S4.27. 13C NMR (125 MHz, CDCl3) spectrum of IDTT-C6-2Br.  
 
 

 
Figure S4.28. MALDI-TOF mass spectrum of IDTT-C6-2Br.  
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Figure S4.29. 1H NMR (500 MHz, CDCl3) spectrum of IDTT-hd-2Br. 
 

 
Figure S4.30. 13C NMR (125 MHz, CDCl3) spectrum of IDTT-hd-2Br. 
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Figure S4.31. MALDI-TOF mass spectrum of IDTT-hd-2Br. 
 
 

 
Figure S4.32. 1H NMR (500 MHz, CDCl3) spectrum of IDTT-C6-2CHO-2Br.  
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Figure S4.33. 13C NMR (125 MHz, CDCl3) spectrum of IDTT-C6-2CHO-2Br.  
 
 

 
Figure S4.34. MALDI-TOF mass spectrum of IDTT-C6-2CHO-2Br.  
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Figure S4.35. 1H NMR (500 MHz, CDCl3) spectrum of IDTT-hd-2CHO-2Br. 

 
Figure S4.36. 13C NMR (125 MHz, CDCl3) spectrum of IDTT-hd-2CHO-2Br. 
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Figure S4.37. MALDI-TOF mass spectrum of IDTT-hd-2CHO-2Br. 
 

 
Figure S4.38. 1H NMR (500 MHz, CDCl3) spectrum of IDTT-C6-2CHO-2N3.  
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Figure S4.39. 13C NMR (125 MHz, CDCl3) spectrum of IDTT-C6-2CHO-2N3..  
 

 
Figure S4.40. 1H NMR (500 MHz, CDCl3) spectrum of IDTT-C6-2CHO-2NH2.  
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Figure S4.41. MALDI-TOF mass spectrum of IDTT-C6-2CHO-2NH2. 
 

 
Figure S4.42. 1H NMR (500 MHz, CDCl3) spectrum of IDTT-hd-2CHO-2NH2.  
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Figure S4.43. 13C NMR (125 MHz, CDCl3) spectrum of IDTT-hd-2CHO-2NH2.  
 

 
Figure S4.44. MALDI-TOF mass spectrum of IDTT-hd-2CHO-2NH2. 
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Figure S4.45. 1H NMR (500 MHz, CDCl3) spectrum of LTX-C6 and the expansion of the 
aromatic region.  
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Figure S4.46. MALDI-TOF mass spectrum of LTX-C6. 
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Figure S4.47. 1H NMR (500 MHz, CDCl3) spectrum of LTX and the expansion of the aromatic 
region. 
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Figure S4.48. 13C NMR (125 MHz, CDCl3) spectrum of LTX. 

 
Figure S4.49. MALDI-TOF mass spectrum of LTX. 
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Figure S4.50. 1H NMR (500 MHz, CDCl3) spectrum of LTX-4F and the expansion of the 

aromatic region. 
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Figure S4.51.13C NMR (125 MHz, CDCl3) spectrum of LTX-4F. 
 

 
Figure S4.52. 19F NMR (470 MHz, CDCl3) spectrum of LTX-4F.  
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Figure S4.53. MALDI-TOF mass spectrum of LTX-4F. 
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Figure S4.54. 1H NMR (500 MHz, CDCl3) spectrum of LTX-4Cl and the expansion of the 
aromatic region.  
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Figure S4.55. 13C NMR (125 MHz, CDCl3) spectrum of LTX-4Cl. 
 

 
Figure S4.56. MALDI-TOF mass spectrum of LTX-4Cl. 
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4.2 EFFECTS OF SIDE CHAINS AND HALOGENATIONS ON LADDER MOLECULE 

ACCEPTORS 

4.2.1 Introduction 

Organic solar cells (OSCs) have emerged as one of the promising photovoltaic (PV) 

technologies moving towards commercialization, demonstrating state-of-the-art power conversion 

efficiency (PCE) as high as 18% in single junction devices.54 With the photoactive layers 

comprised of organic semiconductors, OSCs provide unique characteristics compared with their 

inorganic counterparts, including synthetic accessibility, tunability in optical and electronic 

properties, light weight, and mechanical flexibility. In recent years, rapid development in non-

fullerene acceptors (NFAs) have contributed most to boost  the photovoltaic performance of 

polymer:NFA-based OSCs via rigorous molecular and device engineering. The most important 

classes of NFAs are the ITIC, IDTBR and Y6 families139, which in nature share similar acceptor-

donor-aceptor (A-D-A) backbone architecture and were synthesized in similar fashion.  

Currently, however, the intrinsic stability of individual photoactive components and the 

long-term device operation stability are under critical considerations in order to achieve the 

ultimate goal of commercialization.64 It has been recognized that the root causes of degradation 

processes in OSCs are multifaceted, ranging from intrinsic photochemical stabilities inherent in 

the molecular design of photoactive materials to the morphological changes within blends under 

stress conditions. Little has been achieved so far to revolutionize the molecular design of current 

mainstream NFAs.  

Previously, we developed a series of ladder molecule acceptors (LMAs), which adopted 

novel double-stranded tridecacyclic backbones, thereby possessed extraordinary thermal stability, 

defined conformation, and enhanced intrinsic stability. It was found that “ladderization” led to 



166 
 
 

raised LUMO energy levels, therefore contributed to high Voc values. The LMAs demonstrated 

unique dual-band absorption spanning from 300 – 750 nm. Especially, extra-long branched alkyl 

(2-hexyldecyl) chains were installed to ensure solution-processibility.  

To follow up, we here present a new series of LMAs with relatively shorter alkyl (n-decyl) 

chains to probe the “sweet spot” between solubilizing groups and device performance. The new 

LMAs, namely LTX10, LTX10-4F and LTX10-4Cl, (Figure 4.57a) were synthesized with our 

developed chemistry, and they showed optical absorption and electronic structures highly similar 

to their counterparts with long branched alkyl chains. (Figure 4.57b, c) Binary blend solar cells 

based on the blend of PM6:LTX10, PM6:LTX10-4F and PM6:LTX10-4Cl demonstrated 

moderately high PCEs of 6.1%, 9.0% and 9.3%, respectively. Compared to their counterparts with 

long branched chains in previous report, these blends were found to have relatively lower and more 

unbalanced charge transport properties, suggesting that reducing the length of alkyl chains 

negatively impacted the bulk charge transport in blend films. Furthermore, 2D GIWAXS studies 

revealed that LTX10 adopted edge-on orientation, whereas LTX10-4F were tilted and LTX10-4Cl 

were face-on oriented.  
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Figure 4.57. (a) Chemical structures, (b) HOMO/LUMO energy levels of the polymer donor, and 

(c) optical absorption spectra of PM6 and the ladder molecule acceptors: LTX10, LTX10-4F and 

LTX10-4Cl;  

 

4.2.2 Experimental Methods 

Synthetic procedures. 

IDTT10-2Br. In a 250 mL round-bottom flask, IDTT10 (1a) (1.758g, 1.72 mmol) was 

completely dissolved in chloroform/acetic acid (50 mL/15 mL) solvent mixture. The flask was 

wrapped with aluminum foil to avoid light. To the stirring solution, NBS (0.629 g, 3.53 mmol, 

2.05 equiv) was added in one portion. Reaction was kept stirring in dark at room temperature for 

overnight. Resulted yellow suspension was slowly poured into water. Perform extraction with 
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dichloromethane. The organic layer was washed with water, NaHCO3 (aq) and brine. Organic 

fraction was then dried over Na2SO4, and concentrated in vacuo. Crude product was absorbed in 

silica gel and loaded onto column, eluting with hexane/DCM (4:1 v/v). Collected product was 

recrystallized from DCM/MeOH, collected from filtration and further dried in vacuum oven. 

Yield:  1.91g, 94%, pale yellow powder.  

IDTT10-2CHO-2Br. In an argon-filled 250 mL two-neck round-bottom flask, IDTT10-

2Br (2a) (400 mg, 1.27 mmol) was dissolved in 80 mL anhydrous THF. Solution was cooled down 

to -78 ºC and kept for 15 min. At -78 ºC, lithium diisopropylamide (LDA) (1M solution in 

THF/hexane, 2.55 mL, 5.10 mmol, 4 equiv) was added dropwise. Reaction mixture turned into 

redolored solution. The mixture was kept at -78 ºC and allowed to gradually warm up to room 

temperature for overnight. Resulted yellowish brown mixture was again cooled to 0 ºC. Anhydrous 

DMF (1 mL, excess) was added slowly. Resulted suspension was kept stirring at room temp for 1 

h. Saturated NH4Cl (aq) was added. The mixture was then extracted with dichloromethane, washed 

with sat. NH4Cl (aq), brine and dried over Na2SO4. Crude product was purified with silica gel 

column eluting with hexane/DCM with increasing polarity (from 2:1 to 2:1.5 v/v), followed with 

precipitation into methanol. Product was then filtered and dried in vacuum oven. Yield: 500 mg, 

%, lightly-greenish yellow powder.  

IDTT10-2CHO-2NH2. Crude solid IDTT-2CHO-2N3 (4a) from previous step was 

redissolved in  5 mL chloroform in a vial. 40% ammonium sulfide (1 mL, excess) was added 

dropwise. Mixture was stirred for 30 min at room temperature until gas evolution had ceased. 

Perform extraction with chloroform, wash with brine and dry over Na2SO4. Crude product was 

purified with short silica gel column, eluting with DCM. Collected fraction was concentrated on 
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rotary evaporator and was recrystallized from hexane at r.t.. Product was then filtered and dried in 

vacuum oven. Overall yield from 3a: 180 mg, 76%, yellow solid.  

General Procedures for Friedlander Condensation Reactions. In an argon-filled 

Schlenck tube, bis(amino-aldehyde) (1 equiv), end group (5 equiv) and diphenyl phosphate (20 

equiv) was dissolved into anhydrous toluene. Reaction mixture was heated up and kept refluxing 

for overnight. After cooling to room temperature, resulted dark mixture was precipitated into 10% 

Et3N/MeOH and kept stirring for 2 h. After filtration, dark crude product was collected and 

redissolved with chloroform, and further purified with silica gel column and preparative TLC 

plates. Collected fraction was concentrated and recrystallized with CF/MeOH. Pure product was 

then filtered and dried in vacuum oven. Yield: ~30%.  

Cyclic voltammetry measurements. Cyclic voltammetry (CV) measurements were 

performed on an EG&G Princeton Applied Research potentiostat/galvanostat (model 273A). A 

three-electrode cell was used, using platinum (Pt) wires as both counter and working electrodes. 

Silver/silver ion (Ag in 0.01 M AgNO3 solution) was used as the reference electrode. For thin 

films, the working electrode was a Pt wire coated with the synthesized small molecules, dipoated 

from concentrated solution in chloroform and air dried for overnight. CV measurements of thin 

films were carried out in 0.1 M tetrabutylammonium hexafluorophosphate (Bu4NPF6) solution in 

acetonitrile at a scan rate of 50 mV/s. For solutions, the working electrode was a bare Pt wire. CV 

measurements of solutions were carried out in 1,2-dichlorobenzene/acetonitrile (10:1) (0.1 mM) 

containing 0.1 M tetrabutylammonium hexafluorophosphate (Bu4NPF6) as supporting electrolyte. 

Scan rate was 100 mV/s. Solutions were purged with inert gas before measurements. All recorded 

reduction and oxidation potentials were calibrated with the ferrocene/ferrocenium (Fc/Fc+) couple. 
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Solar Cell Fabrication and Testing. The inverted device structure fabricated and 

evaluated was: ITO/ZnO/PEI/blend active layer/ MoO3(0.5 nm)/Ag(100 nm), where PEI or 

polyethylenimine is a cathode buffer layer.79 The ITO glass substrates were sequentially sonicated 

in acetone, deionized (DI) water and isopropanol for 20 min each and then plasma cleaned for 10 

min. The ZnO layer (~30 nm) was spin-coated from the precursor solution (0.5 g of zinc acetate 

dihydrate, 0.14 g of ethanolamine and 5 mL of 2-methoxyethanol) and baked at 250 ºC for 30 min 

in open air. Solution of PEI (Mw = 25k, Aldrich 408727) in 2-methoxyethanol (0.05 wt%) was then 

spin-coated onto the ZnO layer and dried at 120 ºC for additional 10 min. The resulting substrates 

were then stored in an argon-filled glovebox for deposition of active layers. The active layer blend 

solution was prepared by mixing a chlorobenzene solution of the donor polymer PM6 respectively 

with a chlorobenzene solution of acceptors: LTX10, LTX10-4F, LTX10-4Cl. Various solution 

volumes of the component polymers were mixed in the right proportions to afford the desired blend 

film compositions. In cases where a processing additive was used, the chlorobenzene:additive (v/v 

%) mixed solvent was achieved by adding CN to a prepared blend solution. The blend solutions 

were stirred overnight with low heating to achieve a homogeneous mixture. Each blend solution 

was then spin-coated onto the cleaned substrate and annealed on a hot plate for 10 min to afford 

dried thin films with a thickness of 95 ± 5 nm. Finally, the MoO3 layer and Ag electrode were 

deposited within a thermal evaporator. Defined active area of 0.0314 cm2 was achieved for 

individual devices through a shadow mask. The photovoltaic cells were tested under AM 1.5G 

solar illumination at 100 mW/cm2 in ambient air using a Solar Simulator (model 16S, Solar Light 

Co., Philadelphia, PA) with a 200W Xenon Lamp Power Supply (Model XPS 200, Solar Light 

Co., Philadelphia, PA) calibrated by NREL certified Si photodiode (Model 1787–04, Hamamatsu 

Photonics K.K., Japan) and a HP4155A semiconductor parameter analyzer (Yokogawa Hewlett-
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Packard, Japan). After the J–V measurement, the EQE was measured by using a solar cell quantum 

efficiency measurement system (Model QEX10, PV Measurements, Inc., Boulder, CO) with a 2 

mm2 (2 × 1 mm) size masked incident light source and TF Mini Super measurement apparatus for 

multiple devices in a single substrate.  

SCLC Device Fabrication and Testing. The space charge limited current (SCLC)80 

devices fabricated and evaluated had the structures: ITO/PEDOT:PSS/blend/MoO3/Ag (hole-

only), where poly(3,4‐ethylenedioxythiophene):poly(styrenesulfonate)  (PEDOT:PSS) is a hole 

injection layer; and ITO/ZnO/PEI/active layer/PFN-Br/Al (electron-only). The blend active layers 

in these SCLC devices had the same composition as the corresponding photovoltaic devices. 

Current-voltage (J-V) characteristics of the SCLC devices were plotted as J0.5 versus V and fitted 

by using the following formula: J = 9 ε0 εr μV2/8d3, where J is the current density, ε0 is the 

permittivity of free space, εr is the relative dielectric constant of the transport medium, μ is the 

carrier mobility, V is the applied voltage, d is the thickness of blend active layer.  

Atomic Force Microscopy (AFM) Imaging. The surfaces of the actual all-polymer solar 

cell devices were imaged by using the atomic force microscope (Model: Bruker Dimension ICON).  

2D GIXD Measurements. Two-dimensional (2D) Grazing incidence X-ray scattering 

(GIXD) experiments were conducted at the Japan Synchrotron Radiation Facility SPring-8 by 

using the beamline BL46XU. The thin-film samples investigated were prepared in the same 

manner as the corresponding photovoltaic devices on ZnO-coated ITO substrates, without the 

thermal deposition of top MO3/Ag electrodes. The X-ray beam was monochromatized by a double-

crystal Si(111) monochromator, and the X-ray energy in this experiment was 12.40 keV (λ = 0.1 

nm). The angle of incident X-ray to sample surface was 0.12° with a Huber diffractometer. The 

scattered profile from the film sample was detected using an area detector (PILATUS 300K) for 5 
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s at room temperature, and the distance between the sample and detector was 174.4 mm. The 

crystal coherence length (Lc) of samples was determined by using the Scherrer equation: Lc = 

2πK/Δq, where K is a shape factor (typically 0.89) and Δq is the full width at half-maximum 

(FWHM) of the diffraction peak.  

 

4.2.3 Results and Discussion 

4.2.3.1 Materials synthesis and characterization.  

The ladder molecule acceptors, LTX10, LTX10-4F and LTX10-4Cl, were synthesized following 

the synthetic route developed previously in our lab. (Scheme 4.2) Details in synthetic procedures 

and characterization data in 1H NMR, 13C NMR and mass spectrometry are provided in 

Supporting Information. Due to the shorter n-decyl chains, the solubility of LTX10, LTX10-4F 

and LTX10-4Cl in common organic solvents (e.g. dichloromethane, chloroform, chlorobenzene) 

decreased significantly relative to their precedents with long branched 2-hexyldecyl chains, which 

posed some difficulty in purification processes. Nevertheless, pure compounds were eventually 

obtained from column purification followed with preparative TLC plates. The solubility of the 

three LMAs stands in the ascending order: LTX10 < LTX10-4F < LTX10-4Cl. Thermogravimetric 

analysis (TGA) showed that these ladder molecules have high decomposition temperatures (Td): 

LTX10 (418 °C), LTX10-4F (432 °C) and LTX10-4Cl (435 °C). (Figure S4.63) LTX10, LTX10-

4F and LTX10-4Cl showed similar dual-band optical absorption, (Figure 4.57c) as expected based 

on our previous studies. The redox properties of the LTXs were investigated with cyclic 

voltammetry (CV) in solutions and in thin films. (Figure S4.64)The HOMO/LUMO energy levels 

extracted from cyclic voltammograms in solutions are: LTX10 (-5.58/-3.64 eV), LTX10-4F (-
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5.61/-3.74 eV) and LTX10-4Cl (-5.59/-3.74 eV). (Figure 4.57b). Going from 2-hexyldecyl chains 

to n-decyl chains, the HOMO/LUMO energy levels were raised very slightly (0.01 – 0.05 eV). 
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Scheme 4.2. Synthesis of the ladder molecule acceptors: LTX10, LTX10-4F and LTX10-4Cl. 

4.2.3.2 Crystal analysis of IDTT10-2CHO-2NH2.  

 

 

Figure 4.58. Crystal structure of bis(amino-aldehyde), IDTT10-2CHO-2NH2, and the 

intermolecular and intramolecular interactions. Molecules are colored by symmetry equivalence. 

All hydrogen atoms and n-decylphenyl chains are omitted for clarity. 
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We here report the very first single crystal for the novel heptacyclic bis(amino-aldehyde) 

building block, IDTT10-2CHO-2NH2. The orange-colored needle crystals appeared from a 

solution of IDTT10-2CHO-2NH2 in dichloromethane/methanol mixed solvent, after the vessel was 

left open in fume hood for a few days. The crystal has a monoclinic packing system, and the space 

group is P21/c. The unit cell parameters are a = 22.3804(16) Å,  α = 90°; b = 18.6922(14) Å,  β = 

109.494(5)°; c = 28.469(2) Å, γ = 90°. As illustrated in Figure 4.58, each bis(amino-aldehyde) 

molecule interacts with four neighboring molecules mainly via N-H∙∙∙O hydrogen-bonding (H-

bonding), where the amine (N2) interacts with the carbonyl oxygen (O1) from one neighboring 

molecule, and the carbonyl oxygen (O2) interacts with the amine (N3) from another neighboring 

molecule. The intermolecular H-bonding has N-O distances of 2.84 Å and 2.89 Å, thus are 

considered moderate175 strength. Meanwhile, intermolecular S∙∙∙O interactions are also present, 

with S-O distances of 3.19 Å and 3.27 Å which are smaller than the sum of their Van der Waals 

radii (rS =1.89 Å, rO = 1.50 Å). In addition to the intermolecular interactions, the bis(amino-

aldehyde) also showed intramolecular H-bonding between its own amine and carbonyl oxygen, 

leading to exclusive S,O-trans conformation similar to 3-amino-2-formylthiophene166 reported in 

early literature.   

Photovoltaic Properties.  The photovoltaic properties of LMAs were investigated pairing 

with the polymer donor, PM6. Inverted device architecture was adopted: 

ITO/ZnO/PEI/photoactive layer/MoO3/Ag, where PEI was cathode interlayer. For each 

PM6:LMA combination, devices were individually optimized by varying the donor:acceptor 

(D:A) weight ratios, the annealing temperature, and addition of processing additives. The optimal 

processing conditions for PM6:LTX10, PM6:LTX10-4F, and PM6:LTX10-4Cl were found to be 

with D:A ratio of 1:0.8 (wt:wt) and aging inside the Argon filled glovebox at room temperature 
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for 2 h after spin-coating, with 2 vol% chloronapthalene (CN), 1.5 vol% CN, and 1 vol% CN as 

processing additive, respectively. The current density-voltage (J-V) curves and the EQE spectra of 

the best performing devices are presented in Figure 4.59. The detailed photovoltaic parameters 

including open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF) and power 

conversion efficiency (PCE) are summarized  in Table 4.10. The optimized PM6:LTX10 devices 

exhibited an average Jsc of 8.58 mA/cm2, a large Voc of 1.09 V, and a relatively low FF of 0.59, 

leading to an average PCE of 5.47%. Compared to PM6:LTX10, the optimized PM6: LTX10-4F 

and PM6: LTX10-4Cl devices showed increased average Jsc of 12.92 mA/cm2 and 13.15 mA/cm2, 

respectively. The improvement of Jsc in PM6: LTX10-4F and PM6: LTX10-4Cl blends are 

consistent with the stronger light harvesting ability of LTX10-4F and LTX10-4Cl, which showed 

higher absorption coefficients and red-shifted absorption bands compared to LTX10. (Figure 4.57) 

The PM6:LTX10-4F and PM6:LTX10-4Cl devices also demonstrated significantly increased FF 

of 0.70 and 0.71, respectively, compared to PM6:LTX10 (FF = 0.60), indicating formation of more 

favorable blend morphology with halogenations. It is noteworthy that all three blends, 

PM6:LTX10, PM6:LTX10-4F and PM6:LTX10-4Cl, demonstrated high Voc of 1.09 V, 0.973 V 

and 0.966 V, respectively. As listed in Table 4.10, the champion devices of PM6:LTX10, 

PM6:LTX10-4F, and PM6:LTX10-4Cl demonstrated maximum PCE of 6.05%, 9.02% and 9.33%, 

respectively.  The EQE spectra of the optimized PM6:LTXs blend devices are shown in Figure 

4.59b. The maximum EQE for the devices based on the LTX10 series were found to be 56.3%, 

69.8%, and 71.2% for PM6:LTX10, PM6:LTX10-4F, and PM6:LTX10-4Cl, respectively, in the 

range of 560-580 nm. The calculated Jsc (Jsc
calc.) (Table 4.10) obtained by integrating the EQE 

spectra were within 3-5% error with the Jsc extracted from the J-V curves. 

Table 4.10. Summarized Photovoltaic Parameters of the Optimized PM6:LMAs Blend Devices. 
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Blends Jsc 
(mA/cm2) 

Voc 
(V) 

FF 
PCE (a) 
(%) 

Jsc
calc. 

(mA/cm2) 


h 

(10-3 cm2/Vs) 


e 

(10-4 cm2/Vs) 


h/e
 

PM6:LTX10 
9.22 
(8.58 ± 0.26) 

1.09 
(1.09 ± 0.01) 

0.60 
(0.59 ± 0.02) 

6.05 
(5.47 ± 0.35) 

8.60 1.51 1.55 9.75 

PM6:LTX10-4F 
13.29 
(12.92 ± 0.27) 

0.973 
(0.973 ± 0.002) 

0.70 
(0.68 ± 0.02) 

9.02 
(8.49 ± 0.29) 

12.48 1.03 1.09 9.42 

PM6:LTX10-4Cl 
13.61 
(13.15 ± 0.23) 

0.966 
(0.962 ± 0.005) 

0.71 
(0.70 ± 0.02) 

9.33 
(8.81 ± 0.26) 

13.16 0.83 1.73 4.79 

(a) Average values of over 15 devices. 

 

Figure 4.59. (a) J-V response curves, (b) EQE spectra, (c) light intensity dependence of short-

circuit current (Jsc) and (d) light intensity dependence of open-circuit voltage (Voc) for devices 

based on blend of PM6:LTX10, PM6:LTX10-4F and PM6:LTX10-4Cl.  
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4.2.3.3 Charge Photogeneration, Recombination and Charge Transport.  

The dependence of Jsc and Voc on the incident light intensity (Plight) were characterized to 

investigate the charge recombination mechanism. (Figure 4.59) The relationship between Jsc and 

Plight follows the power law: 𝐽௦௖  ∝  𝑃௟௜௚௛
ఈ . Under shortircuit conditions, when bimolecular 

recombination within the photoactive layer is negligible, a approaching 1 should be observed. 

Deviation from 1 indicates loss from bimolecular recombination. We observe a values of the three 

blends to be 1.05, 0.99 and 0.98, suggesting minimum bimolecular recombination loss. On the 

other hand, we evaluated the correlation between Voc and Plight, where the ideality factor s was 

extracted with the following equation: 𝑠 =
௞்

௤

డ௏೚೎

డ୪୬ (௉೗೔೒೓೟)
. Under openircuit conditions, when 

bimolecular recombination is predominant, an ideality factor of unity (s = kT/q) should be 

observed, while an s value approaching 2kT/q signifies monomolecular or trap-assisted 

recombination loss. We obtained s values of 1.13kT/q, 1.23kT/q and 1.34kT/q for PM6:LTX10, 

PM6:LTX10-4F and PM6:LTX10-4Cl, respectively, suggesting increased presence of traps with 

fluorination and chlorination.      

The bulk charge transport properties of the neat films of LMAs and the blend films of 

PM6:LMAs were characterized by extracting the space-charge limited current (SCLC) carrier 

mobilities from single-carrier diodes: ITO/PEDOT:PSS/active layer/MoO3/Ag (hole-only)  and 

ITO/ZnO/PEI/active layer/PFN-Br/Al (electron-only). The neat films of LMAs were thermally 

annealed at 110oC for 10 min. The blend films of PM6:LMAs were processed under the same 

optimized conditions as in the corresponding solar cell devices. The J-V curves and SCLC fittings 

for  the hole-only and the electron-only devices of  the blend films of PM6:LMAs are presented in 

Figure S4.66. The extracted hole mobility (mh), electron mobility (me), and the mh/me ratio of the 

blend films are summarized in Table 4.10. For the neat films, this series of LMAs with n-decyl 
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side chains formed poor-quality films with macroscopic aggregates across the film, due to limited 

solubility. For the blend films of PM6:LMAs, we observed highly unbalanced hole/electron 

transport, where the µh/µe ratios for PM6:LTX10, PM6:LTX10-4F and PM6:LTX10-4Cl were 

found to be 9.75, 9.42 and 4.79, respectively. These µh/µe ratios suggested that chlorination is 

beneficial for more symmetrical charge transport. Previously we have demonstrated that with long 

branched sidechains, symmetrical hole/electron transport in PM6:LMAs blends could be achieved. 

Thus, here we ascribe the asymmetrical hole/electron transport to the negative effects of shorter 

side chains in LTX10, LTX10-4F and LTX10-4Cl.  
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Figure 4.60. 2D GIXD patterns for the neat and blend films: (a) LTX10; (b) LTX10-4F; (c) 

LTX10-4Cl; (d) PM6:LTX; (d) PM6:LTX10-4F; (e) PM6:LTX10-4Cl; and 1D line cuts for all 

neat and blend films in (g) in-plane (IP) and (h) out-of-plane (OOP) directions, where “♦” denotes 

peaks from the donor polymer PM6 and “▽” and “#” denotes peaks from the ladder molecule 

acceptors.  
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Figure 4.61. Simplified illustration of molecular packing characteristics for (a) LTX10, (b) 

LTX10-4F and (c) LTX10-4Cl in neat and blend films deduced from 2D GIWAXS analysis.  

 

4.2.3.4 2D GIWAXS Analysis.  

The bulk morphology of the neat films of LMAs and the blend films of PM6:LMAs were 

characterized using synchrotron-based two-dimension grazing incidence wide angle X-ray 

scattering (2D-GIWAXS). Figure 4.60 presented the 2D diffraction patterns and the 

corresponding 1D lineut profiles in the in-plane (IP) (qxy) and the out-of-plane (OOP) (qz) 

directions for all neat and blend films. The extracted data for peak positions, d-spacing, and the 

calculated crystalline coherence length (Lc) for each of the neat and blend films are summarized 

in Table S4.13. The 2D diffraction patterns for PM6 are presented in Figure S4.22. 2D GIXD 

diffraction pattern for the neat film of PM6., and the IP and OOP line-cuts of PM6 are plotted 

within Figure 4.60g-h.  

The neat films of LTX10, LTX10-4F and LTX10-4Cl showed drastically different 2D diffraction 

patterns. For the neat film of LTX10, (Figure 4.60a) π-π diffraction pattern appeared in the IP 

direction at qxy of 1.80 Å-1 (d = 3.49 Å) with a crystalline coherence length (Lc) of 4.05 nm, while 

in the OOP direction, an intense lamellar peak at qz of 0.31 Å-1 (d = 20.43 Å, Lc = 7.28 nm) was 
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identified. Such diffraction patterns represent distinct edge-on orientation of LTX10, where the 

ladder backbones are perpendicular to the substrate with the lamellar packing in the vertical 

direction and the π-π stacking in the horizontal direction (Figure 4.61a). In contrast, the neat film 

of LTX10-4Cl showed π-π diffraction in the OOP direction at qz of 1.80 Å-1 (d = 3.49 Å, Lc = 1.41 

nm) and associated IP diffraction at qxy of 0.234 Å-1 (d = 26.87 Å, Lc = 12.86 nm), representing 

distinct face-on orientation, where the ladder backbones are parallel to the substrate with the π-π 

stacking in the vertical direction (Figure 4.61c). For the neat film of LTX10-4F, however, the 2D 

diffraction patterns were more complex. There is off-axis π-π diffractions at qz of 1.78 Å-1 (d = 

3.54 Å), suggesting existence of somewhat tilted  face-on π-π stacking. In the IP direction, two 

peaks were identified at lower qxy of 0.25 Å-1 (d = 25.53 Å, Lc = 8.01 nm) and 0.36 Å-1 (d = 17.32 

Å, Lc = 9.97 nm). (Figure 4.60h, “▽”) In the OOP direction, a very intense peak appeared at qz of  

0.38 Å-1 (d = 16.42 Å, Lc = 12.10 nm), (Figure 4.60h, “#”), representing a unidentified structural 

ordering with d-spacing of ~16-17 Å with rather random orientations (Figure 4.61c).  

The neat film of PM6 clearly showed mixed face-on and edge-on orientation, where the 

face-on oriented crystallites were reflected as the OOP π-π diffraction at qz of 1.69 Å-1 (d = 3.72 

Å, Lc = 2.09 nm) associated with the IP lamellar peak at qxy of  0.289 Å-1 (d = 21.7 Å, Lc = 7.23 

nm) and the edge-on oriented crystallites were represented with intense lamellar peak at qz of 0.326 

Å-1 (d = 19.3 Å, Lc = 6.25 nm). In the blend films of PM6:LMAs, all three blends showed π-π 

diffraction patterns in the OOP direction, indicating existence of face-on orientated crystallites. 

(Figure 4.60d-f) Given that the blends of PM6:LTX10-series had the donor/acceptor weight ratio 

(D:A) of 1:0.8, the distinct diffraction features of the acceptors were weakened in the blends 

relative to the signals from individual neat films. The blend of PM6:LTX10 preserved weak π-π 

diffraction peak in the IP direction originated from edge-on oriented LTX10. The blend of 
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PM6:LTX10-4F have shoulder peaks in the lower qxy and qz regions that were originally present 

in neat film of LTX10-4F. In addition, the blend of PM6:LTX10-4Cl mostly resembled diffractions 

of PM6 neat film and the features of LTX10-4Cl became indistinguishable. In summary, from 

PM6:LTX10 to PM6:LTX10-4F and further to PM6:LTX10-4Cl, while the donor polymer adopts 

a mixed face-on/edge-on orientations, the orientation of the LMAs varied from edge-on for 

LTX10, to tilted face-on for LTX10-4F, and further towards face-on for LTX10-4Cl, therefore 

positively affecting photovoltaic performance.  

4.2.4 Conclusions 

In summary, we present a new series of ladder molecule acceptors (LMAs) based on 

Friedlander condensation of IDTT core with n-decyl side chains (IDTT10) and various end-groups, 

namely, LTX10, LTX10-4F and LTX10-4Cl. The new series of LMAs demonstrated optical and 

electronic properties similar to the reported precedents with 2-hexyldecyl side chains. However, 

compared with long branched side chains, the shorter n-decyl chains did compromise the 

solubility, thus posed extra difficulty in synthesis and purification, and had negative effects on 

film-forming qualities when blending LMAs with the polymer donor, PM6. Nevertheless, decent 

photovoltaic performance was obtained from the optimized devices based on PM6:LMAs blends 

with PCE ranging from 6.1% to 9.3% and high Voc values of 0.97 – 1.1 V. Furthermore, 2D GIXD 

analysis revealed the LTX10 adopted preferentially edge-on orientation, whereas LTX10-4Cl was 

preferentially face-on. LTX10-4F demonstrated significant structural ordering in multiple 

directions with somewhat tilted face-on π-π stacked crystallites.  
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4.2.5 Supporting Information 

 
Scheme S4.3. Synthesis of ladder molecule acceptors: LTX-C10, LTX-C10-4F and LTX-C10-4Cl.  

Reagents and conditions: (i) NBS (2.0 equiv), S: CHCl3/AcOH (v:v 3:1), r.t., overnight; (ii) 1) 

LDA(3.0 equiv), S: THF, -78 ºCr.t., 24 h; 2) DMF (excess), 0 ºC r.t. for 2 h; (iii) NaN3 (10 

equiv), S: DMPU, r.t., 24 h; (iv) (NH4)2S (aq, excess), S: CHCl3/MeOH, r.t. for 30 min; (v) 

diphenyl phosphate, S: Toluene, 90 ºC, 24h.  
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X-ray Crystallography of IDTT10-2CHO-2NH2.  A very tiny yellow needle, measuring 

0.22 x 0.05 x 0.05 mm3 was mounted on a loop with oil.  Data was collected at -173oC on a Bruker 

APEX II single crystal X-ray diffractometer, Mo-radiation. 

Crystal-to-detector distance was 40 mm and exposure time was 300 seconds per frame for 

all sets.  The scan width was 0.5o.   Data collection was 99.5% complete to 25o in .  A total of 

19726 unique reflections were collected covering the indices, -27<=h<=27, -22<=k<=22, -

34<=l<=34 with a Rint of 0.2097.  Indexing and unit cell refinement indicated a primitive 

monoclinic lattice.  The space group was found to be P 21/c (No. 14).  

 The data was integrated and scaled using SAINT, SADABS within the APEX2 software 

package by Bruker.90  Solution by direct methods (SHELXS, SIR9790) produced a complete heavy 

atom phasing model consistent with the proposed structure. The structure was completed by 

difference Fourier synthesis with SHELXL97.91-93 Scattering factors are from Waasmair and 

Kirfel.94 Hydrogen atoms were placed in geometrically idealised positions and constrained to ride 

on their parent atoms with C---H distances in the range 0.95-1.00 Angstrom. Isotropic thermal 

parameters Ueq were fixed such that they were 1.2Ueq of their parent atom Ueq for CH's and 1.5Ueq 

of their parent atom Ueq in case of methyl groups. All non-hydrogen atoms were refined 

anisotropically by full-matrix least-squares.  

The crystals started to fracture the moment they were removed from solution. Thus, a 

relatively small sample examined. 

The asymmetric unit contains 3 half molecules. One of those halves sees its n-pentane 

groups disordered. 

The structure is of high quality and ready for publication. 

Data were summarized in Table S4.11. 
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Figure S4.62. ORTEP of the extended structure for IDTT10-2CHO-2NH2 with thermal ellipsoids 

at the 50% probability level. Disorder omitted for clarity.  
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Table S4.11. Crystallographic Data and Structural Refinement for IDTT10-2CHO-2NH2 

 IDTT-2CHO-2NH2 

Empirical formula C86 H108 N2 O2 S4 

Formula weight 1329.98 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal system Monoclinic 

Space group P 21/c 

Unit cell dimensions a = 22.3804(16) Å,  = 90° 

 b = 18.6922(14) Å,  =109.494(5)° 

 c = 28.469(2) Å,   = 90° 

Volume 11227.2(15) Å
3 

Z 6 

Density (calculated) 1.180 Mg/m3 

Absorption coefficient 0.176 mm
-1 

F(000) 4308 

Crystal size 0.220 × 0.050 × 0.050 mm3 

Theta range for data collection 1.455 to 25.027° 

Index ranges -27 ≤ h ≤ 27, -22 ≤ k ≤ 22, -34 ≤ l ≤ 34 

Reflections collected 19726 

Independent reflections 19726 [R(int) = 0.2097] 

Completeness to theta = 25.000° 99.5 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 19726 / 2246 / 1260 

Goodness-of-fit on F2 0.836 

Final R indices [I>2sigma(I)] R1 = 0.1053, wR2 = 0.2392 

R indices (all data) R1 = 0.3937, wR2 = 0.3435 

Largest diff. peak and hole 0.393 and -0.363 e.Å-3 
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Figure S4.63. TGA traces of the ladder molecule acceptors: LTX10, LTX10-4F and LTX10-4Cl. 
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Figure S4.64. Cyclic voltammograms of solutions and thin films for the ladder molecule 

acceptors: (a) LTX-C10 (solution); (b) LTX-C10 (thin film); (c) LTX-C10-4F (solution); (d) LTX-

C10-4F (thin film);  (e) LTX-C10-4Cl (solution); (f) LTX-C10-4Cl (thin film). 

  



189 
 
 

 

Figure S4.65. Images of thin films of LTX, LTX-4F and LTX10-4Cl under continuous 1 sun 

illumination for up to 48 h and the progression of the optical absorbance.  

 
 
 
 
 
 
 
Table S4.12. Charge Transport Properties of Neat Films for the Ladder Molecule Acceptors 
 

Acceptors 
e 

(cm2/Vs) 

LTX10 8.98 × 10-5 ± 1.03 × 10-4 

LTX10-4F 1.36 × 10-4 ± 1.61 × 10-4 

LTX10-4Cl 2.11 × 10-5 ± 1.35 × 10-5 
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Figure S4.66. SCLC fitting of PM6:LMAs: (a) PM6:LTX10 (electron-only); (b) PM6:LTX10 

(hole-only); (c) PM6:LTX10-4F (electron-only); (b) PM6:LTX10-4F (hole-only); (a) 

PM6:LTX10-4Cl (electron-only); (b) PM6:LTX10-4Cl (hole-only).  
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Table S4.13. Peak Positions Extracted from 1D Line-Cut Profiles in the In-Plane (IP) Direction 

and the Out-of-Plane (OOP) Direction for Neat Films and PM6:LMA Blend Films.  

Film component q
xy

 (Å
−1

) 
d-spacing 

(Å) 
Lc 

(nm) q
z
 (Å

−1
) 

d-spacing 
(Å) 

Lc 
(nm) q

z
 (Å

−1
)  

d-spacing 
(π-π) 

Lc 
(nm) 

LTX10 0.258a, 1.80 24.3, 3.49 4.03, 4.05 0.308 20.4 7.28 N/A N/A N/A 

LTX10-4F 0.246, 0.363 25.5, 17.3 8.01, 9.97 0.383 16.4 12.10 1.78 3.54 1.39 

LTX10-4Cl 0.234 (0.270b) 26.9 12.86 0.470 13.4 N/A 1.80 3.49 1.41 

PM6 0.289 21.7 7.23 0.326 19.3 6.25 1.69 3.72 2.09 

PM6:LTX10 0.289, 1.82 21.7 10.96, 3.42 0.326 19.3 6.51 1.73 3.64 1.66 

PM6:LTX10-4F 0.289 (0.258b) 21.7 8.72 0.332, 0.383b 18.9 5.30 1.71b 3.67 1.43 

PM6:LTX10-4Cl 0.289 21.7 10.45 0.332 18.9 6.75 1.70 3.70 1.66 

 
a broad peak. b shoulder peak.  
 
 
 

 
Figure S4.67. 1H NMR (500 MHz, CDCl3) spectrum of IDTT10. 
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Figure S4.68. 13C NMR (125 MHz, CDCl3) spectrum of IDTT10. 

 

 
Figure S4.69. MALDI-TOF mass spectrum of IDTT10. 
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Figure S4.70. 1H NMR (500 MHz, CDCl3) spectrum of IDTT10-2Br. 

 

 
Figure S4.71. 13C NMR (125 MHz, CDCl3) spectrum of IDTT10-2Br. 
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Figure S4.72. MALDI-TOF mass spectrum of IDTT10-2Br. 

 
Figure S4.73. 1H NMR (500 MHz, CDCl3) spectrum of IDTT10-2CHO-2Br. 
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Figure S4.74. 13C NMR (125 MHz, CDCl3) spectrum of IDTT10-2CHO-2Br. 

 
Figure S4.75. MALDI-TOF mass spectrum of IDTT10-2CHO-2Br. 
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Figure S4.76. 1H NMR (500 MHz, CDCl3) spectrum of IDTT10-2CHO-2NH2.  

 
Figure S4.77. 13C NMR (125 MHz, CDCl3) spectrum of IDTT10-2CHO-2NH2. 
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Figure S4.78. MALDI-TOF mass spectrum of IDTT10-2CHO-2NH2. 
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Figure S4.79. 1H NMR (500 MHz, CDCl3) spectrum of LTX10, and the expansion of the aromatic 

region.  

 
Figure S4.80. MALDI-TOF mass spectrum of LTX10. 
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Figure S4.81. 1H NMR (500 MHz, CDCl3) spectrum of LTX10-4F, and the expansion of the 

aromatic region.  
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Figure S4.82. 19F NMR spectrum of LTX10-4F.  

 
 

 
Figure S4.83. MALDI-TOF mass spectrum of LTX10-4F.  
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Figure S4.84. 1H NMR (500 MHz, CDCl3) spectrum of LTX10-4Cl, and the expansion of the 

aromatic region.  
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Figure S4.85. MALDI-TOF mass spectrum of LTX10-4Cl. 

 
 
 
 
 
  



204 
 
 

Chapter 5. CONCLUSIONS AND OUTLOOK 

5.1 CONCLUSIONS 

Throughout this dissertation, my work has been involved with the three most important 

components in organic solar cells: p-type polymers, n-type polymers, and non-fullerene small 

molecule acceptors. The underlying structure-property-processing-performance relationships of 

these materials were carefully investigated.  

In Chapter 2, I explored the strategy of selenophene substitution as a potential method to 

improve performance of the regular thiophene-based p-type polymers. Three new selenophene-

containing polymers, PBDB-S, PBDBS-T and PBDBS-S were synthesized based on a widely used 

polymer, PBDB-T, where the original thiophene units in various side chain and backbone positions 

were substituted with selenophene. It was found that selenophene substitution in the side chain 

positions had minimal impact on the optical absorption and the electronic structures, whereas 

selenophene substitution in the backbone positions led to red-shifted absorption by ~40 nm and  

raised HOMO energy levels by ~0.1 eV. High PCE of 10.41% was demonstrated with PBDB-S:Y6 

blend, better than the 8.59% PCE for the thiophene counterpart, PBDB-T:Y6 blend. The PBDB-

S:Y6 blend showed enhanced Jsc and FF, as well as superior hole and electron mobilities compared 

to the PBDB-T:Y6 blend, which was attributed to enhanced light-harvesting ability and higher 

crystallinity resulted from selenophene substitution in the side chain positions. On the other hand, 

due to strong Se∙∙∙O intramolecular interactions and strong intermolecular π-π interactions, 

PBDBS-T and PBDBS-S experienced unique “gel up” phenomenon during polymerization and 

had low solubility and poor solution-processibility. Devices based on PBDBS-T:Y6 and PBDBS-

S:Y6 blends showed relatively low PCE of 6.28% and 5.32%, respectively. To conclude, while 
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the strategy of selenophene substitution has demonstrated potential to improve the regular 

thiophene-based polymers in light-harvesting ability, charge transport properties and photovoltaic 

performance, it is important to also recognize various intramolecular and intermolecular 

interactions as well as the potential consequences in reduced solubility and solution-processibility.  

In Chapter 3, a comparative study was conducted to investigate the effects of selenophene 

substitution on the intrinsic and photovoltaic blend properties of n-type semiconducting polymers, 

using the alternating naphthalene diimide-thiophene copolymer, PNDIT-hd, and naphthalene 

diimide-selenophene copolymer, PNDIS-hd. It was found that the latter acceptor polymer has 

slightly broadened optical absorption with an optical bandgap of 1.70 eV, which is 0.07 eV 

narrower relative to PNDIT-hd, even though both polymers have identical electrochemically 

derived HOMO/LUMO energy levels. In binary blends with the donor polymer PBDB-T, the 

selenophene-containing acceptor polymer PNDIS-hd enabled all-PSCs with significantly 

enhanced photocurrent, external quantum efficiency (EQE) and overall photovoltaic power 

conversion efficiency compared to the thiophene-containing counterpart. All-PSCs based on 

PNDIT-hd:PBDB-T could achieve a PCE of  6.7% (Jsc = 12.18 mA/cm2, FF = 0.66) whereas the 

corresponding PNDIS-hd:PBDB-T devices showed a higher PCE of 8.4% (Jsc = 14.50 mA/cm2, 

FF = 0.71). The observed enhanced photovoltaic properties of the selenophene-containing polymer 

PNDIS-hd could largely be accounted for by its improved light harvesting, formation of optimal 

blend morphology as evidenced by the 2D GIWAXS results and reduced monomolecular 

recombination losses. These results demonstrate the many advantages in selenophene substitution 

in the design of n-type semiconducting polymers with donor-acceptor architectures for 

applications in all-polymer solar cells.   
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Chapter 4 demonstrated a novel molecular design of non-fullerene small molecule 

acceptors in an attempt to address the issue of intrinsic photochemical stability of current 

mainstream NFAs. The heretofore unreported bis(amino-aldehyde) building block based on the 

IDTT core was developed and was reacted with the methylene-keto containing end groups via 

Friedlander condensation to achieve the designed ladder structures.  

Chapter 4.1 presented a series of ladder molecule acceptors (LMAs) with long branched 

2-hexyldecyl side chains to ensure solubility, named as LTX, LTX-4F and LTX-4Cl. The three 

LMAs were characterized side-by-side in comparison with ITIC. Owing to the covalently fused 

ladder backbones, the LMAs indeed demonstrated superior intrinsic photochemical stability under 

continuous 1 sun illumination in ambient atmosphere. High photovoltaic performance was well 

preserved: PM6:LTX (PCE 7.2%), PM6:LTX-4F (PCE 10.5%) and PM6:LTX-4Cl (PCE 11.5%). 

The LMAs have distinctive dual-band optical. Compared to ITIC, the LMAs generally have 

enlarged bandgaps with lower-lying HOMO energy levels and higher-lying LUMO energy levels, 

leading to high Voc values of 0.93-1.13 V in photovoltaic devices. In particular, the blend of 

PM6:LTX had relatively low fill factor of 0.63, whereas the blends of PM6:LTX-4F and 

PM6:LTX-4Cl showed high fill factors of 0.74-0.75. 2D GIWAXS analysis and contact angle 

measurement suggested that fluorination and chlorination promoted better donor/acceptor 

intermixing, thus contributed to formation of favorable blend morphology and enhanced fill 

factors.  

Chapter 4.2 presented a second series of ladder molecule acceptors based on Friedlander 

condensation of IDTT core with n-decyl side chains and various end-groups, named as LTX10, 

LTX10-4F and LTX10-4Cl. The new series of LMAs demonstrated optical and electronic 

properties similar to the precedents with 2-hexyldecyl side chains. However, compared with the 
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long branched side chains, the shorter n-decyl chains compromised the solubility, thus posed extra 

difficulty in synthesis and purification, and had negative effects on film-forming qualities when 

blended with the polymer donor, PM6. Nevertheless, decent photovoltaic performance was 

obtained from the optimized devices based on PM6:LMAs blends with PCE ranging from 6.1% to 

9.3% and high Voc values of 0.97 – 1.1 V. 2D GIWAXS analysis revealed that LTX10 adopted 

preferentially edge-on orientation, whereas LTX10-4Cl was preferentially face-on. LTX10-4F 

demonstrated significant structural ordering in multiple dimensions with somewhat tilted face-on 

π-π stacked crystallites.  

The findings from the two series of LMAs included in Chapter 4 validated the feasibility 

and potential of the ladder structural design for non-fullerene acceptors with better intrinsic 

stabilities and high photovoltaic performance. In the meantime, the results also demonstrated the 

significant impact of side chains and halogenations on the solubility, optical absorption, molecular 

packing, backbone orientation and blend film morphology of these ladder molecules, therefore, 

provided important guidelines for future material development toward commercialization of 

organic photovoltaics technology.  

Each of the above sections revealed some important aspects regarding the development of 

organic semiconductors for the application of organic solar cells. The results from these studies 

contributed new knowledge to the greater community of organic optoelectronics research. The 

molecular design strategies and the new chemistry developed in this dissertation shall continue to 

be exploited in pursuit of better understanding of fundamental material science and engineering as 

well as better performing materials for broader applications beyond organic solar cells.    
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5.2 OUTLOOK 

In the past decade, the field of organic solar cells has made the greatest transition from the 

fullerene era to the current non-fullerene era. At the beginning of my graduate school, non-

fullerene acceptors (NFAs), including small molecule acceptors and n-type polymers, were 

relatively scarce and the PCE of polymer:NFA devices was nowhere to compete with fullerene-

based devices. As mentioned earlier, the emergence of ITIC in 2015 and the following ITIC-like 

derivatives have been the most important milestone in organic photovoltaics research. Today, 

publications on numerous small molecule acceptors and n-type polymers (mostly based on ITIC-

like derivatives) are reporting record PCE as high as 18%. I believe new material discoveries will 

continue to be the key driving force to further improve performance of organic solar cells. Efforts 

should continue to be directed towards revolutionizing the molecular design of current organic 

semiconductors.  

I have demonstrated in Chapter 4 as proof-of-concept that the novel ladder structures could 

be an effective molecular design to afford extraordinary thermal stability and enhanced intrinsic 

photochemical stability while retaining high photovoltaic performance with high fill factors. The 

developed synthetic method is highly versatile. Thus, it could enable great flexibility in tuning 

optical absorption and electronic structures if applied to various bis(amino-aldehyde) and 

methylene-keto-containing building blocks. Therefore, in the near future, the potential of ladder 

structures composed of vastly different electron-rich and electron-deficient building blocks shall 

be further explored. On the other hand, the ladder molecule acceptor itself could serve as the 

electron-deficient moiety in an alternating donor-acceptor copolymer, thus could lead to a variety 

of p-type or n-type semi-ladder polymers, which are an intriguing class of materials for organic 

optoelectronics but are currently scarce. Furthermore, with improved yield for the Friedlander 
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condensation reactions, the synthetic strategy developed here could be applied towards green 

polymerizations as they would eliminate the necessity of organometallic reagents used in the 

common Stille or Suzuki polymerizations. As a result, semi-ladder or full-ladder conjugated 

polymers could potentially be realized. Additionally, other cyclization strategies to achieve ladder 

structures may also be exploited with considerations in the ease of synthesis and upscaling 

production.  

Last but not least, organic solar cells have yet to be commercialized, due to many 

challenges in material development, material stability, device lifetime, manufacture etc. 

Multifaceted efforts are required to achieve the lab-to-fab transfer. In recent years, organic 

photovoltaics have also been more and more envisioned as future indoor light-harvesting 

technology for powering low-power electronics and portable/wearable electronics for the Internet 

of Things (IoT) ecosystem.176 Though without knowing for certain where the organic photovoltaics 

technology will eventually land in future marketplace, it is of high priority for material scientists 

and engineers to understand the degradation mechanisms of individual photoactive components 

and the morphological and interfacial changes within the multilayer devices.  
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