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Organic semiconductors are potential candidates for replacing high-cost silicon electronics for 

low-end applications where high mobilities are not required. Owing to unique advantages such as 

solution processability, flexibility, lightweight, low cost with countless structural modifications, 

organic semiconductors can be realized for many applications using high throughput roll-to-roll 

fabrication techniques. Hence, a remarkable amount of scientific efforts have been dedicated to 

improving electronic and physical properties of these materials. Throughout the past two decades, 

many improvements in the field have been achieved by designing novel building blocks. Since 

efficiencies and mobilities in organic solar cells and transistors have stagnated, it is highly 

desirable to seek and develop non-conventional building blocks for organic electronics. 

In this dissertation, the fundamentals and recent developments of non-conventional materials are 

covered in Chapter 1. Operation principles, charge transport of organic field effect transistors and 

organic photovoltaics are introduced. Compared to conventional thiophene-based -electron donor 

materials, promising non-conventional pyrrole based donor materials employed in organic 

electronics are discussed and summarized. Similarly, non-conventional electron acceptors could 

be used to fabricate organic solar cells. By using inorganic semiconducting quantum dots (QDs), 
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organic-inorganic hybrid solar cells could be fabricated. Different systems with polymer: QD solar 

cells are also discussed and summarized in chapter 1. 

Chapter 2 describes the effect on organic field effect transistor (OFET) properties of two novel 

small molecules containing terminal N-dodecylthieno[3,2-b]pyrrole (TP) donors and N-

dodecylfuro[3,2-b]pyrrole (FP) donors with a central thiophene flanked 5,6-

difluorobenzo[c][1,2,5]thiadiazole (FBT) acceptor. The influence on frontier molecular orbital 

energy levels, UV-vis absorption, electrochemical properties, OFET parameters and 

morphological effects were investigated. 

In chapter 3, the effect of flanking group on banana shape small molecules is discussed by using  

terminal N-dodecylthieno[3,2-b]pyrrole (TP) donors, and thiophene or furan flanked 

benzo[c][1,2,5]thiadiazole (BT) central units. Upon changing similar flanking groups, the 

curvature of the small molecules was changed. Thiophene flanked small molecule showed high 

hole mobility of 0.08 cm2 /V s while furan flanked small molecule performs poorly due to both 

heteroatom effect and the degree of curvature.  

Chapter 4 describes the extension of thieno[3,2-b]pyrrole based small molecules to polymers. A 

Novel conjugated polymer is synthesized by copolymerizing N-methylthieno[3,2-b]pyrrole and 

2,5-bis(2-octyldodecyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP) 

via Stille coupling polymerization. With an optimized molecular weight, the polymer exhibited 

high hole mobility of 0.12 cm2 /V s in OFET devices. The high hole mobility reflects the potential 

of the thieno[3,2-b]pyrrole building block. 

Inorganic QDs also can be employed as electron acceptors compared to conventional fullerene 

derivatives in bulk heterojunction (BHJ) solar cells. However, they do not outperform 



 

ix 

conventional fullerene counterparts. Therefore in chapter 5, a facile method is described to 

generate thiol functionalized block copolymers to improve the interaction between photoactive 

polymers and QDs. By incorporating only 17 mol% of the thiol containing block a two-fold 

increase in power conversion efficiency was observed. The improved interaction was supported 

by atomic force microscopy and photoluminescence quenching studies.  
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1.1 Abstract 

Organic semiconductors are very attractive materials as compared to inorganic counterparts due 

to solution processability, light weight, flexibility and low-cost fabrication procedures. A 

significant amount of research has been carried out, and lately, material performances have started 

to stagnate. This has made chemists shift their focus from building materials constituting of 

conventional building blocks to explore non-conventional materials. The  design and synthesis of 

non-conventional semiconducting materials derived from pyrroles are first discussed as an 

alternative to popular thiophene-based materials for organic field effect transistors. Secondly, 

utilization of  inorganic quantum dots instead of regular fullerene derivatives in organic: inorganic 

hybrid photovoltaics and necessary polymer modifications are discussed including recent 

advancements and challenges in the field.  

1.2 Introduction to Organic Semiconductors 

The field of conjugated small organic molecules or polymers that show desirable electronic 

properties  is known as organic electronics. It all started as a result of the discovery of doped trans-

polyacetylene by Heeger, Shirakawa, and MacDiarmid, where they were recognized with the year 

2000 Nobel prize in chemistry.1 These findings gave rise to a wide range of applications including 

organic light emitting diodes (OLEDs),2-4 organic photovoltaics (OPVs),5-7 and organic field effect 

transistors (OFETs) owing to the tremendous amount of research carried out in both academia and 

industry.8-10 The main driving force behind the research in organic electronics is the unique 

advantages offered by organic semiconductors and their ability to modify structures to  fine-tune  

physical and electronic properties.11  
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The first generation of conducting polymers discovered between the 1970s to 1990s were insoluble 

in common organic solvents to limit post-polymerization processing. Out of the many first 

generation organic semiconducting polymers, polypyrrole, polythiophene, and polyaniline were  

of particular interest due to the high conductivities (above 1 S cm-1) obtained for doped films.12-15 

Since these materials had exceptionally high conductivities in the doped state, the second 

generation of conducting polymers was synthesized by attaching alkyl chains to impart solubility. 

Poly(3-alkyl thiophene)s are one of the most widely studied conjugated polymer system with 

excellent physical and electronic properties.16-18 Bulk heterojunction solar cells fabricated from 

poly(3-hexylthiophene) and [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM) have exceeded 

power conversion efficiencies (PCEs) over 4% while in OFETs, P3HT analogs have reached hole 

mobilities over 1 cm2 /V s.19, 20 However, relatively high highest occupied molecular orbital 

(HOMO  -5.0 3V) and narrow band gap ( 2.0 eV) limits stability and tunability of poly(3-alkyl 

thiophene)s. Therefore, third generation semiconducting polymers were engineered to adopt a 

donor-acceptor architecture which lowers the band gaps via orbital mixing of HOMO and lowest 

unoccupied molecular orbital (LUMO) energy levels of electron-donor and electron-acceptor 

materials as shown in Figure 1.1. 

 

Figure 1.1 The molecular orbital mixing of electron donor and electron acceptor moieties 
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By polymerizing an electron-rich monomer with an electron deficient monomer, stable polymers 

were synthesized to alter frontier orbital energy levels and band gaps for OPVs and OFETs.21 By 

creating alternating donor-acceptor type polymers, it is possible to tailor optical and 

electrochemical properties depending on the application. In addition, strong donor-acceptor 

interactions will keep polymer chains close to each other to facilitate better charge transport. 

Although polymers present higher conjugation lengths and excellent film-forming abilities, the 

control over molecular weight and polydispersity is minimal. Which results in higher batch-to-

batch variations in polymeric systems since electronic performances often depend on molecular 

weights and polydispersities. To address this issue, small molecules or oligomers with precise 

molecular weights were synthesized. Interestingly, significant advancements have made in the last 

couple of years owing to dedicated research performed with small molecules reaching record-

breaking PCEs of 9% in BHJ solar cells and hole mobilities over 10 cm2 /V s in OFET devices.8, 

22, 23 Although OPVs have achieved significant advancements, they are still behind inorganic 

silicon solar cells (PCE  20%) to consider for commercialization. On the other hand, organic 

small molecules employed for high performing OFETs (preferably acenes) require high-

temperature processing conditions or vacuum evaporation methods which negates the unique 

advantages offered by organic materials. Therefore, solution processable small molecules were 

investigated over the past few years with different modifications on conventional building blocks. 

The discouraging results have drawn chemists attention to seek and explore potential non-

conventional building blocks for OFETs. To come up with novel building blocks, it is important 

to first understand the charge transport mechanism of -conjugated materials. 
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1.3 Charge Transport in -Conjugated Materials 

Organic semiconductors are made up of a backbone consisting of alternating single and 

double/triple bonds with sp2/sp hybridized carbon or heteroatoms like sulfur, oxygen or nitrogen. 

While hybridized orbitals form -bonds, -bonds are created by overlapping perpendicular Pz 

orbitals. Therefore, the electrons in the Pz orbitals (-electrons) possess the ability to delocalize 

throughout the entire backbone. Since the overlap of Pz orbitals (or -orbitals) are less compared 

to -orbitals, -orbitals create frontier molecular orbitals. The molecular orbitals below HOMO  

level are filled with electrons consisting of antiparallel spin while molecular orbitals on or above 

LUMO levels are empty. To explain charge transport in organic semiconductors, many theories 

have developed depending on the crystallinity or structural disorders.24-26 Different proposed 

microscopic charge transport mechanisms  can be classified as; (1) classic band-like transport for 

single crystal materials and conducting polymers with extremely low dihedral angles (disorder 

free),27-29 (2) mobility edge model for polycrystalline organic semiconductors,26, 30-32 and (3) 

electron tunneling and hopping transport for highly disordered semiconductors.26, 33 Since many 

organic semiconductors fall into the highly disordered category, tunneling and hopping model is 

considered as the preferred theoretical model to explain the charge transport. According to the 

aforementioned theory, the overall mobility is denoted as the collective mobility of electron 

tunneling and electron hopping. The contribution from electron tunneling dominates transport at 

relatively lower temperatures while at higher temperatures, hopping becomes more dominant.    

Since most organic semiconductors are processed at room temperature or higher, hopping 

mechanism is considered to be responsible for charge transport. When conjugated materials 

interact with charge carriers, polarons and bipolarons are generated as shown in Figure 1.2.  
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Figure 1.2 Formation of polaron and bipolaron in polypyrrole 

 

Within an ordered conjugated backbone with minimal torsions, charge transport could be 

facilitated by hopping processes. Hence when designing novel non-conventional building blocks, 

it is important to select more electron-rich materials while maintaining minimum torsions along 

the backbones. 

1.4 Working Principle of Organic Field Effect Transistors 

A field effect transistor is a three-terminal electronic device that amplifies and switches electrical 

signals. The everyday life has been forever changed since the introduction of field effect transistors  

more than 50 years ago. With the emergence of flexible printed electronics, organic 

semiconductors are considered as favorite candidates if necessary requirements can be met. OFETs 

were initially fabricated by electropolymerization of 2,2-bithiophene in 1986.34 Until the 1990s, 

OFETs were employed as a tool to measure charge transport characteristics experimentally. Over 
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past two decades, significant progress have made in the field of printable OFETs reaching 

mobilities comparable to that of devices based on amorphous silicon. 

OFETs have three terminals namely; gate, source (S), and drain (D). Organic semiconductor 

(OSC) of choice can be processed from solution deposition or vacuum sublimation. Since organic 

materials can be tailored to improve solubility, most of the materials are solution processed to 

highlight the added advantage compared to silicon technologies. Depending on the position of the 

three terminals there are 4 device configurations; (1) Bottom-gate/bottom-contact (BGBC), (2) 

Bottom-gate/top-contact (BGTC), (3) Top-gate/bottom-contact (TGBC), and (4) Top-gate/top-

contact (TGTC) as shown in Figure 1.3.32  

 

Figure 1.3 Device configurations of OFETs 

 

Out of the above mentioned four device configurations, BGBC and BGTC device architectures are 

primarily used due to the ease of fabrication. Since holes are the major charge carriers in 

semiconducting organic materials, a negative voltage (larger than the threshold voltage (VT)) is 

applied on the gate electrode to control the current flow between the source and drain terminals. 

This negative gate voltage causes positive charges to accumulate in the OSC near the dielectric 

layer interface. A second negative voltage is applied between the source and drain electrodes (VDS 

or VD) to create a flow of holes from source to drain. When the magnitude of VD is increased, the 
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magnitude of the current between source and drain (IDS or ID) also increases until it reaches a 

saturation current. This is depicted in Figure 1.4 (b) and known as the output plot.  

 

Figure 1.4 (a) The schematic diagram of BGTC OFET, (b) Output characteristics and, (c) 

Transfer curve of a typical OSC 

 

The charge carrier mobility of an OFET can be calculated from the transfer curve (Figure 1.4 c), 

where gate voltage (VG) is linearly increased, and the current between source and drain (ID) is 

measured at a constant drain-source voltage (VD). According to following equations, charge carrier 

mobilities are extracted from transfer curves in linear regions or saturation regimes depending on 

the curves obtained. If the curves show non-linear behavior in transfer plots, usually charger carrier 

mobilities in both regions. 

𝐼𝐷 =
𝑊

𝐿
𝜇𝐶𝑖𝑉𝐷(𝑉𝐺‑ 𝑉𝑇)                 VD < VG - VT (Linear Region)                                        (1.1) 

𝐼𝐷 =
𝑊

2𝐿
𝜇𝐶𝑖(𝑉𝐺‑ 𝑉𝑇)2                  VD > VG - VT (Saturation Region)                                    (1.2) 

Where, 𝜇 is charge carrier mobility, Ci is the capacitance per unit area, W and L are channel width 

and length (Figure 1.4(a)), respectively.  

From OFET characterizations, three parameters are obtained to define the efficacy of the OSC; (1) 

charge carrier mobility, (2) current on-to-off ratio (Ion/Ioff) and, (3) threshold voltage. The Ion/Ioff is 
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defined as the ratio of ID at higher gate voltages (on-state) and ID at VG = 0 V (leakage current). 

This parameter is used to calculate the conversion speed of a device. The threshold voltage is 

defined as the minimum VG required to switch on an OFET. Ideal OFET would have a VG close to 

0 V. 

1.5 Pyrrole Based Semiconductors for OFETs 

The material selection criteria is an important aspect in organic semiconductors. In order to 

develop materials one must consider many factors including but not limited to -electron richness, 

aromaticity, electrical conductivity, dipole moments, frontier energy levels, thermal and chemical 

stability, economics, etc. Among many suitable aromatic groups reported in the literature, the class 

of thiophene containing organic semiconductors is the most studied. Unfortunately, isoelectronic 

furan or pyrrole have received less attention in the field even though they have similar or even 

superior electronic properties. Out of the above mentioned 3 five-membered aromatic rings, the 

electron richness changes as pyrrole  furan  thiophene while stability trends in the opposite 

direction as shown in Figure 1.5. The DFT calculations predict comparatively a high HOMO level 

for pyrrole with respect to furan and thiophene indicating the instability toward atmospheric 

oxygen to yield oxidized materials upon exposure to air. Nonetheless, due to the electron-rich 

nature, polypyrrole (PPy) shows an extremely high electrical conductivity of 2 × 103 S cm-1 while 

polythiophenes range from 3.4 × 10-4 S cm-1 to 1.0 × 10-1 S cm-1 when doped with PF6
- and iodine 

respectively.35, 36 

Although stability is an issue with pyrroles, it is an excellent building block for organic electronics 

due to the excessive  electron density that facilitates charge transfer. , 
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Figure 1.5 Comparison of isoelectronic thiophene, furan, and pyrrole (a) in terms of stability and 

electron richness and, (b) frontier energy levels estimated from DFT calculations with Spartan16 

(B3LYP 6/31 G* level of theory) 

 

1.5.1 Oligopyrrole and Polypyrrole 

The preparation of polypyrrole (PPy) can be achieved by either electrochemical or chemical 

oxidation. In both methods, the most accepted polymerization mechanism is the oxidation of the 

monomer to give rise to a radical cation. By coupling two of the generated pyrrole cations with 

subsequent deprotonation yield a bipyrrole. Andrieux et al. confirmed the formation of the 

bipyrrole.37 Propagation step continues as the bipyrrole is followed by reoxidation, coupling, and 

deprotonation to form oligomers. Since oxidation potential of oligomeric pyrrole is lower than that 

of pyrrole monomer, radical coupling of oligomers are favored to produce a polymer.38 The 

termination of the polymer is not understood completely but believed to either have a nucleophilic 

attack on the polymer chain,39 or an attack from the radical cation to a neutral pyrrole monomer.40 

Highly conductive PPy films was first synthesized by Diaz et al. on a working electrode by using 

an electrolyte salt dissolved in 99% aqueous acetonitrile.35, 41 
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Scheme 1.1. Polymerization mechanism of pyrrole via radical cations 

 

 

In contrast to electrochemical oxidation, chemical polymerization is suitable for mass production 

of PPy. Oxidizing agents such as ferric chloride,42, 43 quinones,44, 45 persulfates,46 lead dioxide47 is 

added to a solution of pyrrole and a dopant to precipitate the doped PPy. Usually, chemically 

prepared PPys exhibit lower electrical conductivities compared to PPys made electrochemically 

and various surfactants have used as additives to improve the conductivity.48-50 Nonetheless, the 

chemical method provides more structure tunability via defined reaction conditions.51 Another 

interesting approach has been taken by Yokozawa’s group to develop poly(N-hexylpyrrole) by 

catalyst-transfer polycondensation (CTP) similar to that of regioregular poly(3-alkyl thiophene)s 
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by Grignard Metathesis Polymerization (GRIM).52 This polymerization technique allows precision 

growth of monomer units unlike undesirable - and - coupling taking place in oxidative 

polymerizations. Authors claim that molecular weights up to 13,000 g mol-1 can be synthesized 

when Ni(dppe)Cl2 is used as the catalyst. A year later, Stefan et al. showed that poly(N-

dodecylpyrrole) could be synthesized by GRIM when i-PrMgCl.LiCl is used as the Grignard 

reagent in the magnesium halogen exchange step to generate polymers with Mn = 11, 900 g mol-1 

and PDI = 1.4.53 Block copolymers containing poly(N-alkyl pyrroles) have also synthesized 

separately by Yokozawa’s and McNeil’s group.52, 54 

Compared to PPy, oligopyrroles has not generated much interest mainly due to the synthetic 

challenges of handling unstable material and performing multi-step synthesis with purifications at 

each step. However, oligopyrroles have synthesized by employing various synthetic routes 

including Paal-Knorr cyclization,55 coupling of pyrrolinones with pyrroles,56 Ullmann coupling,57-

59 and metal-catalyzed coupling reactions. To better understand the properties of PPy, 

oligopyrroles (Py)n have synthesized by Schluter and co-workers with n varying from 3, 5, 7 and 

9. Authors have employed Stille coupling to synthesize well-defined oligomers via pyrrole 

monomers carrying tert-butoxycarbonyl (Boc) protecting groups at the nitrogen.60, 61 The 

substituent effects on electrochemical properties were studied by Meijer and co-workers and found 

out that oxidation is easier with oligopyrrole compared to pyrrole monomers, contrary to the 

thiophene series .62, 63 Same group have also synthesized a series of donor - oligopyrrole ‑ acceptor 

type semiconductors to investigate the optical properties but unfortunately, none of the 

oligopyrroles have utilized in organic electronic applications.64  
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1.5.2 Pyrrole as a Co-Monomer/Unit 

Due to the -electron excessive nature of pyrroles, a single pyrrole unit can be installed to build 

semiconducting devices as an electron donor material. At the same time, to tune physicochemical 

properties such as solubility, different monomers containing alkyl chains could be inserted. In 

order to attach these pyrrole monomers to other aromatic units, different functionalizations are 

required at 2 or/and 5-positions of pyrrole depending on the C-C coupling technique. For the 

thiophene series, the most used derivative is the halogenated precursor since it can participate in 

Stille, Suzuki, Negishi and Grignard coupling reactions to generate semiconducting materials. For 

the halogenation of pyrroles, a significant amount of research has carried out especially with 

chlorine and bromine.65-68 Halogenation reactions produced mixtures of compounds containing 

mono-, di-, tri- and tetra-substituted products.65 Purification of the individual products is somewhat 

challenging due to oxidation in air. These compounds, however, can be stabilized by storing in 

ether/ hexane at cold temperatures with a soft base such as tributylamine or triethylamine. By 

changing the N-substituent to an electron withdrawing cleavable group such as Boc, stable 

halogenated derivatives can be synthesized.69 After attaching strong electron withdrawing units, 

deprotection reactions can be performed to obtain stable units with pyrroles.70, 71 

Another method to install pyrroles as single units is by using mono- or di-stannylated derivatives 

in Stille coupling reactions/ polymerizations. N-alkyl pyrroles can be easily converted to the 

stannylated derivatives by lithiation of the - positions with n-BuLi at refluxing conditions in the 

presence of TMEDA as a ligand and hexane as the solvent.69, 71-76 Boronic esters or acids could 

also be made from pyrrole to undergo Suzuki-Miyura/ Suzuki cross-coupling reactions.77-79 

Similarly, organozinc complexes could be prepared for pyrroles with lithiation and subsequent 
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quenching with ZnCl2 to perform Kumada and Negishi coupling reactions.80, 81 N-alkylated 

pyrroles can be converted to Grignard reagents to undergo coupling between halogenated aromatic 

groups.82 Since pyrroles are extremely sensitive to air, all these reactions will require careful 

synthesis, purification, characterization, and storage. To mitigate this issue, direct arylation 

reactions can be employed as showed by Sadighi and co-workers.83 Palladium or rhodium catalysts 

are used injunction with ZnCl2 or cesium pivalate with the appropriate ligand respectively.84 

Possible functionalization routes are listed in Figure 1.6. 

 

Figure 1.6 Routes to obtain functionalized N-alkylated pyrroles 

 

Fujii et al. synthesized two oligomers (SM1 and SM2) containing thiophene and a pyrrole 

backbone end capped with hexyl groups for field effect transistors (Figure 1.7).85 SM1 showed 

hole mobility of 0.008 cm2 /V s and while SM2 achieved 0.01 cm2 /V s, on bare Si/SiO2 substrates. 

After decorating the SiO2 surface with an OTS self-assembled monolayer (SAM) hole mobilities 

improved to 0.009 cm2 /V s and 0.05 cm2 /V s respectively.  
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Figure 1.7 OSCs employed in OFETs by inserting pyrrole as a single unit 

 

1.5.3 Fused Ring Systems Containing Pyrroles 

1.5.3.1 Pyrrolo[3,2-b]pyrrole 

Among the 10 -electron family heterocycles, 1,4-dihydropyrrolo[3,2-b]pyrroles are the least 

studied system due to the -electron excessive nature that leads to unstable material. These 

scaffolds were first discovered by Hemetsberger and Knittel in 1972, and until recently, multi-step 

syntheses with low overall yields were required to construct molecules containing pyrrolo[3,2-

b]pyrrole moieties.86-88 Recently, a one-pot synthesis (Figure 1.8) was discovered to synthesize 

1,4-dihydropyrrolo[3,2-b]pyrroles starting with inexpensive, commercially available starting 

materials and no time-consuming column chromatography was required for purification.89 

 

Figure 1.8 One-pot synthesis of pyrrolo[3,2-b]pyrrole small molecules 

 

To date, no efforts have made to fabricate OFETs out of these materials despite the easy chemical 

synthesis. 
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1.5.3.2 Thieno[3,2-b]pyrrole 

The synthesis of thieno[3,2-b]pyrrole was first developed in 1957 by Matteson and Snyder where 

they converted pyrrole to 3-thiocyanopyrrole, then cyclization followed by reduction using 

NaBH4.
90 This method generated thieno[3,2-b]pyrrole monomer in relatively low yields. Another 

route to synthesize the same building block is via a Knoevenagel condensation reaction between 

thiophen-2-carboxyaldehyde and ethyl/methyl azidoacetate to generate the thienylacrylate, which 

could be cyclized by a Hemetsberger reaction. Later depending on the application, ester group at 

5-position could be modified. Compared to the pyrrolo[3,2-b]pyrrole monomer, thieno[3,2-

b]pyrrole has a low lying HOMO level which is beneficial for organic electronic device’s long-

term stability. Different synthetic routes to obtain thieno[3,2-b]pyrrole are presented in Figure 1.9.  

 

 

Figure 1.9 Different synthetic routes to obtain thieno[3,2-b]pyrrole 

 

Comparatively, thieno[3,2-b]pyrrole is a stable monomer with a wider structure tunability for 

organic electronic applications via N-alkylation. Despite the synthetic advantages, this building 

block has been utilized in organic electronic applications in only one report. Jones et al. have 

employed bispyrrolothiophenes in a TP- Ar -TP sandwich configuration and hole mobilities in 
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OFETs have measured (Figure 1.10).91 Authors have systematically varied the aromatic group 

(SM3-SM8) in the middle with none, bithiophene, phenyl, anthracene, 9,9-didodecylfluorene, and 

2,1,3-benzothiadiazole while keeping the N-substituent constant (n-dodecane). Hole mobilities in 

top-gate/bottom-contact OFET devices varies 0.03 cm2 /V s, 0.004 cm2 /V s, 0.1 cm2 /V s, 0.04 

cm2 /V s, 0.00003 cm2 /V s and 0.28 cm2 /V s when TFTs were annealed at 110 C for only 5 mins 

in air. Interestingly, when n-dodecyl groups were replaced with methyl and phenyl groups 

containing electron donating and withdrawing groups (SM9 to SM12), no field effect activity have 

observed highlighting the importance of the choice of N-substituents. 

 

Figure 1.10 Chemical structures of thieno[3,2-b]pyrrole based OSCs used for OFETs 
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1.5.3.3 Dithieno[3,2-b:2,3-d]pyrrole 

Out of all the pyrrole-containing building blocks, dithieno[3,2-b: 2,3-d]pyrrole (DTP) is the most 

used monomer to produce high charge carrier mobilities and semiconductors with reduced band 

gaps. Since the conductivity and redox potential measurements performed by Berlin et al. on 

poly(dithieno[3,2-b: 2,3-d]pyrrole), the interest for utilizing DTP as a monomer has progressively 

increased.92 Compared to other pyrrole containing monomers DTP has low lying HOMO and 

allows solubility to impart from N-alkylation reactions. In addition, the monomer is symmetrical 

to generate regioregular structures, and minimal torsional effects are observed since solubilizing 

groups are installed in the middle ring. Since there are few dedicated reviews published on DTP 

earlier,93-96 the most efficient synthetic route toward DTP (Figure 1.11) and promising small 

molecules and polymers employed for OFET are discussed. 

 

Figure 1.11 Most efficient synthetic route for N-functionalized dithieno[3,2-b:2,3-d]pyrrole 

 

DTP unit has been extensively studied for OFET applications including both monomeric and 

polymeric materials (Figure 1.12 and Table 1.1). With the few small molecules and polymers 

containing DTP, a maximum hole mobility of 1.2 cm2 /V s and a maximum electron mobility of 

1.5 cm2 /V s was achieved. The first report of N-alkylated DTP utilized for OFETs report by 

McCullough’s group in 2008 where DTP was copolymerized with 2,5-dibromo-3-hexylthiophene 

(P1; Mn = 50.0 kDa, PDI = 1.7), 5,5-dibromo-4,4-didoceyl-2,2-bithiophene (P2; Mn = 32.0 kDa, 
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PDI = 1.7) and 5,5-dibromo-3,3-dihexyl-2,2-bithiophene (P3; Mn = 16.0 kDa, PDI = 1.9).97 The 

three polymers showed average hole mobilities of 0.026 cm2 /V s, 0.13 cm2 /V s and 0.0035 cm2 

/V s for P1, P2, and P3 respectively. These values were highly reproducible, but they suffered 

from low Ion/Ioff ratios (4-120). Upon annealing, a reduction in the mobilities was recorded because 

polymer chains adapted a face-on orientation with respect to the substrate. Around the same time, 

Zhang et al. explored two polymers with a similar chemical structure to that of P2.98 Instead of the 

n-octyl chain in DTP unit, methyl and n-dodecyl groups were attached to obtain P4 (Mn = 17.4 

kDa, PDI = 2.0) and P5 (Mn = 29.7 kDa, PDI = 2.8), respectively. The mobility extracted in the 

saturated regime for P4 was as high as 0.08 cm2 /V s with  Ion/Ioff = 103. Devices made with similar 

processing conditions for P5 showed even higher hole mobilities as 0.11 cm2 /V s with  Ion/Ioff 

ratios close to 104. In 2009, Reynolds and co-workers exploited a DTP and benzobisthiadiazole 

copolymer (P6; Mn = 14.0 kDa, PDI = 3.6) for ambipolar OFETs.99 The HOMO and LUMO energy 

levels of polymer P6 were -5.1 eV and -4.3 eV indicating polymer would be appropriate for 

ambipolar OFETs. When devices were fabricated on top of octadecyltrichlorosilane treated SiO2 

surface, average p-channel and n-channel field effect mobilities were 1.2 × 10-3 cm2 /V s and 5.8 

× 10-4 cm2 /V s. Same year Marder and co-workers published a polymer (P7) containing DTP and 

perylene diimide for n-type OFETs.100 Authors claimed electron mobility of 1.2 ×  10-3 cm2 /V s 

for this polymer with a Ion/Ioff = 103. A strong donor (DTP) – strong acceptor 

(diketopyrrolopyrrole) type polymer (P8; Mn = 11.7 kDa, PDI = 3.46) was synthesized by Nelson 

et al. where authors showed P8 could achieve high hole mobility (0.41 cm2 /V s) without thermal 

annealing treatments.101 Jenekhe’s group reported a copolymer (P9) synthesized from a 

benzobisthiazole acceptor and DTP donor moiety with two different molecular weights (P910; Mn 
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= 10.3 kDa, PDI = 3.12 and P952; Mn = 52.4 kDa, PDI = 2.82).102 Despite the differences in the 

molecular weight, both polymers showed similar p-type OFET performances (h  5.0 × 10-4 cm2 

/V s). The highest hole mobility recorded on a polymer consisting of DTP was reported recently 

by Hsu and co-workers for a dithienopyrrole vinylene donor and a diketopyrrolopyrrole 

acceptor.103 Authors varied the length of the N-alkyl chain in the DPP unit to obtain P10 (Mn = 

38.0 kDa and PDI = 2.2) and P11 (Mn = 16.0 kDa and PDI = 1.3). There are only a few reports 

published on DTP based small molecules utilized for OFETs. Marder’s group first tested DTP 

containing small molecules for OFETs, where authors synthesized donor-acceptor-donor (D-A-D, 

SM13) and acceptor-donor-acceptor (A-D-A, SM14) type semiconductors in which donor was 

DTP and acceptor was benzothiadiazole.104 The variation of the alkyl chains and chemical 

structure (D-A-D or A-D-A) was studied by OFET measurements. It was shown that D-A-D small 

molecules comprising of longer N-alkyl chains result in better field-effect characteristics. 

Moreover, the addition of terminal alkyl chains generated an almost ten-fold reduction in FET hole 

mobilities. Recently, two small molecules (SM15 and SM16) composed of DTP dimer terminated 

with dicyanovinylene were synthesized by Zhu and co-workers.105 The only difference between 

the two small molecules was the N-alkyl chains in the DTP unit; 2-hexyldecyl (SM15) and 2-

ethylhexyl (SM16). SM15 showed a high field effect mobility (0.11 cm2 /V s) and Ion/Ioff = 106, 

while SM16 only gave 1.9 × 10-4 cm2 /V s with Ion/Ioff = 103. The drastic difference observed for 

the two small molecules was due to the morphological effects of the two semiconductor thin films. 

To date, there is only one high performing n-channel OFET made from DTP containing small 

molecules. Kippelen and co-workers synthesized a small molecule (SM17) with a central DTP 
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unit and terminal naphthalene diimide unit to generate high electron mobility (1.5 cm2 /V s) with 

less batch-to-batch variation in OFET devices.106  

 

Figure 1.12 DTP based polymers and small molecules used for OFETs 
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Table 1.1 Electrochemical and OFET parameters of DTP based OSCs 

 HOMO/LUMO 

(eV) 

Eg  

(eV) 

Device  

architecture 
h  

(cm
2
 /Vs) 

e  

(cm
2
 /Vs) 

VT  

(V) 

Ion/Ioff Ref 

P1 -4.68/ -2.94 1.74 BGBC 2.6 × 10
-2

 - 60.0 4 97 

P2 -4.88/ -3.02 1.86 BGBC 1.3 × 10
-1

 - -21.0 120 97 

P3 -4.96/ -2.96 2.00 BGBC 3.5 × 10
-3

 - -23.0 140 97 

P4 -4.92/ -2.43 2.49 BGBC 1.1 × 10
-1

 - - 10
3
 

98 

P5 -4.93/ -2.40 2.53 BGBC 8.0 × 10
-2

 - -8.1 10
3
 

98 

P6 -5.10/ -4.30 1.80 BGTC 1.2 × 10
-3

 5.8 × 10
-4

 - - 99 

P7 -5.50/ -3.90 1.60 BGTC - 1.2 × 10
-3

 - 10
3
 

100 

P8 -5.20/ -4.05 1.15 BGBC 4.1 × 10
-1

 - -20.0 10
4
 

101 

P910 -4.79/ -3.30 1.49 BGBC 2.2 × 10
-4

 - -28.6 10
4
 

102 

P952 -4.79/ -3.30 ” BGBC 5.5 × 10
-4

 - -3.7 10
3
 

102 

P10 -4.83/ -3.53 1.30 BGTC 6.9 × 10
-1

 - -27.0 10
2
 

103 

P11 -4.97/ -3.58 1.39 BGTC 1.2 × 10
0
 - -19.0 10

2
 

103 

SM13a -4.9/ -3.1 1.9 BGTC 1.2 × 10
-3

 - 7.9 10
2
 

104 

SM13b -4.9/ -3.1 1.9 BGTC 7.8 × 10
-3

 - 9.5 10
3
 

104 

SM13c -4.8/ -3.0 1.8 BGTC 2.3 × 10
-4

 - 0.2 10
3
 

104 

SM13d -4.8/ -3.0 1.8 BGTC 2.5 × 10
-4

 - -0.7 10
3
 

104 

SM14 -5.2/ -2.9 2.2 BGTC 6.6 × 10
-5

 - -11.0 10
2
 

104 

SM15 -5.31/ -3.38 1.93 BGTC 1.1 × 10
-1

 - -8.0 10
6
 

105 

SM16 -5.30/ -3.37 1.93 BGTC 7.0 × 10
-4

 - -30.0 10
3
 

105 

SM17 - - TGBC - 1.5 × 10
0
 13.0 10

3
 

106 

 

1.5.3.4 Thieno[3,2-b:2,3-d]dipyrrole 

The synthesis of the monomer thineo[3,2-b:2,3-d]dipyrrole (TDP) was first reported in 1976 by 

Fournari and co-workers.107 This unstable monomer and has characteristics similar to pyrrole. The 

monomer TDP was first polymerized by Sannicolo and co-workers where authors claimed 

excellent air stability and resistivity to oxidative processes.108 Later in 1990, Zotti and co-workers 

studied polypyrrole and poly(thienodipyrrole) using electrochemistry to investigate the oxidation 
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potentials of the monomer (bipyrrole vs. TDP) and redox potentials for the polymers.109 The 

incorporation of thiophene in between two pyrrole rings did not result in a significant change in 

the electrochemical properties compared to that of PPy. Bipyrrole and TDP possessed oxidation 

peak potentials of 0.55 V and 0.42 V, respectively and polymers made from both monomers gave 

similar redox potentials (-0.20 V and -0.19 V). However, a drastic decrease in the conductivity for 

TDP polymer (2 S cm-1) was observed compared to PPy (100 S cm-1). These experiments have 

shown that the presence of the sulfur atom is noninfluential and oxidation is governed by pyrrole 

rings to present a material which is similar to PPy.109 The synthesis of the TDP unit is shown in 

Figure 1.13. 

 

Figure 1.13 Synthetic route for N-alkylated TDP 

 

Stefan and co-workers polymerized TDP using both metal catalyzed polymerization and oxidative 

polymerization by FeCl3.
73 Stille coupling polymerization generated oligomers instead of 

polymers, but oxidative polymerization has led to molecular weights up to 6.5 kDa. It should be 

noted that TDP unit is fairly unstable (similar to pyrrole monomer). Hence purification should be 

performed with 1% tributylamine or triethylamine to prevent oxidation. Storage in hexane/pentane 

at cold temperatures is advisable. Unfortunately, apart from conductivity measurements, no 

organic electronic applications have pursued with this monomeric system yet. 
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1.5.3.5 S,N-Heteroacenes 

Acenes are a popular class of high performing semiconductors for OFETs and OPVs in the 

organic electronics community. Among many examples, pentacene and its derivatives are widely 

studied for OFETs with outstanding charge carrier mobilities up to 40 cm2 /V s.8 Although these 

materials perform well in devices, practical applications are not amenable due to instability and 

limited solubility. Suga and co-workers first synthesized the 5 membered fused ring system 

containing alternating thiophene and pyrrole rings.110 As shown in Figure 1.14, authors performed 

a retrosynthetic analysis first to find the precursors and synthesized the molecule via Negishi 

coupling and Tandem Buchwald-Hartwig coupling reactions. 

 

Figure 1.14 Synthesis of N-substituted dithieno[2,3-d:2,3-d]thieno[3,2-b:3,2-b]dipyrrole 

 

To probe the effect of -conjugation on fused ring systems authors performed DFT calculations 

on nitrogen-bridged oligothiophene skeletons up to 7 fused ring systems. With increasing number 

of fused rings, the band gap became smaller and similar to that found in relevant thienoacenes 

(Figure 1.15). However, an increase in the HOMO energy level was also observed through DFT 

calculations suggesting a higher number of fused rings could eventually destabilize the material.  
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Figure 1.15 HOMO and LUMO energy level comparison of nitrogen-bridged oligothiophenes 

and thienoacenes. Figure adapted with permission from ref 109. Copyright 2012 American 

Chemical Society 

 

Bauerle’s group in 2013 extended their work on DTP moieties to S,N-heteroacenes with a 

heterohexacene end-capped with a dicyanovinylene group (SM18).111 Vacuum deposited SM18 

on the surface treated Si/SiO2 substrates showed hole mobilities around 0.02 cm2 /V s with large 

current on-to-off ratios (105). Recently, Chung et al. reported a polymer (P12) consisting of S,N-

heteroacene, and 5,6-difluorobenzotriazole where a maximum hole mobility of 0.093 cm2 /V s was 

achieved in bottom-gate/top-contact devices.112 The chemical structures, electrochemical and 

OFET performances are shown in Figure 1.16 and Table 1.2. 

 

Figure 1.16 Chemical structures of S,N-heteroacenes employed for OFETs 
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Table 1.2 Electrochemical and OFET parameters of S,N-heteroacenes 

 HOMO/LUMO 

(eV) 
Eg  

(eV) 

Device 

architecture 
h  

(cm
2
 /Vs) 

e  

(cm
2
 /Vs) 

VT  

(V) 

Ion/Ioff Ref 

SM18 -5.56/ -3.74 1.82 BGTC 2.1 × 10
-2

 - 4.0 10
5
 

110 

P12 -5.33/ -3.46 1.87 BGTC 9.3 × 10
-2

 - 8.5 10
4
 

111 

 

1.5.3.6 Indolo[3,2-b]indole 

Another interesting class of fused ring systems including pyrroles are indolo[3,2-b]indoles. This 

building block was utilized in organic electronic applications in recent past and has been 

continuously using since then. This centrosymmetric building block was first introduced to OFETs 

by Park’s group with a 20.7% overall yield (six steps).113 Although this building block was 

reported previously, we have shown Park and co-workers route in Figure 1.17, due to the higher 

overall yield. 

 

Figure 1.17 Synthetic route towards indolo[3,2-b]indoles 

 

Four small molecules (SM19-SM22) were synthesized in the first report with a central IDID 

moiety and thiophene and bithiophene end caps with and without solubilizing alkyl chains to 

investigate OFET behavior. By vacuum depositing thin films of small molecules on the surface 

treated Si/SiO2 substrates, high field-effect mobilities of 0.97 cm2 /V s was achieved for SM22 
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while other small molecules showed OFET performances in the range of 10-2 to 10-1 cm2 /V s in 

bottom-gate/top-contact devices.  

 

Figure 1.18 Indolo[3,2-b]indole based OSCs employed for OFETs 

 

Solution-processed SM22 devices exhibited hole mobilities up to 0.18 cm2 /V s while showcasing 

similar threshold voltages and current on-to-off ratios. The same group synthesized a set of 4 small 

molecules (SM23-SM26) with dicyanovinylene end caps to obtain ambipolar OFETs.114 However, 

based on the electrochemical properties and initial AFM measurements, authors did not evaluate 

ambipolar OFET characteristics of SM23 and SM25. Meanwhile, SM24 showed a balanced hole 

and electron mobility (h/e = 0.84) with a maximum hole mobility of 6.86 × 10-2 cm2 /V s and 

electron mobility of 8.13 × 10-2 cm2 /V s when substrates were heated to 120 C for vacuum 

deposited thin films. By switching linear N-alkyl chains to branched chains (SM26), solubility was 
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improved and solution processed OFETs were built on SM26. An improvement in the hole 

mobility (9.67 × 10-2 cm2 /V s) was observed, but electron mobility dropped an order of magnitude 

(3.42 × 10-3 cm2 /V s) to show an imbalanced charge transport in ambipolar OFETs. All indolo[3,2-

b]indole containing small molecules are shown in Figure 1.18, and their OFET performances are 

shown in Table 1.3. 

Table 1.3 Electrochemical and OFET parameters of indolo[3,2-b]indole based semiconductors 

 HOMO/LUMO 

(eV) 
Eg 

(eV) 

Device 

architecture 
h 

(cm
2
 /Vs) 

e 

(cm
2
 /Vs) 

VT  

(V) 

Ion/Ioff Ref 

SM19 -5.06/ -2.46 2.60 BGTC 3.2×10
-2

 - -11 10
4
 

113 

SM20 -5.06/ -2.46 2.60 BGTC 5.1×10
-2

 - -5 10
5
 

113 

SM21 -5.30/ -2.90 2.40 BGTC 3.4×10
-1

 - -10 10
5
 

113 

SM22 -5.24/ -2.84 2.40 BGTC 9.7×10
-1

 - -12 10
5
 

113 

SM23 -5.42/ -3.71 1.71 - - - - - 114 

SM24 -5.09/ -3.86 1.23 BGTC 6.9×10
-2

 8.1×10
-2

 -13/61 103 114 

SM25 -4.99/ -3.74 1.25 - - -  - 114 

SM26 - - BGTC 9.7 ×10
-2

 3.4×10
-3

 -24/50 104 114 

 

1.6 Working Principle of Organic Photovoltaics 

The heavy dependence yet limited supply of fossil fuels poses an energy problem for the near 

future, presenting the need for a new renewable energy source. Solar energy is a unique solution 

to the energy crisis because of the clean, abundant supply. So far, different types of solar cells have 

been created to harness energy from sunlight, all known as photovoltaics (PV’s). Among these 

PV’s, OPVs have attracted heavy attention due to their structure tunability, flexibility, and solution 

processability. Although OPVs have not exceeded PCEs of inorganic solar cells, much progress 

has been made in the past two decades. First generation OPVs were made as single junction solar 

cells with PCEs less than 0.1% by sandwiching the OSC in between an anode (ITO) and cathode 
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(Ca/Al).115 By inserting an electron acceptor layer C60 between the OSC and cathode, PCEs above 

1% were obtained. Since the charge extraction only takes place at the interface of OSC and C60 in 

bilayer solar cells, BHJ solar cells were introduced to improve charge extraction and transport. 

Different device architectures are shown in Figure 1.19. 

 

Figure 1.19 Device architectures for single layer, bilayer, and BHJ OPVs 

 

Solar irradiance spectrum spans from 200 nm to 2000 nm in wavelength, while most of the solar 

energy lies in the range of 400 nm to 1250 nm. Therefore, materials that can efficiently absorb 

light up to near infrared region-I (NIR-I) are considered for OPV devices. To obtain materials with 

low band gaps, donor-acceptor type structures are usually employed. In a conventional OPV 

device, OSC is used as the photoactive material (donor), and fullerene derivatives (PC61BM or 

PC71BM) are used as the electron acceptor. Upon absorbing solar energy, OSC will excite an 

electron from its HOMO level to the empty LUMO level creating an exciton or coulombically 

bound electron-hole pair. With the help of an electron accepting material, the excited electron in 

the LUMO level of the OSC can be transferred into the LUMO level of the fullerene derivative. 

Due to the ultra-fast lifetimes of excitons ( 1 ns) and smaller exciton diffusion lengths ( 20 nm), 

BHJ solar cells are found to be most effective among the three configurations mentioned above. It 

is also important to keep the HOMO level below -5.0 eV to extract holes from the anode. Usually, 
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a hole transporting layer, poly(3,4-ethylenedioxythiophene): polystyrene sulfonate (PEDOT:PSS) 

is used between the OSC and anode to facilitate the hole transport. The charge extraction is 

depicted in Figure 1.20. 

 

Figure 1.20 Generation and separation of excitons in BHJ solar cell 

 

The efficacy of an OPV device is described by the ratio between output power and input power 

from the power source which mimics sunlight (Equation 1.3). The output power is defined as the 

product of open-circuit voltage (Voc), short-circuit current density (JSC) and fill factor (FF) 

(Equation 1.4). FF is defined as the ratio between the product of maximum current density (Jmax) 

and maximum voltage (Vmax) to the product of JSC and Voc (Equation 1.5). Following equations are 

employed to calculate PCE of a solar cell. 

                                                            𝑃𝐶𝐸(𝜂) =
𝑃𝑜𝑢𝑡𝑝𝑢𝑡

𝑃𝑖𝑛𝑝𝑢𝑡
                                                          (1.3) 

                                                       𝑃𝑜𝑢𝑡𝑝𝑢𝑡 = 𝑉oc × 𝐽sc × 𝐹𝐹                                                    (1.4) 

                                                             𝐹𝐹 =
𝑉𝑚𝑎𝑥 × 𝐽𝑚𝑎𝑥

𝑉oc×𝐽𝑠𝑐
                                                             (1.5) 

A common OPV device architecture and a typical current density vs. voltage curve are shown in 

Figure 1.21 (a) and Figure 1.21 (b), respectively. 
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Figure 1.21 (a) Device architecture of an OPV, (b) a typical J-V curve for a OPV cell 

 

Out of the three OPV cell parameters, Voc can be predicted from the HOMO level of donor material 

(OSC) and LUMO level of the acceptor (fullerene derivative) according to equation (1.6). 

                                            Voc= [1/e (ELUMO
acceptor - EHOMO

donor) - 0.3] V                                    (1.6) 

However, Jsc and FF cannot be predicted since these parameters depend on absorption of sun light, 

exciton dissociation, charge carrier recombination processes, series and shunt resistances and 

surface morphology. Due to the limitations of scalability, economic barriers and low electron 

mobilities associated with fullerene derivatives, non-conventional inorganic QDs were employed 

as electron acceptors due to tunable band gaps, higher electron mobilities and ease of synthesis.  

1.7 Polymer Donor: Inorganic Nanoparticle Hybrid Solar Cells 

The first report for hybrid solar cells was reported in 2002 by Alivisatos and co-workers where 

authors employed different shapes of CdSe nanoparticles with P3HT as the photo-absorber.116 

PCEs up to 1.7 % were reported for CdSe nanorods with an aspect ratio of 8.57 while nanorods 

with lower aspect ratios gave lower PCEs. Greenham, an co-workers, employed the conducting 

polymer poly(2-methoxy-5-(3,7-dimethyl-octyloxy)-p-phenylenevinylene) (OC1C10-PPV) with 

CdSe tetrapods to improve charge extraction three-dimensionally.117 A significant amount of 
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research was then conducted to improve performances of hybrid solar cells, but irrespective of the 

donor material,118, 119 shapes/ size of inorganic nanoparticles or type of semiconducting 

nanoparticles,120-122 PCEs were not improved. 

It was hypothesized that one of the limiting factors for lower PCEs was the uncontrollable phase 

separation in polymer nanocrystal blends. To address this issue, functional groups were introduced 

as end groups for polymer donors to improve the interaction with inorganic nanoparticles. Thiols, 

amines, carboxylic acids, phosphonic groups were used to directly attach or make favorable 

interactions. Liu et al. demonstrated amine end-functionalized P3HT could generate PCEs up to 

1.6% with only half of the CdSe nanocrystal amount required for H/Br end-functionalized 

P3HT.123 In our group we demonstrated that allyl end-capped P3HT could outperform thiol end-

capped P3HT when CdSe QDs are employed as electron acceptors.124 Different end-functionalized 

P3HT polymer are shown in Figure 1.22. 

  

Figure 1.22 End-functionalized polythiophenes employed for hybrid solar cells 

 

Another approach was to control the phase separation via ligand exchange reactions on 

nanoparticle surfaces. The process could be further categorized into pre-deposition and post-

deposition ligand exchange reactions. Pre-deposition ligand exchange reactions are typically 

performed in solution-state by replacing native ligands on nanoparticles which were used in the 

original synthesis. Usually, long fatty acids are employed in the synthesis to passivate the 
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nanocrystal surface. The insulating nature of these long alkyl chains deteriorate the performances 

of solar cell devices. By replacing them with shorter aromatic ligands such as pyridine, better 

charge transport can be realized.125 The inability to replace native ligands in a quantitative manner 

results in irreproducible PCEs which are dependent on the extent of the ligand exchange.125 In 

order to have a reliable method for ligand exchange reactions, post-deposition ligand exchange 

reactions were developed by using monothiols and dithiols after depositing the active layer. 

Although thiols are considered as midgap hole traps for semiconducting nanocrystals, significant 

improvements were observed, especially for Jsc. Seo et al. showed that oleic acid ligands could be 

replaced with ethanedithiol ligands in a post-deposition ligand exchange.126 Later, Zhou et al. 

reported ethanedithiol treatment for two polymer donors with significant improvements in Jsc (up 

to 50%) without degrading Voc or FF.127 It was shown that not only dithiols, monothiols could also 

improve performances in hybrid solar cells by post-deposition ligand exchange reactions.128 In a   

combination of grafting with post-deposition ligand exchange reactions, Ren et al. showed 

enhancements in PCEs of P3HT:CdS hybrid solar cells up to 4.1%.122  

Although these non-conventional inorganic semiconducting nanocrystals have the potential to 

surpass the performances of OPVs composed of conventional fullerene derivatives, they are not 

studied well enough due to the discouraging preliminary PCEs. However, if favorable phase 

separations can be achieved in thin films, more improvements could be made in this field.  

1.8 Conclusions 

While there is a promise and opportunities in the field of organic electronics, in order to improve 

electronic performances, novel materials have to be synthesized and tested. After screening for 
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potential non-conventional materials, as chemists many modifications could be performed with 

non-conventional building block tailored to specific applications.   
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2.1 Abstract 

Despite polypyrrole having higher conductivities compared to polythiophene, pyrrole based 

materials are found less in organic electronics due to instability in the air. To realize stable organic 

semiconductors comprising of pyrrolic precursors, fused-ring systems can be employed as a unique 

solution. In this report, we discuss and compare the organic field effect transistor performance of 

the smallest S,N-heteroacene and O,N-heteroacene; thieno[3,2-b]pyrrole and furo[3,2-b]pyrrole, 

respectively in donor-acceptor-donor type small molecules. Since both building blocks are highly 

electron rich, a strong central electron withdrawing unit (thiophene flanked 5,6-

difluorobenzo[c][1,2,5]thiadiazole) is employed. The Small molecule containing thieno[3,2-

b]pyrrole exhibit moderate hole mobility ( 103 cm2 /V s) irrespective of the annealing 

temperature. On the contrary, small molecule bearing furo[3,2-b]pyrrole is completely inactive in 

organic field effect transistors. The drastic difference in OFET performance created by the single 

heteroatom replacement is due to the molecular orientation of the two small molecules which was 

confirmed by grazing incidence X-ray analysis and atomic force microscopy analysis. 

 

2.2 Introduction 

Over the last few years, a tremendous amount of research has been carried out in the field of 

organic thin film transistors achieving high charge carrier mobilities up to 10 cm2 /V s.1-3 However, 

to realize practical OFET applications, high charge carrier mobility is not the only figure of merit 

that needs consideration. It is equally important to acquire low threshold voltages, low 

subthreshold swings and high current on-to-off ratios for fast switching processes that could trigger 

at low voltages.4, 5 In order to fabricate reliable and reproducible OFETs, structural components 
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and self-assembling or molecular ordering, should be precise.6, 7 Although polymeric materials 

exhibit promising results, they suffer from irreproducible molecular weights and uncontrollable 

molecular weight distributions to cause more batch-to-batch variations.8-11 Therefore, much 

attention has received toward organic semiconducting small molecules or oligomers with precise 

molecular weights.12-15 Out of many classes of semiconducting small molecules, linear acenes have 

been of great interest due to their high charge carrier mobilities and proper control over 

fabrication.16-21  

Anthracene, the smallest building block in the class of acenes have utilized in single crystal thin 

film transistors to provide hole mobility of 0.02 cm2 /V s.22 By extending the conjugation using 

one more benzene ring; mobility was increased to 0.4 - 2.4 cm2 /V s for tetracene.23 Upon 

increasing conjugation length further with pentacene, a record high mobility of 5-40 cm2 /V s was 

achieved in single crystal OFETs.24, 25 It has been demonstrated and postulated even higher 

performances could be attained for unsubstituted higher acenes, but instability at ambient 

conditions and synthetic challenges have prevented these materials from testing.26-29 Even though 

from a performance perspective unsubstituted acenes seem very promising, from an economical 

perspective these materials do not add significant advantages compared to conventional silicon 

technologies as they require high temperature and vacuum processing conditions for the 

fabrication. Therefore, in recent years the field has shifted to search for non-conventional materials 

that could mimic properties of acenes with the added advantage of solution processability to bring 

down the costs of manufacture. Oligothioacenes have synthesized to lower the aromaticity but 

charge carrier mobilities are somewhat lower compared to fused benzene rings.30-33 Another 

interesting class of substituted acenes are heteroacenes. 
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Heteroacenes are acenes prepared by introducing heteroatoms into the acene skeleton such as 

chalcogenides and nitrogen. The replacement of heteroatom influences both the electronic 

structure and crystal packing which eventually reflects on the charge transport.34 Unfortunately, 

the choice of heteroatom and impact on the charge transport has been found to be not very 

straightforward. In the case of chalcogen based acenes, for dinaphthochalcogen-

phenochalcogenophenes,33 circulenes,35, 36 and diphenylbenzodichalcogenophenes,37 selenium 

was found to perform similar or better than sulfur, but the trend discontinues with tellurium. 

However, due to the environmental toxicity caused by selenium and tellurium, we are not 

particularly interested in materials with either selenium or tellurium. Since nitrogen has a 

comparable or smaller atomic radii compared to carbon and provides a synthetic site amenable for 

N-alkylation reactions to control the solubility, solution processible acene derivatives could be 

made easily.38-41 To tune frontier energy levels and improve intramolecular charge transfer, 

thiophene-pyrrole based S,N-heteroacenes were introduced as non-conventional building blocks.42-

44 Before synthesizing and testing a plethora of small molecular semiconductors containing higher 

S,N-heteroacenes for OFET applications, it is fundamentally important to understand the electronic 

characteristics by first analyzing the smallest entity of the class. 

The smallest S,N-heteroacene, thieno[3,2-b]pyrrole is an interesting monomer due to the high 

electron density, asymmetry and easily modifiable NH group. The use of the monomer for OFETs 

was first reported by Driver and co-workers where authors synthesized a range of 

bispyrrolothiophenes with different N-alkyl groups, N-aryl groups, and central groups.45 This 

report demonstrated the potential of the monomer when it is placed in the terminal position with 

central electron deficient groups to realize donor-acceptor-donor type small molecules. As a result, 
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we decided to explore on this building block by further reducing the electron density in the central 

accepting moiety by introducing fluorine atoms and extending the conjugation by having two 

flanking thiophene units. To expand the scope, we also selected the smallest O,N-heteroacene, 

furo[3,2-b]pyrrole to study the effect of the building block toward OFET properties. To the best 

of our knowledge, this is the first report of comparing a S,N-heteroacene vs O,N-heteroacene, and 

utilization of furo[3,2-b]pyrrole for OFETs. The chemical structures of the proposed small 

molecular semiconductors are shown in Figure 2.1. 

 

Figure 2.1 Chemical structures of TP-FBT2T-TP and FP-FBT2T-FP 

 

2.3 Experimental 

2.3.1 Materials and Methods 

All commercial chemicals were purchased from Aldrich and Fisher Scientific and used without 

further purification unless mentioned otherwise. All reactions were performed in oven-dried 
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glassware under a nitrogen atmosphere. Tetrahydrofuran (THF) and toluene were distilled over 

sodium /benzophenone ketyl under nitrogen prior to use. 

NMR measurements: 1H and 13C NMR spectra were collected on a 500 MHz Bruker AVANCE 

IIITM spectrometer using CDCl3 as the solvent. Multiplicities are given as- s (singlet), d (doublet), 

t (triplet), q (quartet), m (multiplet).  

Mass characterization: Matrix-assisted laser desorption ionization time of flight (MALDI-TOF) 

spectra were recorded on a Shimadzu Biotech Axima Confidence in reflectron_HiRes mode with 

2,2:5,2-terthiophene as the matrix.  

Optical measurements: The UV-vis absorption was measured with an Agilent 8453 UV-vis 

spectrometer. For solution spectra, small molecules were dissolved in chloroform, and thin films 

were measured by drop casting chloroform solution on to microscopic glass slides 

Electrochemical measurements: Cyclic voltammetry experiments were recorded on a BAS CV-

50W voltammetry analyzer. The three-electrode system; a platinum inert working electrode, 

platinum wire auxiliary electrode, and Ag/Ag+ reference electrode was used to measure the 

currents. An electrolytic solution composed of 0.1 M tetrabutylammonium hexafluorophosphate 

in anhydrous acetonitrile was used to conduct the experiments after degassing for 15 mins under 

argon.  

Surface Morphology characterization: Tapping mode atomic force microscopy (TMAFM) was 

recorded in the channel region using a Nanoscope IV Multimode Veeco equipped with a vertical 

engage scanner. The TMAFM images were acquired using Si cantilever with the resonance 

frequency of 320 kHz and spring constant of 42 N/m. AFM images with 2 × 2 m scan size were 

recorded with a frequency of 1 Hz.  
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Grazing Incidence X-ray measurements: Out-of-plane measurements were carried out on a 

Rigaku SmartLab XRD instrument. Thin films of small molecules were deposited on OTS treated 

SiO2 substrates by using the same conditions used for the OFET devices. The sample was irradiated 

with Cu-K (=1.54 Å) at an incident angle of 0.5 and data were recorded at 0.05 intervals from 

1 to 30. 

OFET device fabrication and characterization: OFETs with common bottom-gate/bottom-

contact configuration were employed to perform electrical characterizations. A highly doped n-

type silicon wafer was used as the substrate with 200 nm thick thermally grown SiO2 as the 

dielectric layer. First, Si/SiO2 surface was covered with 5 nm chromium and 100 nm gold in-situ 

by Temescal E-beam evaporator. Cr/Au source and drain contacts were patterned using standard 

photolithographic techniques having different channel lengths and widths. After applying the 

photoresist on the electrodes, back of the silicon wafer was etched with 7:1 BOE solution from JT 

Baker and the gate electrode was created by deposition of 100 nm gold by an E-beam evaporator. 

OFET devices were sonicated for 5 mins each time using acetone, toluene, and 2-propanol. The 

capacitance per unit area was measured to be 17 nF cm-2. The substrates were then cleaned by 

immersing in piranha solution (7:3 mixture of conc. sulfuric acid and 30% hydrogen peroxide) for 

10 mins followed by rinsing with DI water and dried with nitrogen. An additional UV-ozone 

treatment was performed for 10 mins followed by washing again with DI water and dried with 

nitrogen. A Self-assembled monolayer (SAM) of octadecylsilane (OTS) was prepared by the base 

(NH4OH) vapor-catalyzed hydrolysis of octadecyltrimethoxysilane (OTMS). Briefly, 3mM 

OTMS solution in trichloroethylene was added to cover the entire surface of Si/SiO2 surface and 

allowed to partially assemble for 10 s and spun at 3000 rpm for 10 s. The base-catalyzed hydrolysis 
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was performed by placing the substrates containing thin films inside a closed container with 3 mL 

of NH4OH (28-30% NH3 assay) in a vial for 10 h at room temperature. Substrates were rinsed with 

DI water and sonicated for 10 mins in toluene and dried by nitrogen. Small molecules TP-FBT2T-

TP and FP-FBT2T-FP were dissolved in chloroform at a concentration of 5 mg/mL and 10 mg/mL, 

respectively. A thin layer was deposited by spin coating at 750 rpm for 30s after covering the 

device surface for 30 s and 60 s with 70 L of TP-FBT2T-TP and FP-FBT2T-FP, respectively. 

After annealing at different temperatures for 5 mins inside a nitrogen-filled glovebox electrical 

measurements were performed in air at room temperature using Cascade Microtech Model Summit 

Microchamber with a Keithley 4200-SCS system. 

2.3.2 Synthesis of Materials 

Ethyl-2-azido-3-(thiophen-2-yl)acrylate 

To a 250 mL three-neck round bottomed flask was added NaOEt (3.64g, 53.50 mmol) with 48 mL 

of dry ethanol under nitrogen and cooled to 0 C. In a separate container 2-thiophenecarbaldehyde 

(3.00 g, 26.75 mmol), ethyl azidoacetate (6.90 g, 53.50 mmol), and ethyl trifluoroacetate (7.52 g, 

53.30 mmol) were dissolved in 10 mL of dry ethanol. The mixture was added to the sodium 

ethoxide solution and reacted for 6 h at 0 C. The reaction mixture was added to a sat. NH4Cl 

solution and extracted with Et2O (3 × 50 mL). The combined organic extracts were washed with 

deionized water, brine, and concentrated under vacuum to give a crude residue. Pure compound 

was obtained as a yellow solid after purifying on column chromatography by using hexane: ethyl 

acetate (9:1 v/v) as the eluent. (5.50 g, Yield = 92.3 %). 1H NMR (CDCl3, 500 MHz):   (t, 

7.0 Hz, 3H)  (q  z, ), 7.07 (dd, 3.5 Hz and 3.0 Hz, 1H), 7.17 (s, 1H), 7.32 (d, 3.5 Hz, 
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1H), 7.50 (d, 5Hz, 1H) (Figure 2.2), 13C NMR (CDCl3, 125 MHz); C 14.39, 62.28, 119.41, 122.86, 

127.19, 130.54, 132. 11, 136.77, 163.34 (Figure 2.3) 

 

Figure 2.2 1H NMR spectrum of ethyl-2-azido-3-(thiophen-2-yl)acrylate 

 

 

Figure 2.3 13C NMR spectrum of ethyl-2-azido-3-(thiophen-2-yl)acrylate 
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Ethyl-2-azido-3-(furan-2-yl)acrylate 

Sodium ethoxide (3.64g, 53.50 mmol) and 48 mL of dry ethanol were added to a 250 mL three-

neck round bottom flask under nitrogen and cooled to 0 C. In a brown vial, furfural (3.00 g, 31.25 

mmol), ethyl azidoacetate (7.69 g, 62.50 mmol), and ethyl trifluoroacetate (8.82 g, 62.50 mmol) 

were dissolved with 10 mL of dry ethanol. The mixture was slowly added to the sodium ethoxide 

solution and stirred for 6 h at 0 C. The solid obtained after quenching the reaction with saturated 

NH4Cl was filtered and dried under air to obtain the pure compound. (5.89 g, Yield = 91.2 %). 1H 

NMR (CDCl3, 500 MHz):   (t, 7.5 Hz, 3H)  (q  z, ), 6.52 (dd, 1.5 Hz and 2.5 

Hz, 1H), 6.87 (s, 1H), 7.10 (d, 3.5 Hz, 1H), 7.49 (d, 3.5Hz, 1H) (Figure 2.4), 13C NMR (CDCl3, 

125 MHz); C 14.35, 62.32, 112.73, 113.58, 115.32, 144.01, 149.69, 163.32 (Figure 2.5) 

 

Figure 2.4 1H NMR spectrum of ethyl-2-azido-3-(furan-2-yl)acrylate 

 

 



 

55 

 

Figure 2.5 13C NMR spectrum of ethyl-2-azido-3-(furan-2-yl)acrylate 

 

Ethyl 4H-thieno[3,2-b]pyrrole-5-carboxylate 

To a 100 mL of refluxing toluene, ethyl-2-azido-3-(thiophen-2-yl)acrylate (3.60 g, 16.1 mmol) 

was added in portions and refluxed for 4 h. The resulting solution was cooled to room temperature 

and the solvent was removed under reduced pressure to obtain the pure compound. (2.67 g, Yield 

= 85.2 %). 1H NMR (CDCl3, 500 MHz):   (t, 7.0 Hz, 3H)  (q  z, ), 6.95 (d, 5.0 

Hz, 1H), 7.14 (s, 1H), 7.33 (d, 5 Hz, 1H), 9.11 (s, 1H) (Figure 2.6), 13C NMR (CDCl3, 125 MHz); 

C 14.60, 60.81, 107.68, 111.19, 124.96, 127.24, 129.57, 141.33, 161.75 (Figure 2.7) 
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Figure 2.6 1H NMR spectrum of ethyl 4H-thieno[3,2-b]pyrrole-5-carboxylate 

 

 

Figure 2.7 13C NMR spectrum of ethyl 4H-thieno[3,2-b]pyrrole-5-carboxylate 
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Ethyl 4H-furo[3,2-b]pyrrole-5-carboxylate 

To 100 mL of refluxing toluene, ethyl-2-azido-3-(furan-2-yl)acrylate (3.32 g, 16.1 mmol) was 

added and refluxed for 4 h. The resulting solution was cooled and toluene was removed under 

reduced pressure to obtain the pure compound. (2.76 g, Yield = 96.0 %). 1H NMR (CDCl3, 500 

MHz):   (t, 7.0 Hz, 3H)  (q  z, ), 6.45 (d, 1.5 Hz, 1H), 6.80 (s, 1H), 7.51 (d, 2.0 

Hz, 1H), 8.86 (s, 1H) (Figure 2.8), 13C NMR (CDCl3, 125 MHz); C 14.61, 60.63, 96.97, 99.04, 

124.39, 128.78, 148.16, 148.72, 162.28 (Figure 2.9) 

 

Figure 2.8 1H NMR spectrum of ethyl 4H-furo[3,2-b]pyrrole-5-carboxylate 
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Figure 2.9 13C NMR spectrum of ethyl 4H-furo[3,2-b]pyrrole-5-carboxylate 

 

Ethyl 4-dodecyl-4H-thieno[3,2-b]pyrrole-5-carboxylate 

To a 100 mL three neck round bottom flask, ethyl 4H-thieno[3,2-b]pyrrole-5-carboxylate (2.00  g, 

10.3 mmol), anhydrous K2CO3 (2.83 g, 21.5 mmol), 18-crown-6 ether (catalytic amount) and dry 

DMF (36.0 mL) were added under nitrogen. Solution was stirred at 100 C for 2 h before adding 

1-bromododecane (5.28 g, 21.5 mmol). Resulting solution was refluxed for 48h and cooled to room 

temperature. DI water (50 mL) was added and organic layer was extracted with ethyl acetate (3 × 

30 mL). The organic layer was washed with brine, dried over anhydrous MgSO4 and concentrated. 

The crude was purified by column chromatography using hexane: ethyl acetate (99:1 v/v) as the 

eluent to obtain a pale yellow color oil. (2.68 g, Yield = 71.8 %) 1H NMR (CDCl3, 500 MHz): 

   (t, 6.5 Hz, 3H) − (m  )  (t,  z, 3H)  (t, 7.0 

Hz )  (q  z, ), 4.47 (t, 7.5 Hz, 2H), 6.92 (d, 5.0 Hz, 1H),7.19 (s, 1H), 7.30 (d, 5.5 

Hz, 1H) (Figure 2.10), 13C NMR (CDCl3, 125 MHz); C 14.25, 14.56, 22.83, 27.02, 29.47, 29.67, 
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29.70, 29.75, 29.77, 31.28, 31.73, 32.05, 47.74, 60.15, 109.31, 110.48, 121.90, 126.32, 128.99, 

145. 24, 161.65 (Figure 2.11) 

 

Figure 2.10 1H NMR spectrum of ethyl 4-dodecyl-4H-thieno[3,2-b]pyrrole-5-carboxylate 

 
Figure 2.11 13C NMR spectrum of ethyl 4-dodecyl-4H-thieno[3,2-b]pyrrole-5-carboxylate 
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Ethyl 4-dodecyl-4H-furo[3,2-b]pyrrole-5-carboxylate 

To a 100 mL three neck round bottom flask, ethyl 4H-furo[3,2-b]pyrrole-5-carboxylate (0.50  g, 

2.79 mmol), anhydrous K2CO3 (1.54 g, 5.58 mmol), 18-crown-6 ether (catalytic amount) and dry 

DMF (20.0 mL) were added under nitrogen. Solution was stirred at 80 C for 3 h before adding 1-

bromododecane (2.08 g, 4.18 mmol) dropwise. Resulting solution was refluxed for 48 h and cooled 

to room temperature. DI water (50 mL) was added and neutralized using 3M HCl. The organic 

layer was extracted with ethyl acetate (3 × 20 mL). The organic layer was washed with brine, dried 

over anhydrous MgSO4 and concentrated. The crude was purified by column chromatography 

using gradient elution starting from hexane: ethyl acetate: triethylamine (98:1:1 v/v) to hexane: 

ethyl acetate: triethylamine (94:5:1 v/v) as the eluent to obtain a pale yellow color oil. (0.97 g, 

Yield = 50.6 %) 1H NMR (CDCl3, 500 MHz):    (t, 6.5 Hz, 

3H) − (m  )  (t,  z, 3H)  (t, 7.0 Hz )  (q  z, ), 4.38 (t, 

7.0 Hz, 2H), 6.43 (dd, 0.5 Hz and 2.0 Hz, 1H), 6.80 (d, 0.5 Hz, 1H), 7.49(d,  2.0 Hz, 1H) (Figure 

2.12),13C NMR (CDCl3, 125 MHz); C 14.26, 14.61, 22.83, 26.97, 29.45, 29.48, 29.68, 29.71, 

29.76, 29.78, 31.15, 32.06, 47.81, 59.99, 98.35, 98.59, 123.47, 133.0, 145.82, 148.37, 162.14 

(Figure 2.13) 
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Figure 2.12 1H NMR spectrum of ethyl 4-dodecyl-4H-furo[3,2-b]pyrrole-5-carboxylate 

 
Figure 2.13 13C NMR spectrum of ethyl 4-dodecyl-4H-furo[3,2-b]pyrrole-5-carboxylate 
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Ethyl 4-dodecyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4H-thieno[3,2-b]pyrrole-5-

carboxylate 

To a 50 mL single neck round bottom flask 4,4′-di-tert-butyl-2,2′-dipyridyl (dtbpy) (46 mg, 0.17 

mmol), Ir[(2-OMe)(COD)]2 (57 mg, 0.086 mmol) and pinacolborane (0.3 mL) were added under 

nitrogen. Dry hexane (5.0 mL) and ethyl 4-dodecyl-4H-thieno[3,2-b]pyrrole-5-carboxylate (0.50 

g, 1.72 mmol) were added to the flask and stirred for 48h at room temperature. Pure compound 

was obtained after performing a flash column using hexane: ethyl acetate (99:1 v/v) as the eluent. 

(0.83 g, Yield = 98.7 %) 1H NMR (CDCl3, 500 MHz):    (t, 10 Hz, 

3H) − (m  )  (s, 12H)  (t, 7.0 Hz, 3H)  (t, 7.5 Hz )  (q, 5.0 Hz, 

2H)  (t, 5.0 Hz, 2H)  (s, 1H)  ( s, 1H ) (Figure 2.14) 13C NMR (CDCl3, 125 MHz); 

C 14.25, 14.52, 22.82, 24.91, 24.99, 27.03, 29.47, 29.49, 29.70, 29.74, 29.76, 31.34, 32.05, 47.76, 

60.35, 75.16, 84.41, 108.99, 119.49, 127.98, 128.34, 146.44, 161.68 (Figure 2.15) 

 

Figure 2.14 1H NMR spectrum of ethyl 4-dodecyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)-4H-thieno[3,2-b]pyrrole-5-carboxylate 
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Figure 2.15 13C NMR spectrum of ethyl 4-dodecyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)-4H-thieno[3,2-b]pyrrole-5-carboxylate 

 

Ethyl 4-dodecyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4H-furo[3,2-b]pyrrole-5-

carboxylate 

To a 50 mL single neck round bottom flask 4,4′-di-tert-butyl-2,2′-dipyridyl (dtbpy) (46 mg, 0.17 

mmol), Ir[(2-OMe)(COD)]2 (57 mg, 0.086 mmol) and pinacolborane (0.3 mL) were added under 

nitrogen. Dry hexane (5.0 mL) and ethyl 4-dodecyl-4H-furo[3,2-b]pyrrole-5-carboxylate (0.50 g, 

1.44 mmol) were added to the flask and stirred for 48h at room temperature. The crude was purified 

by passing through a celite pad with hexane: ethyl acetate (8:2 v/v) solvent system to afford the 

pure compound. (0.51 g, 75.0 %) 1H NMR (CDCl3, 500 MHz):    (t, 6.5 Hz, 

3H) − (m  )  (b, 15H)  (t, 10 Hz )  (q, 10 Hz, 2H)  (t, 5.0 Hz, 

2H)  (s, 1H)  ( s, 1H ) (Figure ) 13C NMR (CDCl3, 125 MHz); C 14.26, 14.58, 22.83, 

24.92, 26.99, 29.46, 29.48, 29.67, 29.71, 29.76, 29.77, 31.09, 31.74, 32.06, 47.82, 60.22, 84.64, 

97.99, 109.98, 126.36, 133.47, 150.09, 162.09 (Figure 2.17) 
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Figure 2.16 1H NMR spectrum of ethyl 4-dodecyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)-4H-furo[3,2-b]pyrrole-5-carboxylate  

 

 

Figure 2.17 13C NMR spectrum of ethyl 4-dodecyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)-4H-furo[3,2-b]pyrrole-5-carboxylate 

 

 TP-FBT2T-TP 

To a 100 mL three neck round bottom flask, ethyl 4-dodecyl-2-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)4H-thieno[3,2-b]pyrrole-5-carboxylate (0.83 g, 1.70 mmol), 4,7-bis(5-
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bromothiophen-2-yl)-5,6-difluorobenzo[c][1,2,5]thiadiazole (0.33 g, 0.68 mmol) and Pd(PPh3)4 

(196 mg, 0.17 mmol) were added under nitrogen with anhydrous THF (25.0 mL). To the solution 

was added 2M Na2CO3 (4.7 mL) and refluxed under nitrogen for 24 h. The flask was cooled to 

room temperature and crashed into cold methanol and resulted solid was filtered. Pure compound 

was obtained by column chromatography using hexane: methylene chloride 3:1 v/v as the eluent. 

(377.8 mg, Yield = 20.1%) 1H NMR (CDCl3, 500 MHz): 0.86 (t, 7.5 Hz, 3H), 1.25 (br, 18H), 1.38 

(t, 5.0 Hz, 3H), 1.82 (t, 7.5 Hz, 2H), 4.31 (q, 5.0 Hz, 2H), 4.46 (t, 7.5 Hz, 2H), 7.12 (s, 1H), 7.13 

(s, 1H), 7.29 (d, 5.0 Hz, 1H), 8.18 (d, 5.0 Hz, 1H) (Figure 2.18) 13C NMR (CDCl3, 125 MHz); C 

14.25, 14.57, 22.83, 27.06, 29.49, 29.53, 29.74, 29.76, 29.78, 29.81, 31.34, 32.06, 47.81, 60.31,  

107.32, 109.45, 121.74, 124.25, 126.59, 130.93, 132.01, 139.59, 141.83, 145.06, 148.79, 161.29 

(Figure 2.19) 

 

Figure 2.18 1H NMR spectrum of TP-FBT2T-TP 
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Figure 2.19 13C NMR spectrum of TP-FBT2T-TP 

 

Figure 2.20 MALDI-TOF spectrum of TP-FBT2T-TP 

 

FP-FBT2T-FP 

Prepared using the same procedure as for diethyl 2,2-((5,6-difluorobenzo[c][1,2,5]thiadiazole-

4,7-diyl)bis(thiophene-5,2-diyl))bis(4-dodecyl-4H-thieno[3,2-b]pyrrole-5-carboxylate) with 1,4-

dioxane as the solvent and K2CO3 as the base. Pure compound was obtained by column 

chromatography using hexane: methylene chloride 2:3 v/v with 1% triethylamine as the eluent. 
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(250.0 mg, Yield = 39.9 %) 1H NMR (CDCl3, 500 MHz): 0.87 (t, 7.5 Hz, 3H), 1.25 (br, 18H), 1.38 

(t, 7.5 Hz, 3H), 1.83 (t, 7.5 Hz, 2H), 4.31 (q, 5.0 Hz, 2H), 4.40 (t, 7.5 Hz, 2H), 6.70 (s, 1H), 6.80 

(s, 1H), 7.45 (d, 5.0 Hz, 1H), 8.26 (d, 5.0 Hz, 1H) (Figure 2.21) 13C NMR (CDCl3, 125 MHz); C 

14.27, 14.62, 22.84, 27.04, 29.50, 29.74, 29.76, 29.79, 29.81, 31.14, 32.07, 47.88, 58.07, 60.13, 

94.23, 98.16, 111.46, 123.52, 124.11, 131.20, 131.85, 134.36, 137.11, 145.95, 148.69, 154.26, 

161.80 (Figure 2.22) 

 

Figure 2.21 1H NMR spectrum of FP-FBT2T-FP 
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Figure 2.22 13C NMR spectrum of FP-FBT2T-FP 

 

 

Figure 2.23 MALDI-TOF spectrum of FP-FBT2T-FP 
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2.4 Experimental 

2.4.1 Synthesis and Characterization 

The small molecules were synthesized according to Scheme 2.1. Commercially available 2-

thiophenecarboxyaldehyde and furfural were first subjected to a Knoevenagel condensation 

reaction with a sacrificial electrophile (ethyl trifluoroacetate). Resulting acrylates were then 

cyclized by Hemetsberger cyclization. To introduce solubility for the overall compounds, N-

alkylation reactions were performed by deprotonation of pyrrolic hydrogen with K2CO3, and with 

subsequent addition of 1-bromododecane. Ethyl 4-dodecyl-4H-thieno[3,2-b]pyrrole-5-carboxylate 

was found to be stable in air, but ethyl 4-dodecyl-4H-furo[3,2-b]pyrrole-5-carboxylate was not 

stable in air for more than 1.5 h. Therefore, the compound was introduced to the borylation reaction 

immediately after column purification. However, the compound can be stored at cold temperatures 

for months without detecting any degradation. Borylation reactions were performed by using 

pinacolborane in the presence of Ir[(2-OMe)(COD)]2 catalyst to obtain borylated derivatives in 

high yields ( 75%). Final Suzuki-Miyura coupling reactions were conducted in THF and 1,4-

dioxane for TP-FBT2T-TP and FP-FBT2T-FP, respectively. Compounds were purified by column 

chromatography, and for the target small molecule comprising of furo[3,2-b]pyrrole, triethylamine 

(1%) was added to the eluent to stabilize the compound inside the column. Both small molecules 

were readily soluble in common organic solvents, and furo[3,2-b]pyrrole containing small 

molecule was more soluble. All the monomers were fully characterized by 1H, and 13C NMR and 

final organic semiconductors were characterized by MALDI-TOF spectroscopy for mass 

evaluation. 
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Scheme 2.1 Synthetic route towards TP-FBT2T-TP and FP-FBT2T-FP 

 

2.4.2 Theoretical Analysis 

To investigate the frontier molecular orbital energy levels, density functional theory (DFT) 

calculations were performed using Spartan16 at B3LYP/6-31G* level of theory. N-dodecane 

substituents were replaced with methyl groups, and ethyl groups in the ester units were replaced 

by methyl to simply the calculations as shown in Figure 2.24. Both molecules possess minimal 

torsion along the backbone to produce planar molecules. The curvature of the molecules was 

similar to get a close comparison to study the effect of thieno[3,2-b]pyrrole and furo[3,2-b]pyrrole 

building blocks. The LUMO frontier molecular orbital energy levels were somewhat different for 

the two building blocks although HOMO levels were comparable. FP-FBT2T-FP semiconductor 
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showed a low lying LUMO level compared to TP-FBT2T-TP suggesting insertion of furan units 

on to building blocks can effectively lower LUMO levels. 

 

Figure 2.24 DFT calculations of TP-FBT2T-TP and FP-FBT2T-FP 

 

2.4.3 Optical and Electrochemical Analysis 

To investigate absorption profiles of TP-FBT2T-TP and FP-FBT2T-FP, UV-vis spectroscopy was 

used in both solution and solid state (Figure 2.25). Interestingly, both small molecules showed two 

equally intense bands irrespective of the state (solution or solid state). Absorption bands present 

at lower wavelengths (higher energies) corresponds to -* transitions while bands at higher 

wavelengths (lower energies) are due to intramolecular charge transfer which takes place from 

HOMO to central 5,6-difluorobenzo[c][1,2,5]thiadiazole localized LUMO energy level. For TP-

FBT2T-TP small molecule semiconductor, a small 10 nm bathochromic shift was observed for 

both absorption band maxima, suggesting the arrangement of molecules in solution and solid state 
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are not very different. The onset of the absorption profile of TP-FBT2T-TP was estimated at 694 

nm with an optical band gap of 1.79 eV. On the contrary, FP-FBT2T-FP semiconductor showed 

an extremely low optical band gap of 1.25 eV due to the extension of the absorption profile toward 

NIR II window in the solid state. Similar to TP-FBT2T-TP, 12-13 nm bathochromic shift was 

observed for the two absorption band maxima. Owing to the excessive electron rich nature of 

furo[3,2-b]pyrrole, thin films containing small molecule FP-FBT2T-FP showed degradation after 

12 h, and therefore it was stored in nitrogen-filled glovebox for further characterization and tests. 

 

Figure 2.25 UV-vis spectra of TP-FBT2T-TP and FP-FBT2T-FP in solution and thin films 

 

To find the electrochemical band gaps and frontier molecular orbital energy levels, cyclic 

voltammetry measurements of thin films of the two small molecules were performed. Both small 

molecules showed multiple irreversible oxidation peaks, especially for FP-FBT2T-FP with more 

apparent and intense peaks. Both small molecules showed two quasi-reversible reduction peaks in 

cyclic voltammograms as showed in Figure 2.26. The HOMO and LUMO energy levels were 

estimated from the onset of the first oxidation and reduction peaks. For TP-FBT2T-TP, HOMO 

and LUMO levels were estimated at -5.07 eV and -2.60 eV, while for FP-FBT2T-FP it was -5.05 
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eV and -2.07 eV, respectively. These values were well matched with our DFT calculations 

performed with modeled compounds. Large mismatch between the optical and electrochemical 

band gaps could be due to exciton binding energies which could be from 0.3 – 1.0 eV. All optical 

and electrochemical properties are listed in Table 2.1. 

 

Figure 2.26 Cyclic voltammograms of TP-FBT2T-TP and FP-FBT2T-FP 

 

Table 2.1 Optical and electrochemical properties of TP-FBT2T-TP and FP-FBT2T-FP 

Small molecule HOMO 

(eV) 

LUMO 

(eV) 

Eg
ec 

(eV) 

Eg
opt 

(eV) 
max

sol 

(nm) 

max
film 

(nm) 

onset 

(nm) 

TP-FBT2T-TP -5.07 -2.60 2.47 1.79 384, 526 394, 537 694 

FP-FBT2F-FP -5.05 -2.98 2.07 1.25 388, 537 400, 550 994 

2.4.4 OFET properties 

The two small molecules were tested in OFETs by employing a bottom-gate/ bottom-contact 

(BGBC) device architecture on Si/SiO2 substrates. Both organic semiconductors, TP-FBT2T-TP 

and FP-FBT2T-FP, were dissolved in chloroform at 5 mg/mL and 10 mg/mL, respectively. 

Without any surface modification on SiO2, no field effect characteristics were shown irrespective 
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of the annealing temperatures. Therefore, Si/SiO2 surface was modified to obtain a self-assembled 

monolayer (SAM) of octadecylsilane. After the application of the SAM, both small molecules 

were spun at 750 rpm inside a nitrogen-filled glovebox and subsequently, annealed at different 

temperatures inside the glovebox for 5 mins. Thin films of TP-FBT2T-TP and FP-FBT2T-FP on 

the surface treated Si/SiO2 substrates disappeared when annealed at 150 C and 120 C, 

respectively. Therefore, the maximum annealing temperatures for TP-FBT2T-TP and FP-FBT2T-

FP were selected as 140 C and 100 C, respectively. 

First, TP-FBT2T-TP small molecular semiconductor was analyzed in OFETs annealed at room 

temperature, 80 C, 100 C, 120 C and 140 C. As expected OFETs fabricated from TP-FBT2T-

TP only showed p-type OFET characteristics. No apparent changes in hole mobilities, Ion/Ioff, VT 

were observed when the annealing temperature was varied. All the thin films showed moderate 

hole mobility around 0.001 cm2 /V s with Ion/Ioff ratios ranging from 102 to 103. Threshold voltages 

were estimated to be around -3 V to -10 V depending on the annealing temperature. To our 

surprise, all the devices fabricated from TP-FBT2T-TP showed ideal transistor curves with low 

leakage currents and clear saturation regimes. Subthreshold swings up to 0.7 V/dec were obtained 

for these devices. Most of all, the ID
1/2 vs. VD curves were not suffered from non-linearity that 

generally introduce errors when extracting mobilities from transfer curves. All the transfer and 

output curves are shown in Figure 2.27. Summarized data for mobilities and OFET parameters can 

be found in Table 2.2. 

Surprisingly, FP-FBT2T-FP small molecule did not show any field effect behavior irrespective of 

the surface treatment, processing solvent, and annealing temperature.  
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Figure 2.27 OFET performance of TP-FBT2T-TP at different annealing conditions 

 

Table 2.2 The summary of the OFET performance of TP-FBT2T-TP 

Annealing 

temperature  
max 

 (cm
2

 /V s) 

ave 

 (cm
2

 /V s) 

V
T
 

(V) 

I
on/

I
off

 

RT 0.93 × 10
-3

 0.81 × 10
-3

 -2.9 - -3.6 10
2

 

80  C 1.35 × 10
-3

 1.29 × 10
-3

 -5.7- -2.4 10
2

 

100 C 0.97 × 10
-3

 0.82 × 10
-3

 -3.7- -1.9 10
3

 

120 C 1.57 × 10
-3

 1.39 × 10
-3

 -9.6- -4.9 10
3

 

140 C 0.71 × 10
-3

 0.58 × 10
-3

 -10.4- -4.2 10
2

 

 

2.4.5 Crystallinity 

The complete FET inactivity of FP-FBT2T-FP prompted us to investigate the crystallinity of the 

two small molecules. To probe the surface orientation with respect to the substrate, out-of-plane 

grazing incidence x-ray diffraction (GIXRD) were performed on thin films of TP-FBT2T-TP and 

FP-FBT2T-FP deposited on a surface treated Si/SiO2 substrates. TP-FBT2T-TP showed multiple 

orders of lamellar peaks when GIXRD were taken on out of plane direction suggesting - 
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stacking in the z-direction which is beneficial for transistors. For FP-FBT2T-FP, a small shoulder 

was observed with no evidence of sharp XRD peaks in the out of plane direction. This may be due 

to the face-on orientation adopted by FP-FBT2T-FP molecules. The GIXRD data are shown in 

Figure 2.28. 

 

Figure 2.28 GIXRD spectra of (a) TP-FBT2T-TP and (b) FP-FBT2T-FP annealed at 120 C and 

100 C 

 

2.4.6 Surface Morphology 

Tapping mode atomic force microscopy (TMAFM) images were recorded in the channel region to 

probe surface morphology. A grain-like morphology was observed for the thin films for TP-

FBT2T-TP small molecules. Such morphology is considered to be highly desirable for OFETs, 

and many high performing small molecules resemble similar surface morphology as shown in 

Figure 2.29(a) and (c) for height and phase AFM images, respectively. On the other hand, TMAFM 

images of thin films of FP-FBT2T-FP small molecules showed smooth surfaces with RMS of 0.75 

nm, and no crystallites were present in TMAFM images. Both height and phase images of the two 

small molecules are shown in Figure 2.29. 
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Figure 2.29 TMAFM height ((a) and (b)) and phase ((d) and (d)) images of TP-FBT2T-TP [(a) 

and (c)] and FP-FBT2T-FP [(b) and (d)] 

2.5 Conclusions 

In the quest of searching for non-conventional building blocks for organic electronics, two pyrrole 

containing building blocks were chosen to study. Donor-acceptor-donor type two small molecules 

containing terminal thieno[3,2-b]pyrrole and furo[3,2-b]pyrrole with central 5,6-

difluorobenzo[c][1,2,5]thiadiazole were successfully synthesized and characterized. Furo[3,2-

b]pyrrole containing small molecule showed an enhanced absorption toward NIR I and NIR II 

regions, but thin films were not stable in air for prolonged periods of time. Both small molecules 

had similar HOMO levels, but furo[3,2-b]pyrrole containing molecule possessed a low lying 

LUMO level to realize a low band-gap semiconductor. In OFETs, thieno[3,2-b]pyrrole containing 

small molecule was active toward TFTs, but furo[3,2-b]pyrrole containing small molecule was 
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completely inactive. The molecular orientation with respect to the substrate was orthogonal to each 

other causing the differences in FET activity. 
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CHAPTER 3 
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3.1 Abstract 

We report two banana-shaped organic semiconducting small molecules containing the relatively 

unexplored thieno[3,2-b]pyrrole with thiophene and furan flanked benzothiadiazole. Theoretical 

insights gained by DFT calculations show that furan flanked benzothiadiazole-thieno[3,2-

b]pyrrole small molecule has a higher curvature as compared to the thiophene flanked small 

molecule due to the shorter bond length of C-O in furan. Despite similar optical and 

electrochemical properties, thiophene flanked small molecule shows high hole mobility up to 8 × 

10-2 cm2 /V s. However furan flanked small molecule performs poorly in thin film transistor 

devices (h  5 × 10-6 cm2 /V s). The drastic difference in hole mobilities was due to the annealing-

induced crystallinity which was demonstrated by the out-of-plane grazing incidence X-ray 

diffraction and tapping mode atomic force microscopy analysis.  

3.2 Introduction 

Organic semiconducting materials have shown promise in the organic field effect transistor 

(OFET) area with performance comparable or even surpassing amorphous silicon (-Si) (0.1-1.0 

cm2 /V s)1-3 and approaching polycrystalline silicon (c-Si) FETs (10 cm2 /V s).4-6 Organic 

semiconducting materials can be classified into two main classes: polymers and small molecules.  

Organic polymers have higher conjugation lengths and excellent film-forming abilities which are 

desirable for large area applications.7-8 However, organic polymers often exhibit molecular weight 

dependence on charge carrier mobilities.9-12 Due to the irreproducible molecular weights and 

relatively broad distributions of molecular weights, polymeric OFET devices display batch-to-

batch variations. On the other hand, small molecules offer well-defined structures, high purities, a 
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high degree of ordering, and precise molecular weights, which produce less batch-to-batch 

variations in OFETs.13-16 Such high performing small molecules are often vacuum deposited to 

eliminate the need of insulating alkyl chains which hinders the solid state packing.17-19 Even though 

this method generates high-quality substrate oriented films, ultra-high vacuum processing 

conditions make practical applications difficult. Therefore, the challenge is to develop solution 

processable small molecules without compromising charge carrier mobilities.  

Design strategies for high performing solution processable small molecules many times involve 

donor-acceptor architecture incorporating acenes or fused ring systems.19-23 Compared to 

individual ring systems, fused rings provide a deep HOMO level due to the larger resonance 

stabilization energy and also form larger - overlapping areas that facilitate charge transport.3, 7, 

24 Thieno[3,2-b]thiophene,3, 7-8 cyclopentadithiophene,25-26 Dithienosilole,16, 27 dithieno[3,2-

b:2,3-d]pyrrole28-29 are some of the commonly used fused ring systems in organic electronics. 

Although fused ring systems with different heteroatoms have a positive impact on OFETs, the 

structure-property relationship is not straightforward,23, 30 leaving chemists to explore novel 

building blocks to improve OFET performances. Therefore, our goal is to investigate non-

conventional fused ring systems that could generate high hole mobilities without compromising 

solubility. Relative to thiophene and furan, isoelectronic pyrrole is the most electron rich five-

membered aromatic ring. Due to the high electron density, pyrrolic compounds require challenging 

synthesis, but nonetheless, pyrrole is an excellent building block for organic semiconductors.31-33 

Since fused rings provide stability compared to individual rings, a combination of stable thiophene 

and unstable pyrrole will offer a stable, strong donor.   
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Compared to dithieno[3,2-b:2,3-d]pyrrole building block, thieno[3,2-b]pyrrole building block 

has received less attention in the organic electronics community.34. Therefore, we have selected 

thieno[3,2-b]pyrrole as our building block of choice and benzo[c][1,2,5]thiadiazole as the electron 

withdrawing group to create  orbital overlap. To further investigate the influence of the 

heteroatom, we synthesized two donor-acceptor small molecules containing thiophene and furan 

flanked benzothiadiazole as the acceptor and thieno[3,2-b]pyrrole as the donor as shown in Figure 

3.1.  

 

Figure 3.1 Banana-shaped molecular structures of TP-BT2T-TP and TP-BT2F-TP 

 

It has been shown that curved backbones could lead to better charge transport by using a series of 

polythiophenes with varying degree of backbone curvature.35 However, a higher degree of 

curvature has led to lower mobilities for polymer OFETs.35 There have been few reports of using 

curved small molecules (banana shaped small molecules) for liquid crystalline applications and 

thin film transistors.36-38 From the perspective of a synthetic chemist, exchange of the flanking 

group from thiophene to furan produces a highly coplanar structure owing to the smaller size of 
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oxygen atom.39-40 Moreover, this would allow less torsion along the backbone with no effect on 

the backbone curvature due to non-altered bond angles. However, DFT calculations of modeled 

TP-BT2F-TP’ shows a higher degree of curvature in the backbone due to the shorter C-O bond 

distance in the flanking furan. This is an interesting aspect when it comes to design and synthesize 

molecules with “conformational locks”. Due to the effect of the heteroatom and backbone 

curvature, hole mobilities of the two small molecules are drastically different presenting insights 

for designing high performing solution processable OFET small molecules. The stark difference 

in hole mobilities is observed as a result of thermal annealing-induced crystallinity examined from 

grazing incidence X-ray diffraction (GIXRD) measurements and tapping mode atomic force 

microscopy (TMAFM) analysis. 

3.3 Experimental 

3.3.1 Materials and Methods 

4,7-Dibromobenzo[c][1,2,5]thiadiazole,41 4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole [5],42 

2-(trimethylstannyl)furan,43  and 4,7-bis(5-(trimethylstannyl)thiophen-2-yl)benzo[c][1,2,5] 

thiadiazole [7]44 were synthesized according to previously published procedures. The procedures 

for the synthesis of [2], [3], [4], 4,7-di(furan-2-yl)benzo[c][1,2,5]thiadiazole (BT2F) [6], 4,7-bis(5-

(tributylstannyl)furan-2-yl)benzo[c][1,2,5]thiadiazole [8], TP-BT2T-TP, TP-BT2F-TP can be 

found in section 3.2.2. All commercial chemicals were purchased from Aldrich and Fisher 

Scientific and used without further purification unless mentioned otherwise. All reactions were 

performed in oven-dried glassware under a nitrogen atmosphere.  Tetrahydrofuran (THF) and 

toluene were distilled over sodium /benzophenone ketyl under nitrogen prior to use.  
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NMR measurements: 1H and 13C NMR spectra were recorded on a 500 MHz Bruker AVANCE 

IIITM spectrometer using deuterated chloroform as the solvent. Multiplicities were given as: s 

(singlet), d (doublet), t (triplet), q (quartet), m (multiplet).  

Mass characterization: Matrix-assisted laser desorption ionization time of flight (MALDI-TOF) 

spectra were obtained from Shimadzu Biotech Axima Confidence in reflectron_HiRes mode with 

2,2:5,2″-terthiophene as the matrix.  

Single crystal X-ray diffraction measurements: For BT2T and BT2F with either thiophene or 

furan substituents, respectively, single crystal X-ray diffraction data sets were collected at low 

temperature (Oxford Cryosystems cryostream, T = 100 K).  The red tablet-shaped crystalline 

fragments used for data collection were similar in size (BT2T, ~0.16 x 0.16 x 0.06 mm3 and BT2F, 

~0.16 x 0.12 x 0.04 mm3) and both were obtained by crystallization in ethanol using the slow 

solvent evaporation method. Diffraction frames were collected on a Bruker Kappa D8 Quest 

diffractometer equipped with Incoatec microfocus Mo Kα radiation source and Photon 100 CMOS 

detector. Afterward, Bruker SAINT, SADABS, and XPREP were used to integrate, scale (with 

multi-scan absorption correction), and evaluate space groups, respectively.  Starting models were 

generated using SHELXT (intrinsic phasing method) and further atomic site assignments, 

anisotropic refinement of non-hydrogen atomic positions, and the addition of “riding” hydrogen 

atomic sites was completed with SHELXL2017.  For the crystal structure of compound BT2T, one 

of the two thiophene substituents has the positional disorder (modeled with 2 possible relative 

thiophene orientations, cis or trans, with a refined percentage ratio of ~60:40). 
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Thermal characterization: Thermogravimetric analysis and differential scanning calorimetry 

(TGA and DSC, respectively) were recorded on a Mettler Toledo TGA/DSC-1 system with a 

heating rate of 10 C/min and a cooling rate of -10 C/min under nitrogen flow.  

Optical measurements: The UV-vis absorption was recorded with an Agilent 8453 UV-vis 

spectrometer.  

Electrochemical measurements: Cyclic voltammetry experiments were performed with a BAS 

CV-50W voltammetry analyzer. Cyclic voltammograms were recorded by using a three-electrode 

system; a platinum inert working electrode, platinum wire auxiliary electrode, and Ag/Ag+ 

reference electrode. 0.1 M tetrabutylammonium hexafluorophosphate in anhydrous acetonitrile 

was used as the electrolyte.  

Surface Morphology characterization: Tapping mode atomic force microscopy (TMAFM) was 

performed between the channel region on the OFET devices using a Nanoscope IV Multimode 

Veeco equipped with a vertical engage scanner. The TMAFM images were acquired using Si 

cantilever with the resonance frequency of 320 kHz and spring constant of 42 N/m. The images 

were collected in 2 × 2 m scan size with a frequency of 1 Hz.  

Grazing Incidence X-ray measurements: Out-of-plane GIXRD measurements were performed 

on a Rigaku SmartLab XRD instrument. Samples were prepared on OTS treated SiO2 surface by 

using the same conditions used for the OFET devices. The sample was irradiated with Cu-K 

(=1.54 Å) at an incident angle of 0.5. The data were collected at 0.05 intervals from 1 to 30. 

OFET device fabrication and characterization: Thin film transistors with common bottom-

gate/bottom-contact configuration were used to fabricate OFETs. A highly doped n-type silicon 

wafer was used as the gate substrate and 200 nm thermally grown SiO2 was employed as the 
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dielectric layer. First, SiO2 surface was covered with 5 nm chromium and 100 nm gold in-situ by 

E-beam evaporator. Using standard photolithography Cr/Au source and drain contacts were 

patterned having different channel lengths. After applying the photoresist on the electrodes, back 

of the silicon wafer was etched with 7:1 BOE solution from JT Baker, followed by deposition of 

100 nm gold. OFET devices were cleaned sequentially using acetone, toluene, and 2-propanol. 

The capacitance per unit area was measured to be 17 nF cm-2. The substrates were first cleaned by 

immersing in piranha solution (7:3 mixture of conc. sulfuric acid and 30% hydrogen peroxide) for 

10 mins followed by rinsing with copious amounts of DI water and dried with nitrogen. UV-ozone 

treatment was performed for 10 mins followed by washing with DI water and acetone and dried 

with nitrogen. A self-assembled monolayer of octadecylsilane (OTS) was prepared by base 

(NH4OH) vapor-catalyzed hydrolysis of octadecyltrimethoxysilane (OTMS) according to a 

previously published procedure.45 Briefly, 3mM OTMS solution in trichloroethylene was added 

on top of the SiO2 surface to cover the entire surface and allowed to partially assemble for 10 s. 

Then the substrate was spun at 3000 rpm for 10 s. The base-catalyzed hydrolysis was performed 

by putting the substrates inside a closed container with 3 mL of NH4OH (28-30% NH3 assay) in a 

vial for 10 h at room temperature. Substrates were rinsed with copious amounts of DI water and 

sonicated in toluene for 10 mins and dried by nitrogen. Small molecules TP-BT2T-TP and TP-

BT2F-TP were dissolved in chloroform at a concentration of 5 mg/mL and 10 mg/mL, respectively 

and stirred for 30 mins prior to spin casting. No heat was required to dissolve the small molecules. 

A thin layer was deposited by spin coating at 1000 rpm for 30s after covering the device surface 

for 30 s and 60 s with 70 L of TP-BT2T-TP and TP-BT2F-TP respectively. Prepared devices 

were then annealed at different temperatures for 5 mins inside a nitrogen-filled glovebox prior to 
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measurements. Cascade Microtech Model Summit Microchamber with a Keithley 4200-SCS 

systems were used for the electrical characterization. All the measurements were conducted in air 

at room temperature. 

3.3.2 Synthesis of Materials 

Ethyl 2-azido-3-(5-bromothiophen-2-yl)acrylate [2] 

Sodium metal (1.200 g, 52.34 mmol) was portionwise added to a 200% proof ethanol solution 

(48.0 mL) in a 250 mL single-neck round-bottomed flask under N2. After the addition of the 

sodium metal, the solution was cooled to 0 C.  5-bromothiophene-2-carboxyaldehyde (5.000 g, 

26.17 mmol), ethyl azidoacetate (6.750 g, 52.34 mmol), ethyltrifluoroacetate (7.380 g, 52.34 

mmol) and ethanol (10 mL) were mixed under N2 and added to the stirring sodium ethanolate 

solution. After 1.5 h a yellow precipitate was formed. The precipitate containing solution was 

crashed in a sat. NH4Cl solution. The yellow color needle-like precipitate was filtered under 

vacuum as the pure compound. (Yield = 7.240 g, 92.0 %) 1H NMR (CDCl3, 500 MHz): H 1.38 (t, 

7.5 Hz, 3H), 4.35 (q, 7.0 Hz, 2H), 7.10 (s, 2H), 7.03 (s, 1H) (Figure 3.2), 13C NMR (CDCl3, 125 

MHz): C 14.35, 62.39, 118.71, 123.19, 129.94, 131.80, 138.42, 163.05 (Figure 3.3) 
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Figure 3.2 1H NMR spectrum of ethyl-2-azido-3-(5-bromothiophen-2-yl)acrylate 

 

 

Figure 3.3 13C NMR spectrum of ethyl-2-azido-3-(5-bromothiophen-2-yl)acrylate 
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Ethyl 2-bromo-4H-thieno[3,2-b]pyrrole-5-carboxylate [3] 

Ethyl-2-azido-3-(5-bromothiophen-2-yl)acrylate (7.000 g, 23.26 mmol) was added to a refluxing 

toluene solution (50.0 mL) in a 250 mL single neck   round bottomed flask and refluxed for 3 h. 

Solution was cooled to room temperature and toluene was removed under vacuo. The brown solid 

formed was filtered under vacuum and washed with hexane three times to afford the pure 

compound. (Yield = 4.310 g, 67.9 %) 1H NMR (CDCl3, 500 MHz): H 1.39 (t, 7.5 Hz, 3H), 4.37 

(q, 7.0 Hz, 2H), 7.00 (s, 1H), 7.04 (s, 1H), 9.54 (s, 1H)  (Figure 3. 4), 13C NMR (CDCl3, 125 MHz): 

C 14.55, 61.01, 107.48, 114.59, 116.31, 124.91, 126.36, 139.45, 161.92 (Figure 3.5) 

 

Figure 3.4 1H NMR spectrum of ethyl 2-bromo-4H-thieno[3,2-b]pyrrole-5-carboxylate 
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Figure 3.5 13C NMR spectrum of ethyl 2-bromo-4H-thieno[3,2-b]pyrrole-5-carboxylate 

 

Ethyl-2-bromo-4-dodecyl-4H-thieno[3,2-b]pyrrole-5-carboxylate [4] 

Ethyl 2-bromo-4H-thieno[3,2-b]pyrrole-5-carboxylate (2.000 g, 7.33 mmol), K2CO3 (2.010 g, 

15.30 mmol) and 18-crown-6 (cat. amount) were added to a 100 mL three neck round bottomed 

flask under N2. Distilled DMF (36.0 mL) was added and stirred at 100 C for 2 h. 1-bromododecane 

(3.76 g, 15.30 mmol) was added dropwise and stirred overnight at 120 C. The mixture was cooled 

and DI water (50 mL) was added. The compound was extracted with ethyl acetate and after drying 

with MgSO4, solvent was removed under reduce pressure, pure compound was obtained by flash 

chromatography using hexane: ethyl acetate (99:1 v/v) as the eluent. (Yield = 2.610 g, 80.7%) 1H 

NMR (CDCl3, 500 MHz): H 0.87 (t, 7.5 Hz, 3H), 1.24-1.28 (br, 18H), 1.36 (t, 7.0 Hz, 3H), 1.76 

(m, 2H), 4.31 (q, 7.0 Hz, 2H), 4.41 (t, 7.5 Hz, 2H), 6.99 (s, 1H), 7.08 (s, 1H) (Figure 3.6), 13C NMR 
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(CDCl3, 125 MHz): C 14.27, 14.55, 22.84, 26.98, 29.46, 29.49, 29.67, 29.71, 29.76, 29.78, 31.23, 

32.07, 47.85, 60.33, 109.13, 113.91, 115.91, 122.12, 125.12, 125.58, 142.96, 161.56 (Figure 3.7) 

 

Figure 3.6 1H NMR of ethyl-2-bromo-4-dodecyl-4H-thieno[3,2-b]pyrrole-5-carboxylate 

 

 
Figure 3.7 13C NMR of ethyl-2-bromo-4-dodecyl-4H-thieno[3,2-b]pyrrole-5-carboxylate 
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4,7-di(furan-2-yl)benzo[c][1,2,5]thiadiazole [6] 

4,7-dibromobenzo[c][1,2,5]thiadiazole (0.750 g, 2.55 mmol), 2-(trimethylstannyl)furan (1.240 g, 

5.37 mmol) and tetrakis(triphenylphosphine)palladium(0) (0.080 g, 0.07 mmol) were added to a 

100 mL three neck round bottomed flask under nitrogen. 25 mL of anhydrous toluene was added 

and refluxed for 24 h. The reaction mixture was cooled to room temperature and DI water (50 mL) 

was added. The compound was extracted with methylene chloride (3 × 30 mL) and after drying 

with anhydrous MgSO4, solvent was removed under reduced pressure. The crude was purified by 

column chromatography using  hexane: methylene chloride (1:1 v/v) as the eluent. (Yield = 0.480 

g, 70.9%) 1H NMR (CDCl3, 500 MHz): H   6.63 (q, 2.0 Hz, 1H), 7.59 (d, 1.0 Hz, 1H), 7.68 (d, 3.5 

Hz, 1H), 8.05 (s, 1H) (Figure 3.8), 13C NMR (CDCl3, 125 MHz): C 112.31, 112.64, 121.96, 

123.69, 142.97, 150.31, 151.50 (Figure 3.9) 

 

Figure 3.8 1H NMR spectrum of 4,7-di(furan-2-yl)benzo[c][1,2,5]thiadiazole 
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Figure 3.9 13C NMR spectrum of 4,7-di(furan-2-yl)benzo[c][1,2,5]thiadiazole 

 

4,7-bis(5-(tributylstannyl)furan-2yl)benzo[c][1,2,5]thiadiazole [8] 

4,7-di(furan-2-yl)benzo[c][1,2,5]thiadiazole (0.100 g, 0.375 mmol) and anhydrous THF (18.5 mL) 

were added to 100 mL three-neck round bottomed flask under nitrogen. The flask was cooled to -

78 C. After 5 mins, 2.0 M LDA (1.20 mL, 2.40 mmol) was injected dropwise (solution mixture 

turns to purple color) and was stirred for 2 h at -78 C. At this time an aliquot was withdrawn from 

the flask, quenched into D2O to check the lithiation from 1H NMR analysis. Tributylstannyl 

chloride (0.3 mL, 1.10 mmol) was injected dropwise at -78 C and stirred for additional 2 h. The 

solution mixture was allowed to warm to room temperature and added to ice-cold DI water (50 

mL). After extracting with methylene chloride (3 × 30 mL), the organic phase was dried with 

anhydrous MgSO4 and solvent was removed under reduced pressure. To remove excess 

tributylstannyl chloride, a small plug was used with K2CO3: silica (1:9 wt%) as the stationary phase 

and hexane: ethyl acetate (8:2 v/v) as the eluent. (Yield = 0.380 g, 78.9%) 1H NMR (CDCl3, 500 
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MHz): H 0.93 (t, 5.0 Hz, 9H), 1.17 (m, 6H), 1.38 (m, 6H), 1.64 (m, 6H), 6.78 (d, 5.0 Hz, 1H), 

7.70 (d, 5.0 Hz, 1H), 8.06 (s, 1H) (Figure 3.10), 13C NMR (CDCl3, 125 MHz): C 10.48, 13.86, 

27.35, 29.16, 112.15, 121.95, 123.51, 124.44, 151.51, 154.73, 162.57 (Figure 3.11) 

 

Figure 3.10 1H NMR spectrum of 4,7-bis(5-(tributylstannyl)furan-2yl)benzo[c][1,2,5]thiadiazole 

 

 

Figure 3.11 13C NMR of 4,7-bis(5-(tributylstannyl)furan-2yl)benzo[c][1,2,5]thiadiazole 
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TP-BT2T-TP 

4,7-bis(5-(trimethylstannyl)thiophen-2yl)benzo[c][1,2,5]thiadiazole (0.110 g, 0.18 mmol), Ethyl-

2-bromo-4-dodecyl-4H-thieno[3,2-b]pyrrole-5-carboxylate (0.170 mg, 0.38 mmol), 

tris(benzylideneacetone)dipalladium(0) (18.3 mg, 0.02 mmol,) tri(o-tolyl)phosphine (24.3 mg, 

0.08 mmol) were added with anhydrous toluene (20 mL) to a 100 mL three neck round bottomed 

flask under nitrogen and refluxed for 24 h. Solution mixture was cooled down and added to a 

beaker containing methanol (100 mL). The precipitated solid was filtered and purified from 

column chromatography using hexane: methylene chloride (1:1 v/v) as the eluent. The compound 

was obtained as a magenta solid. (Yield = 0.134 g, 72.8%) 1H NMR (CDCl3, 500 MHz): H  0.87 

(t, 6.5 Hz, 3H), 1.25 (br, 18H), 1.38 (t, 2H), 1.81 (m, 2H), 4.31 (q, 7.0 Hz, 2H), 4.44 (t, 7.5 Hz, 

2H), 7.07 (s, 1H), 7.13 (s,1H), 7.23 (d, 4.0 Hz, 1H), 7.76 (s, 1H), 7.96 (d, 4.0 Hz, 1H) (Figure 3.12) 

13C NMR (CDCl3, 125 MHz): C 14.27, 14.58, 22.84, 27.06, 29.51, 29.54, 29.75, 29.78, 29.79, 

29.83, 29.85, 31.32, 32.07, 47.78, 60.27, 106.92, 109.47, 121.42, 124.71, 125.12, 125.45, 126.38, 

128.24, 138.39, 139.95, 140.08, 145.09, 152.47, 161.30 (Figure 3.13) 
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Figure 3.12 1H NMR spectrum of TP-BT2T-TP 

 

Figure 3.13 13C NMR spectrum of TP-BT2T-TP 
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TP-BT2F-TP 

4,7-bis(5-(tributylstannyl)furan-2yl)benzo[c][1,2,5]thiadiazole (0.250 g, 0.30 mmol), Ethyl-2-

bromo-4-dodecyl-4H-thieno[3,2-b]pyrrole-5-carboxylate (0.280 mg, 0.63 mmol), 

tris(benzylideneacetone)dipalladium(0) (27.5 mg, 0.03 mmol,) tri(o-tolyl)phosphine (36.5 mg, 

0.12 mmol) were added with anhydrous toluene (20 mL) to a 100 mL three neck round bottomed 

flask under nitrogen and refluxed for 24 h. Solution mixture was cooled down and added to a 

beaker containing methanol (100 mL). The dark precipitate was filtered and purified from column 

chromatography using hexane: ethyl acetate (98:2 v/v and ) as the eluent after loading the 

compound with a small amount of chloroform. The compound was obtained as a magenta solid. 

(Yield = 0.234 g, 78.8%) 1H NMR (CDCl3, 500 MHz): H  0.85 (t, 7.0 Hz, 3H), 1.25 (br, 18H), 

1.39 (t, 7.0 Hz, 2H), 1.83 (m, 2H), 4.33 (q, 7.0 Hz, 2H), 4.47 (t, 7.0 Hz, 2H), 6.74 (d, 3.5 Hz, 1H), 

7.16 (s,1H), 7.72 (d, 3.5 Hz, 1H), 8.09 (s, 1H) (Figure 3.14), 13C NMR (CDCl3, 125 MHz): C 

14.25, 14.59, 22.83, 2708, 29.50, 29.55, 29.76, 29.79, 29.83, 31.34, 32.06, 47.78, 60.28, 105.90, 

109.09, 109.52, 115.04, 121.08, 121.54, 123.33, 126.57, 135.88, 145.12, 149.72, 150.14, 151.41, 

161.30 (Figure 3.15) 
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Figure 3.14 1H NMR spectrum of TP-BT2F-TP 

 

 

Figure 3.15 13C NMR spectrum of TP-BT2F-TP 
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3.4 Results and Discussion 

3.4.1 Chemical Synthesis 

The synthetic route for the synthesis of TP-BT2T-TP and TP-BT2F-TP is presented in Scheme 

3.1. Commercially available 5-bromo-2-thiophenecarboxyaldehyde [1] was subjected to a base-

promoted Knoevenagel condensation with ethyl azidoacetate in the presence of ethyl 

trifluoroacetate as a “sacrificial electrophile”.46  The resulting ethyl 2-azido-3-(5-bromothiophen-

2-yl)acrylate [2] was converted to ethyl 2-bromo-4H-thieno[3,2-b]pyrrole-5-carboxylate [3]  by a 

Hemetsberger cyclization.  N-alkylation of [3] was performed by deprotonation of pyrrolic H with 

K2CO3 in DMF with subsequent addition of 1-bromododecane to yield ethyl 2-bromo-4-dodecyl-

4H-thieno[3,2-b]pyrrole-5-carboxylate [4].  BT2T [5] and BT2F [6] were synthesized by reacting 

4,7-dibromobenzo[c][1,2,5]thiadiazole with 2-(tributylstannyl)thiophene or 2-

(trimethylstannyl)furan respectively. BT2T and BT2F were converted to the tin derivatives by 

reacting them with LDA at -78 C for 2 h with subsequently quenching in trimethylstannyl chloride 

or tributylstannyl chloride, respectively.  Small molecules TP-BT2T-TP and BT-BT2F-TP were 

synthesized in good yields ( 70%) by employing a Stille coupling reaction between [4] with either 

[7] or [8] in the presence of tris(dibenzylideneacetone)dipalladium(0) as the catalyst and tri(o-

tolyl)phosphine as the ligand. Both small molecules were readily soluble in common organic 

solvents at room temperature. 
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Scheme 3.1 Synthetic route towards TP-BT2T-TP and TP-BT2F-TP 

 

Reaction conditions: (a) ethyl azidoacetate (2 equiv), sodium metal (2 equiv), ethanol ( 0.55 M), 

ethyl trifluoroacetate, 6 h, 92.0 %; (b) toluene ( 0.15 M), reflux, 3 h, 67.9%; (c) anhydrous K2CO3 

(2 equiv), DMF ( 0.1 M), 100 C, 2 h, 1-bromododecane (2 equiv), 12 h, 120 C, 80.7%, (d) 

Pd(PPh3)4 (3 mol%), toluene (0.1 M), 12 h, for [6] 70.9%; (e) LDA (6.4 equiv, 2.0 M), THF (0.02 

M), -78 C, 2 h, tributylstannyl chloride (3.0 equiv), for [8] 78.9%; (f) Pd2dba3 (10 mol%), P(o-

tol)3 (30 mol%), toluene ( 0.015 M), reflux, 24 h, TP-BT2T-TP; 72.8%, TP-BT2F-TP; 78.8%. 

3.4.2 Theoretical Analysis 

To gain insights with regard to the torsional effects along the backbone and distribution of HOMO 

and LUMO, we modeled the structures by density functional theory (DFT) with Spartan16 at the 

level of B3LYP/6-31G* and are shown in Figure 3.16. To simplify the calculations, we replaced 

the dodecyl chains in the structure to methyl groups to get TP-BT2T-TP’ and TP-BT2F-TP’ (see 

Figure 3.16). According to the energy minimized structures, the dihedral angle between 

benzothiadiazole and thiophene was 0.66. As expected, upon changing the flanking group to 

furan, dihedral angle drops to 0.01 showing minimal torsional effects.  On the other hand, the 
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dihedral angle between thiophene and thieno[3,2-b]pyrrole unit is estimated to be around 2.65, 

while by the inclusion of furan it drops to 0.04. To our surprise, torsional effects were not the 

only changes we could observe from DFT calculations. The backbone curvature also increased 

from 36 to 61 with the introduction of the furan unit due to shorter C-O bond length (1.37 Å) 

relative to the C-S bond length in thiophene (1.76 Å). To confirm the DFT calculations, single 

crystal XRD data were obtained for thiophene and furan flanking benzo[c][1,2,5]thiadiazole 

(BT2T and BT2F) (see Figure 3.17). C-S and C-O bond distances in crystal structures were found 

to be 1.724 Å and 1.381 Å respectively. Due to the shorter bond length of C-O in the furan group, 

backbone curvature increased from 30 to 46 according to the crystal structure calculations. This 

observation opens up a new pathway to control the backbone curvature via bond distances rather 

than changing the bond geometries.35  HOMO and LUMO are estimated to be similar irrespective 

of the flanking group and are shown in Figure 3.16. Both small molecules possess similar 

delocalized HOMO along the backbone, while LUMO is only delocalized in the central 

benzo[c][1,2,5]thiadiazole unit. 
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Figure 3.16 Molecular geometries and frontier energy levels calculated from Spartan16 for TP-

BT2T-TP and TP-BT2F-TP 

 

 

 
Figure 3.17 (a) Crystal structure of 4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (BT2T) and 

molecular stacking viewed along the (b) a axis, (c) b axis; (d) Crystal structure of 4,7-di(furan-2-

yl)benzo[c][1,2,5]thiadiazole (BT2F) and molecular stacking viewed along the (e) a axis, (f) b 

axis. Gold ball represents sulfur atom, blue ball represents nitrogen atom, and red ball represents 

oxygen atom 

 

Crystal data for BT2T (scd 1621, CCDC 1817464): C14H8N2S3, M = 300.40, Monoclinic, a = 

13.596 (5) Å, b = 5.284 (2) Å, c = 18.470 (8) Å, β = 111.132 (11) °, V = 1237.7 (9) Å3, T = 100(2) 

K, space group P21/n, Z = 4, μ(MoKα) = 0.58 mm-1, 32577 reflections measured, 2848 independent 

reflections (Rint = 0.096). The final R1 values were 0.051 (I > 2σ(I)). The final wR(F2) values were 
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0.095 (I > 2σ(I)). The final R1 values were 0.087 (all data). The final wR(F2) values were 0.107 

(all data). The goodness of fit on F2 was 1.06. 

Crystal data for BT2F (scd 1622, CCDC 1817463): C14H8N2O2S, M = 268.28, Monoclinic, a = 

14.145 (5) Å, b = 4.5741 (18) Å, c = 18.057 (7) Å, β = 100.225 (10) °, V = 1149.8 (8) Å3, T = 

100(2) K, space group P21/n, Z = 4, μ(MoKα) = 0.28 mm-1, 21015 reflections measured, 2623 

independent reflections (Rint = 0.050). The final R1 values were 0.045 (I > 2σ(I)). The final wR(F2) 

values were 0.093 (I > 2σ(I)). The final R1 values were 0.066 (all data). The final wR(F2) values 

were 0.101 (all data). The goodness of fit on F2 was 1.04. 

3.4.3 Optical, Electrochemical and Molar Mass Analysis 

The UV-vis absorption spectra of the two small molecules were measured in dilute chloroform 

solutions and on drop-casted thin films (Figure 3.18(a) and 3.18(b)). Both in solution and thin 

films, TP-BT2T-TP and TP-BT2F-TP, showed two different absorption bands which are typical 

for donor-acceptor small molecules and polymers. In solution, the more intense bands at higher 

energies (389 nm and 382 nm for TP-BT2T-TP and TP-BT2F-TP respectively) correspond to -

* transitions, while relatively less intense bands at lower energies (541 nm and 544 nm for TP-

BT2T-TP and TP-BT2F-TP respectively) originate from the intramolecular charge transfer (ICT) 

from delocalized HOMO to central benzo[c][1,2,5]thiadiazole localized LUMO as depicted in 

Figure 3.16 by DFT calculations. The hypsochromic shift observed for the furan flanked small 

molecule TP-BT2F-TP as compared to thiophene flanked molecule TP-BT2T-TP is due to higher 

LUMO level (see Table 3.1).47 Thiophene flanked molecule showed an apparent redshift and 

broadening in both vibronic peaks (13 nm bathochromic shift for -* transitions and 20 nm 
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bathochromic shift for ICT) in the solid state as compared to solution suggesting a favorable 

molecular ordering when transitioning from solution to solid state.  Surprisingly, TP-BT2F-TP 

showed a hypsochromic shift (9 nm) for -* transitions and a bathochromic shift (6 nm) for ICT. 

Optical band gaps were calculated to be 1.76 eV and 1.81 eV from the onset at 705 nm and 685 

nm for TP-BT2T-TP and TP-BT2F-TP, respectively. Ionization potentials were measured from 

cyclic voltammetry by using Ag/Ag+ as the reference electrode and tetrabutylammonium 

hexafluorophosphate as the electrolyte.  HOMO and LUMO energy levels were calculated by the 

following equations: EHOMO = -(Eox + 4.4) eV and ELUMO = -(Ered + 4.4) eV.  For TP-BT2T-TP, the 

HOMO and LUMO energy levels are -4.76 eV and -2.86 eV resulting in an electrochemical 

bandgap of 1.90 eV (see Figure 3.19). The HOMO and LUMO energy levels for TP-BT2F-TP are 

-4.74 eV and -2.81 eV with an electrochemical bandgap of 1.93 eV. Minimal influence on the 

frontier orbital levels was observed upon changing the flanking group from thiophene to furan. 

The difference between optical and electrochemical bandgaps was 0.14 eV and 0.12 eV for TP-

BT2T-TP and TP-BT2F-TP, respectively. To determine the molecular weights of the small 

molecules, MALDI-TOF MS was used (see Figure 3.18 c and Figure 3.18 d for TP-BT2T-TP and 

TP-BT2F-TP, respectively). The calculated molecular weight for TP-BT2T-TP and TP-BT2F-TP 

were 1022.4 g mol-1 and 991.3 g mol-1, while MALDI-TOF measurements gave 1022.8 g mol-1 

and 991.5 g mol-1, respectively with discrepancies less than 0.04%. 
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Figure 3.18 (a) UV-vis absorption spectra of TP-BT2T-TP in solution and drop casted thin films, 

(b) UV-vis absorption spectra of TP-BT2F-TP in solution and drop casted thin films, (c) MALDI-

TOF MS spectrum of TP-BT2T-TP, and (d) MALDI-TOF MS spectrum of TP-BT2F-TP 

 

 

Figure 3.19 (a) Cyclic voltammograms of TP-BT2T-TP and TP-BT2F-TP, (b) Oxidation curve 

of TP-BT2T-TP and (c) Oxidation curve of TP-BT2F-TP 
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Table 3.1 Optical and electrochemical properties of TP-BT2T-TP and TP-BT2F-TP 

Small molecule HOMO 

(eV) 

LUMO 

(eV) 
Eg

ec 

(eV) 

Eg
opt 

(eV) 

max
sol 

(nm) 

max
film 

(nm) 

onset 

(nm) 

TP-BT2T-TP -4.76 -2.86 1.90 1.76 389, 541 402, 561 705 

TP-BT2F-TP -4.74 -2.81 1.93 1.81 382, 544 373, 550 685 

3.4.4 Thermal Properties 

Since pyrrolic compounds are often unstable at elevated temperatures,31-32 small molecules were 

tested for thermal properties. According to TGA analysis, both small molecules showed excellent 

thermal stability with significant degradation observed at temperatures above 400 C (see Figure 

3.20). Thermal decomposition temperatures (Td, 5% weight loss) were estimated to be 385.0 C 

and 369.8 C for TP-BT2T-TP and TP-BT2F-TP, respectively. DSC experiments were conducted 

between 25 C and 300 C to gain a better understanding of the thermal properties (see Figure 

3.21). Sharp first order transitions for melting and cold crystallization were observed for both small 

molecules which indicated that both molecules are crystalline. TP-BT2T-TP showed a melting 

point (Tm) at 160.5 C and a cold crystallization (Tc) peak at 124.0 C. A slightly lower Tm (158.6 

C) was measured for TP-BT2F-TP while Tc dropped to 105.5 C from 124.0 C with the change 

of the flanking group. 
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Figure 3.20 TGA thermograms of TP-BT2T-TP and TP-BT2F-TP 

 

 

Figure 3.21 DSC thermograms of TP-BT2T-TP and TP-BT2F-TP 

 

3.4.5 OFET Performance 

Bottom-gate, bottom-contact (BGBC) field effect transistors were fabricated to probe the charge 

transport properties of the synthesized small molecules. A drastic difference in hole mobilities was 

observed for the two small molecules. Transfer curves and output characteristics are outlined for 

TP-BT2T-TP and TP-BT2F-TP in Figure 3.22 and Figure 3.23, respectively at different annealing 

conditions. All the OFET parameters are listed under Table 3.2. Without any annealing, TP-BT2T-
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TP gave average hole mobility of 2.76 × 10-5 cm2 /V s, while TP-BT2F-TP gave an average value 

of 3.76 × 10-6 cm2 /V s, which is one order of magnitude lower. As shown in Figure 4, after 

annealing at 60 C for 5 mins, both small molecules failed to show any improvement in charger 

carrier mobilities. Surprisingly, thiophene flanked small molecule TP-BT2T-TP showed an 

increase by three orders of magnitude in charge carrier mobility when annealed at 80 C for 5 mins 

to give average hole mobility of 1.81 × 10-2 cm2 /V s. This hole mobility was further increased up 

to 6.00 × 10-2 cm2 /V s by increasing the annealing temperature to 120 C.  After increasing the 

annealing time to 7.5 mins maximum mobility of 8.00 × 10-2 cm2 /V s was measured. Interestingly, 

when the annealing temperature was increased from 60 C to 120 C, for every 20 C increment 

an order of magnitude change in the on-off current ratio (Ion/off) was observed.  A high Ion/Ioff   

105 and threshold values (VT) as low as 4.0-6.5 V were measured for TP-BT2T-TP OFETs 

annealed at 120 C. On the other hand, TP-BT2F-TP molecule did not show a significant 

improvement in mobility when the annealing temperature was changed and remained around 10-6 

cm2 /V s with Ion/Ioff  101 and threshold voltages ranging from -5.0 to 5.0 V until 100 C. Thin 

films started to disappear at elevated temperatures ( 110 C) leaving an OFET inactive material 

behind. It is noteworthy to mention most high performing polymers, and small molecules show 

nonlinear behavior when the square root of the drain current is plotted against the gate voltage 

especially in bottom gate device architectures using self-assembled monolayers to modify the SiO2 

gate dielectric. Such non-linear curves result in a debate on proper mobility extraction methods to 

compensate overestimated mobilities. However, with these two small molecules, such non-linear 

behavior was not observed, and only one slope was detected when the applied gate voltage was 

between 5V to 60V. 
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Figure 3.22 Transfer (a, b, c, d and e) and output (f, g, h, i and j) characteristics of TP-BT2T-TP 

with no annealing (a and f), annealed at 60 C (b and g), 80 C (c and h), 100 C (d and i) and 

120 C (e and j) for 5 mins. 

 

 

Figure 3.23 Transfer (a, b, c and d ) and output (e, f, g and h) characteristics of TP-BT2F-TP 

with no annealing (a and e), annealed at 60 C (b and f), 80 C (c and g), and 100 C (d and h) 

for 5 mins. 
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Table 3.2 The summary of OFET performance of TP-BT2T-TP and TP-BT2F-TP 

Small 

molecule 

Annealing 

temperature 
max 

(cm2 /V s) 

ave 

(cm2 /V s) 

VT  

(V) 

Ion/Ioff 

TP-BT2T-TP 

none 3.88 × 10-5 2.76 × 10-5 -0.5 – 0.5  101 

60 C 5.98 × 10-5 2.76 × 10-5 -2.5 – 1.0  102 

80 C 2.01 × 10-2 1.81 × 10-2 -5.5 – -0.5  103 

100 C 4.27 × 10-2 3.86 × 10-2 -3.0 – -1.5  104 

120 C 6.03 × 10-2 5.75 × 10-2 -3.0 – -1.0  105 

TP-BT2F-TP 

none 4.42 × 10-6 3.76 × 10-6 -15.0 – -8.5  101 

60 C 3.65 × 10-6 2.26 × 10-6 -15.0 – -8.0  101 

80 C 7.11 × 10-6 5.36 × 10-6 -9.0 – -5.0  101 

100 C 6.87 × 10-6 5.05 × 10-6 -5.0 - -1.5  101 

3.4.6 Crystallinity 

Since two small molecules showed a striking difference in hole mobilities after annealing, we 

investigated the thin film crystallinity using out-of-plane GIXRD on the devices. Recorded 

GIXRD are on devices before and after annealing at 120 C for 5 mins for TP-BT2T-TP and 100 

C for 5 mins for TP-BT2F-TP (see Figure 3.24). Without annealing, both small molecules did not 

show any diffraction suggesting no ordering in the thin films. This observation was further 

confirmed by very low mobilities extracted from transfer plots. Upon annealing for 120 C for 5 

mins, TP-BT2T-TP showed sharp Bragg reflection peaks (100), (200), (300) and (400) which 

represent highly ordered films. The thermal annealing-induced crystallinity explains the high hole 

mobility. Corresponding lamellar packing distance for TP-BT2T-TP is presented in Table 3.3. By 

contrast, TP-BT2F-TP showed minimal changes in the GIXRD pattern and stayed unordered even 

after thermal annealing at 100 C for 5 mins. 
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Figure 3.24 GIXRD out-of-plane measurements of thin films of (a) TP-BT2T-TP and (b) TP-

BT2F-TP (b) with and without annealing prepared on OTS treated SiO2 substrates 

 

Table 3.3 XRD peak assignments for TP-BT2T-TP thin films 

Small molecule peaks 2 (degrees) d-Spacing (Å) 

TP-BT2T-TP 

(100) 2.85 30.96 

(200) 3.80 23.22 

(300) 5.70 15.49 

(400) 8.70 10.15 

3.4.7 Surface Morphology 

To probe the surface morphology in both small molecules, TMAFM images were recorded in the 

channel region of the OFET devices. As shown in Figure 3.25, more apparent changes in the 

morphology of both small molecules were observed before and after annealing. However, for TP-

BT2T-TP the changes were significant (RMS value before and after annealing at 120 C are 0.16 

nm and 7.24 nm respectively) with more granular texture as compared to TP-BT2F-TP (RMS 

values before and after annealing at 100 C are 1.88 nm and 3.43 nm respectively). The drastic 
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mobility increase for TP-BT2T-TP when the thin film was annealed from 60 C to 80 C could be 

explained by the morphological transformation observed in Figure 3.25. 

 

Figure 3.25 TMAFM images of TP-BT2T-TP annealed at (a) 25 C; (b) 60 C; (c) 80 C, (d) 

100 C; (e) 120 C and TP-BT2F-TP annealed at (f) 25 C; (g) 60 C; (h) 80 C; (i) 100 C for 5 

mins. 

 

3.5 Conclusions 

Two solution-processable banana shaped thieno[3,2-b]pyrrole containing small molecules were 

successfully synthesized. Although both flanking groups have similar geometries, due to the 

shorter bond length of C-O in furan, TP-BT2F-TP molecule showed a higher degree of curvature 

predicted from DFT calculations. Despite similar frontier energy levels, due to both heteroatom 

effect and larger backbone curvature, furan containing small molecule showed poor stability and 

performance in OFET devices, while TP-BT2T-TP showed relatively high hole mobility of 0.08 

cm2 /V s when thin films were annealed at 120 C. The high hole mobility was achieved due to the 

thermal annealing-induced crystallinity in the thin film confirmed by out-of-plane GIXRD and 
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TMAFM analysis. In summary, our results show that non-conventional thieno[3,2-b]pyrrole 

building block could be used to develop high mobility p-type OFETs. Moreover, this study can be 

used to guide the design of semiconducting materials strategically toward high mobility solution 

processable small molecules. It is noteworthy to mention that the degree of curvature in organic 

semiconductors could also be altered without using molecules having different geometries. We 

believe our findings would encourage to seek more non-conventional building blocks that could 

be used toward high performing solution processable small molecule field effect transistors. 
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4.1 Abstract 

Recent advancements in organic field effect transistors have switched chemists focus from 

synthesizing libraries of organic semiconductors to a targeted approach where chemical alterations 

are performed on known semiconductors to further improve electrical properties. Among 

successful semiconducting polymer candidates, diketopyrrolopyrrole-thieno[3,2-b]thiophene 

copolymer has been subjected to receive modifications on the diketopyrrolopyrrole unit via flank-

ing groups and side chain engineering. Thieno[3,2-b]thiophene moiety, however, has seen minimal 

modifications due to the limited number of modifying sites. Isoelectronic thieno[3,2-b]pyrrole 

could serve as an alternative since it is easily tunable via N-alkylation reactions. Therefore, for the 

first time, we report the replacement of the thieno[3,2-b]thiophene unit of with thieno[3,2-

b]pyrrole unit and its performance on p-channel field effect transistors. The copolymer exhibits 

linear characteristics to obtain average hole mobility of 0.12 cm2 /V s in bot-tom-gate/top-contact 

field effect transistors with threshold voltages as low as 0 V. These preliminary results highlight 

the potential of thieno[3,2-b]pyrrole monomer for utilization in organic field effect transistors. 

4.2 Introduction 

Over the past two decades, organic semiconducting polymers have emerged to become promising 

candidates for organic field effect transistors (OFETs) due to solution processability, mechanical 

flexibility and low manufacturing cost compared to silicon electronics.1-5 Hole mobilities (h) in 

OFETs have constantly improved over time mainly owing to the intensive research carried out on 

novel polymer backbones,6-8 side chain engineering,9-12 and nonsynthetic approaches.13, 14 Out of 
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the above mentioned methods, developing novel polymer backbones have been the main driving 

force behind exceeding the performance of amorphous silicon ( 0.1 – 1.0 cm2 /V s).  

Transition from first generation homopolymers15   to second generation copolymers consisting 

of  fused-ring systems,16-20 strategically paved the path toward high performing polymers for 

OFETs. Among many fused ring systems, thieno[3,2-b]thiophene (TT) is recognized as an 

efficient and stable building block for polymer OFETs.21-24 Owing to the larger resonance 

stabilization energy of TT, the delocalization of -electrons are less favored. Since TT possess a 

central cross-conjugated double bond,  orbital overlap is reduced to present more rotational 

freedom for the neighboring groups.24-26 This phenomena increases the ionization potential which 

leads to stable material compared to first generation polythiophenes. McCullough et al. showed 

that the copolymer of bithiophene and thieno[3,2-b]thiophene (TT) could lead to hole mobilities 

between 0.15 – 0.6 cm2 /V s compared to 10-2 – 10-3 cm2 /V s of conventional poly(3-

hexylthiophene).25, 27 

Third generation polymer OFETs were constructed by using a donor-acceptor (D-A) 

architecture.19, 28-31 While many D-A polymer systems were studied, in recent years alternating 

copolymer [P(DPP-TT)] made from diketopyrrolopyrrole (DPP) and TT monomer have received 

significant attention due to the exceptionally high hole mobilities.32-34 Instead of synthesizing a 

plethora of polymers, many scientists now try to utilize this polymer backbone as a platform to 

study and improve physiochemical and electronic properties in polymer OFETs. Several studies 

have shown the impact of side chain engineering and flanking group modifications toward FET 

performance.33, 35-39 By varying chain lengths and pushing the branching point away from the 

polymer backbone, better electrical properties in OFETs have been observed. Interestingly, non-
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synthetic approaches have also emerged to improve mobilities. An increase in hole mobilities in 

OFETs have achieved via the addition of an ionic additive, however this method only works best 

with the P(DPP-TT) system.13 Thus, it is extremely important to understand structure-property 

relationships via chemical modifications. Since all the chemical modifications were executed on 

the DPP unit, we decided to replace the symmetric TT unit with an asymmetric, yet isoelectronic 

thieno[3,2-b]pyrrole (TP) unit. Over the past decade, regioregular polymer backbones were 

exclusively studied for organic electronic applications. In recent reports, however, asymmetric 

monomers have been employed in semiconducting polymers instead of symmetric monomers due 

the large interest in tuning physiochemical properties.38, 40-43  

Compared to TT, TP is a more electron rich moiety and it is more amenable for side chain 

engineering via N-alkylations. Upon polymerizing highly electron rich TP with electron deficient 

DPP, intermolecular interactions are expected to enhance by reducing the distance between 

polymer chains.32 One of the concerns of employing electron rich pyrrole monomers is the high 

reactivity to cause oxidization and degradation. Although pyrrole has a low ionization potential, 

previous reports of small molecules bearing TP have shown HOMO levels below 4.8 eV.44 In our 

group, we have previously shown that TP monomer is stable enough for electronic applications 

and it has the potential to be one of the high performing semiconductor building block for solution 

processable small molecule OFETs. Small molecules were synthesized however, by intentionally 

functionalizing the 5 position of TP with an ester group. In this article, we report the utilization of 

the TP unit for semiconducting polymers by removing the ester linkage and converting to the 2,5-

distannylated derivative to polymerize with 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-

octyldodecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione to obtain P(DPP-TP). 
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Figure 4.1 Chemical structure of P(DPP-TP) 

4.3 Experimental 

4.3.1 Materials and Methods 

All the commercial chemicals were purchased from Fischer Scientific and Aldrich and were 

utilized without further purification unless otherwise noted. 3,6-Bis(5-bromothiophen-2-yl)-2,5-

bis(2-octyldodecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione were synthesized according to a 

previously published report.32 

NMR experiments: A 500 MHz Bruker AVANCE IIITM spectrometer was used for NMR spectra 

with deuterated chloroform as the solvent. Multiplicities are given as: s (singlet), d (doublet), t 

(triplet), q (quartet), dd (doublet of a doublet) and m (multiplet). 

Size Exclusion chromatography measurements: Size exclusion chromatography (SEC) data 

were recorded by using a Viscotek VE3580 system equipped with Viscotek columns (T6000M) 

connected to refractive index and UV detectors. THF (HPLC grade) was employed as the eluent 

with 1 mL min-1 rate at 30 C with GPCmax as the sample module. Molecular weight determination 

was carried out via calibration based on polystyrene standards. 

UV-vis Spectroscopy measurements: The UV-vis spectra were recorded with an Agilent 8453 

UV-vis spectrometer. For solution spectra, 1 cm cuvettes were used with dilute polymer solutions 
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in chloroform, and thin film spectra were obtained by drop-casting polymer solution on to cleaned 

glass substrates. 

Electrochemical measurements: Cyclic voltammetry studies were performed on a BAS CV-50W 

voltammetric analyzer. A three electrode system: platinum working electrode, Pt wire auxiliary 

electrode, and a Ag/Ag+ reference were used with 0.1 M NBu4PF6 in acetonitrile as the electrolyte. 

Thermal characterization: TGA and DSC spectra were collected on a Mettler Toledo TGA/DSC-

1 system with a heating rate of 10 C min-1 and a cooling rate of -10 C min-1 under nitrogen. 

Atomic force microscopy measurements: TMAFM images were recorded on a Nanoscope IV 

Multimode Veeco equipped with a vertical engager. The images were collected in 2 × 2 m scan 

size with a frequency of 1 Hz. (320 kHz Si cantilever; spring constant = 42 N m-1). 

Single crystal X-ray Diffraction measurements: Using a brown colored single crystal (size 

~0.16 x 0.12 x 0.1 mm3) selected from a batch grown via crystallization (slow evaporation method) 

of 2,5-distannylated thieno[3,2-b]pyrrole in methanol, a single crystal X-ray diffraction data set 

was collected. This data set was collected on a Bruker Kappa D8 Quest diffractometer with 

Incoatec microfocus (IμS) Mo Kα radiation source, Oxford Cryosystems cryostream (at T = 100 

K), and Photon 100 CMOS detector. Within the Bruker APEX3 graphical user interface, the data 

set was processed (SAINT, integration; SADABS, scaling and multi-scan absorption correction) 

and analyzed (XPREP, space group determination) prior to generating a preliminary model 

(SHELXT, intrinsic phasing method). The refinement of the structural model was completed (with 

the anisotropic refinement of non-hydrogen atomic positions and addition of “riding” hydrogen 

atomic sites) with SHELXL2017.  
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Grazing Incidence X-Ray Diffraction Measurements: Out-of-plane GIXRD data were obtained 

by using a Rigaku SmartLab XRD instrument. Polymer samples were made similar to devices 

including surface treatment to match with OFET data. The data were collected at 0.05 intervals 

from 1 to 30 by irradiating with Cu-K ( = 1.54 Å) at an incident angle of 0.5. 

Organic Field Effect Transistor Fabrication and Characterization: OFETs with common 

bottom-gate/top-contact configuration were used to fabricate devices. A highly doped n-type 

silicon wafer was employed as the substrate and 200 nm thermally grown SiO2 was used as the 

dielectric layer. First, the photoresist was applied on the front side of the wafer before backside 

was etched with 7:1 BOE solution from JT Baker and 100 nm of gold was deposited as a gate. The 

silicon wafer was then subjected to sequential cleaning with acetone, toluene, and 2-propanol. The 

capacitance per unit area was measured to be 17 nF cm-2. After the silicon wafer was cut into 1.5 

× 1.5 cm pieces, substrates were cleaned by immersing in a hot piranha solution (7:3 mixture of 

conc. sulfuric acid and 30% hydrogen peroxide) for 10 mins followed by rinsing with copious 

amounts of DI water and dried with nitrogen. A self-assembled monolayer was prepared with 

octadecyltrimethoxysilane (OTMS) according to a previously published procedure.45 P(DPP-TP) 

solutions (8 mg mL-1 in chloroform) was spin-casted on to surface treated Si/SiO2 substrates at 

1500 rpm for 30 s to generate thin layers with an average thickness of 60-70 nm. Prepared devices 

were optionally annealed at different temperatures for 5 mins inside a nitrogen-filled glovebox 

prior to measurements. Cascade Microtech Model Summit Microchamber with a Keithley 4200-

SCS systems were used for the electrical characterization. All the measurements were conducted 

in air at room temperature. 
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4.3.2 Material Synthesis 

Ethyl 4-methyl-4H-thieno[3,2-b]pyrrole-5-carboxylate 

4H-thieno[3,2-b]pyrrole-5-carboxylate (1.00g, 5.13 mmol) was added to a suspension of NaH 

(0.20g, 7.99 mmol) in dry DMF (24.0 mL) portion wise at room temperature. After stirring for 30 

mins, methyl iodide (2.20g, 15.32 mmol) was added slowly and stirred for another 1 h. The 

reaction mixture was poured into a saturated solution of NH4Cl and extracted with Et2O. The 

organic layer was washed with DI water (3 × 100 mL) and upon removing the solvent under 

vacuum pure product was obtained as the brown liquid. (Yield = 0.90g, 83.7%) 1H NMR (CDCl3, 

500 MHz):    (t, J = 7.0 Hz, 3H) 4.05 (s, 3H), 4.34 (q, J = 7.0 Hz, 2H), 6.91 (d, J = 5.5 Hz, 

1H),7.19 (s, 1H), 7.31 (d, J = 5.0 Hz, 1H) (Figure 4.2), 13C NMR (CDCl3, 125 MHz); C 14.51, 

34.62, 60.15, 108.98, 110.13, 121.75, 126.93, 129.03, 145.64, 161.85 (Figure 4.3) 

 

Figure 4.2 1H NMR spectrum of ethyl-4-methyl-thieno[3,2-b]pyrrole-5-carboxylate 
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Figure 4.3 13C NMR spectrum of ethyl-4-methyl-thieno[3,2-b]pyrrole-5-carboxylate 

 

 

4-methyl-4H-thieno[3,2-b]pyrrole-5-carboxylic acid 

To a 100 mL single neck round bottomed flask ethyl 4-methyl-4H-thieno[3,2-b]pyrrole-5-

carboxylate (0.90g, 4.29 mmol) was added with 200 proof ethanol (6.0 mL). A solution of LiOH 

(0.51g, 21.0 mmol) in DI water (6.0 mL) was added dropwise to the ethanolic solution and refluxed 

for 3 h. The solvent was evaporated and DI water (10.0 mL) was added. pH of the mixture was 

adjusted to 2, using 3M HCl and compound was extracted with ethyl acetate (3 × 30 mL). The 

organic layer was washed with DI water and dried over anhydrous MgSO4. After removing the 

solvent, pure compound was obtained as a beige color solid. (Yield = 0.70g, 91.7%) 1H NMR 

(CDCl3, 500 MHz):   4.07 (s, 3H), 6.95 (d, J = 5.5 Hz, 1H),7.34 (s, 1H), 7.39 (d, J = 5.0 Hz, 1H), 

11.57 (br, 1H) (Figure 4.4), 13C NMR (CDCl3, 125 MHz); C 34.94, 110.21, 111.18, 122.21, 

125.84, 130.45, 146.78, 166.61 (Figure 4.5) 
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Figure 4.4 1H NMR spectrum of 4-methyl-thieno[3,2-b]pyrrole-5-carboxylic acid 

 

Figure 4.5 13C NMR spectrum of 4-methyl-thieno[3,2-b]pyrrole-5-carboxylic acid 

 

4H-thieno[3,2-b]pyrrole 
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4H-thieno[3,2-b]pyrrole-5-carboxylate (1.00g, 5.13 mmol) and KOH (1.15g, 20.52 mmol) was 

added with anhydrous ethylene glycol (10 mL) to a 100 mL single neck round bottomed flask 

under nitrogen. The solution mixture was refluxed for 2 h and cooled to room temperature. 

Subsequently, reaction mixture was quenched with DI water and extracted with Et2O (3× 50 mL). 

The crude did not receive any purification as it was pure enough to go to the next step. (Yield = 

0.53g, 83.7%) 1H NMR (CDCl3, 500 MHz):   6.48 (s, 1H), 6.96 (d, J =5.0 Hz, 1H), 7.02 (s, 1H), 

7.10 (dd, J = 1.0 Hz and J = 5.0 Hz, 1H) (Figure 4.6), 13C NMR (CDCl3, 125 MHz); C 101.71, 

111.13, 122.93, 123.97, 124.11, 138.63 (Figure 4.7) 

 

Figure 4.6 1H NMR spectrum of 4H-thieno[3,2-b]pyrrole 
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Figure 4.7 13C NMR spectrum of 4H-thieno[3,2-b]pyrrole 

 

 

 

4-methyl-4H-thieno[3,2-b]pyrrole 

Pathway II - To a 100 mL three-neck round bottomed flask 4-dodecyl-4H-thieno[3,2-b]pyrrole-5-

carboxylic acid (1.75  g, 9.65 mmol) and copper chromite (barium promoted) (0.93 g, 4.0 mmol) 

were dissolved in quinoline (10.0 mL) under nitrogen. The mixture was heated to 200 C for 3 h 

and cooled to room temperature. Ethyl acetate (50 mL) was added and filtered under gravity 

filtration. The filtrate was washed with 3M HCl (3 × 100 mL), DI water (3 × 50 mL) and brine. 

The organic layer was dried over anhydrous MgSO4. After removing the solvent under reduced 

pressure, crude was purified by column chromatography using hexane: ethyl acetate: triethylamine 

(98:1:1 v/v) as the eluent to give a pale yellow color oil. (Yield = 0.86g, 65.1%)  
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Pathway I - NaH (0.13g, 5.33 mmol) was suspended in anhydrous DMF (5.0 mL) at room 

temperature in a 50 mL single neck round bottomed flask under nitrogen. A solution of 4H-

thieno[3,2-b]pyrrole (0.44g, 3.55 mmol) in DMF (5.0 mL) was slowly added and stirred for 30 

mins. Methyl iodide (1.53g, 10.65 mmol) was added dropwise and stirred for an additional h. The 

reaction mixture was quenched with DI water, and the organic layer was extracted with Et2O. The 

solvent was removed under reduced pressure to yield the pure compound as a brown liquid. (Yield 

= 0.33 g, 67.3%) 1H NMR (CDCl3, 500 MHz):    (s, ), 6.37 (d, J = 3.0 Hz, 1H), 6.82 (d, 

J = 2.0 Hz, 1H), 6.91 (d, J = 5.5 Hz, 1H), 7.08 (d, J = 5.5 Hz, 1H) (Figure 4.8), 13C NMR (CDCl3, 

125 MHz); C 34.87, 100.37, 110.03, 123.21, 123.57, 126.87, 140.67 (Figure 4.9) 

 

Figure 4.8 1H NMR spectrum of 4-methyl-4H-thieno[3,2-b]pyrrole 
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Figure 4.9 13C NMR spectrum of 4-methyl-4H-thieno[3,2-b]pyrrole 

 

 

4-methyl-2,5-bis(trimethylstannyl)-4H-thieno[3,2-b]pyrrole 

4-methyl-4H-thieno[3,2-b]pyrrole (78.6mg, 0.57mmol), dry hexane (5.0 mL) and TMEDA (0.17 

mL, 1.14 mmol) was added to a 50 mL three neck round bottomed flask under N2. 2.5 M n-BuLi 

(0.46 mL, 1.14 mmol) was added dropwise and refluxed for 1.5 h to get a bright yellow color. 

(lithiation completed within 1 h) Solution was cooled to room temperature and -78 C before 

adding 1.0 M trimethyl tin chloride in THF (1.14 mL, 1.14 mmol). Reaction mixture was stirred 

in the flask for 2 h and ice-cold water (20 mL) was injected into the flask. Compound was extracted 

with cold Et2O and dried under anhydrous MgSO4. Upon removing the solvent under reduced 

pressure a solid was formed. Pure compound was obtained after washing the crude with cold 

ethanol as white crystals. (Yield = 45.0mg, 17.0%) 1H NMR (CDCl3, 500 MHz):   0.35 (s, 9H), 

0.36 (s, 9H), 3.78 (s, 3H), 6.42 (d, J = 0.5 Hz, 1H), 6.91 (d, J = 0.5 Hz, 1H) (Figure 4.10), 13C 
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NMR (CDCl3, 125 MHz); C -8.46, -8.12, 36.30, 109.48, 116.93, 129.99, 137.09, 140.44, 147.55 

(Figure 4.11) 

 

Figure 4.10 1H NMR of 4-methyl-2,5-bis(trimethylstannyl)-4H-thieno[3,2-b]pyrrole 

 

 

Figure 4.11 13C NMR of 4-methyl-2,5-bis(trimethylstannyl)-4H-thieno[3,2-b]pyrrole 
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P(DPP-TP) 

3,6-Bis(5-bromothiophen-2yl)-2,5-bis(2-octadecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione 

(101 mg, 0.1 mmol), 4-methyl-2,5-bis(trimethylstannyl)-4H-thieno[3,2-b]pyrrole (46 mg, 0.1 

mmol), Pd2dba3 (1.8 mg, 2.0 mmol), P(o-tol)3 (2.4 mg, 8.0 mmol) and anhydrous chlorobenzene 

(4 mL) were added to a 50 mL pressure flask, sealed and stirred at 130 C for 36 h under a nitrogen 

atmosphere. Subsequently, the polymer was precipitated with methanol and collected in a cellulose 

thimble. The crude polymer was subjected to successive Soxhlet extractions with methanol, 

acetone, hexane (24 h each) to remove impurities and undesirable molecular weight fractions. The 

Final polymer was dissolved in a minimum amount of chloroform and precipitated as a dark green 

solid. (Yield = 65.0 mg, 65.5%) 1H NMR is shown in Figure 4.12. 

 

Figure 4.12 1H NMR spectrum of P(DPP-TP) 

 

 



 

138 

4.4 Results and Discussion 

4.4.1 Synthesis and Characterization 

To remove the ester group from 4H-thieno[3,2-b]pyrrole-5-carboxylate, a reduction reaction was 

performed by refluxing 4H-thieno[3,2-b]pyrrole-5-carboxylate with ethylene glycol in the 

presence of KOH for 2 h. Subsequently, a N-methylation reaction was performed at room 

temperature by deprotonation followed by methylation using NaH and CH3I. The monomer could 

also be obtained from pathway II, although with a lower overall yield compared to pathway I as 

shown in Scheme 4.1. 

 

Scheme 4.1 Synthetic routes for TP monomer and P(DPP-TP) 
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Thieno[3,2-b]pyrrole was surprisingly stable in air with respect to pyrrole and thieno[3,2-b;4,5-

b]dipyrrole,46 with no signs of oxidation or self-polymerization after exposing the TP monomer 

to ambient conditions for over two days. Asymmetric lithiation of TP was achieved in less than 1 

h when n-BuLi was used in the presence of N,N,N,N-tetramethylethylenediamine (TMEDA) at 

refluxing conditions (Scheme 1(b)). Immediate cooling to -78 C with the slow addition of 

trimethylstannyl chloride gave the 2,5-distannyl derivative of TP. After keeping the isolated 

compound (in diethyl ether) under vacuum for 30 mins, colorless crystals were formed and further 

purified upon washing with cold ethanol and drying in a vacuum oven at 40 C for 2 h. The thermal 

ellipsoid plot and packing diagram of 2,5-distannylated thieno[3,2-b]pyrrole are shown in Figure 

4.13. 

 

Figure 4.13 The thermal ellipsoid plot and unit cell arrangement of 2,5-distannylated thieno[3,2-

b]pyrrole at 50% probability level 

 

As shown in Scheme 1(c), the polymerization was carried out by a palladium catalyzed Stille 

coupling with 3,6-bis(5-bromo-2-thienyl)-2,5-bis(2-octyldodecyl)-2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-dione in a pressure vessel at 110 C for 36 h. Molecular weights were improved by 

screening common palladium precatalyst and ligands as shown in Table 4.1. After precipitating in 
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methanol, the dark green solid was purified by successive Soxhlet extractions in methanol, 

acetone, and hexane (24 h each) to remove impurities and undesired low molecular weight 

fractions. The polymer was recovered from chloroform. P(DPP-TP) was readily soluble in 

common organic solvents such as tetrahydrofuran, chloroform, and chlorobenzene. 

Table 4.1 Polymerization conditions for P(DPP-TP) 

Trial* precatalyst ligand Mn (kDa) Mw (kDa) PDI 

I Pd(PPh3)4 - 5.2 16.6 3.20 

II Pd2(PPh3)2Cl2 P(o-tol)3 9.9 22.9 2.31 

III Pd2(dba)3 P(o-tol)3 20.8 47.2 2.27 

*For each trial 2 mol% of catalyst and 8 mol% of the ligand were added with 0.1 mmol of each 

monomer and 4 mL of anhydrous chlorobenzene. 

4.4.2 Theoretical Calculations 

To gain insight on torsional effects along the polymer backbone, a dimer was modeled for density 

functional theory calculations using Spartan16 at B3LYP/6-31G* level of theory. All the alkyl 

chains were replaced with methyl groups to simplify the calculations. As shown in Figure 4.14, 

the dimer has  two distinct dihedral angles between adjacent thiophene and TP unit due to its 

asymmetric nature. When thiophene is attached to the thiophene side in TP, the dihedral angle is 

11.4, while when attached to the pyrrole side it increases to 30.7. As a result of the large torsional 

angle, frontier energy orbitals are not completely delocalized along the backbone. Such rotational 

freedom allows polymers to adopt low lying HOMO levels, thus resistive to oxidative doping from 

atmospheric oxygen. 
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Figure 4.14 DFT calculation of the DPP-TP dimer 

 

4.4.3 Optical and Electrochemical Analysis 

Optical properties of P(DPP-TP)  were investigated by UV-vis spectroscopy in dilute chloroform 

solutions and on drop-casted thin films (Figure 4.15 a). Two absorption bands were observed in 

both solution and solid state of P(DPP-TP). Peaks appeared at 393 nm for a solution, and 406 nm 

for thin film originated from the -* transitions. Peaks at 829 nm for the solution, and 893 nm 

for thin film correspond to intramolecular charge transfer (ICT) occurring from the HOMO level 

of thieno[3,2-b]pyrrole unit to the LUMO level of the central benzothiadiazole group. Compared 

to P(DPP-TT), P(DPP-TP) extends the absorption spectrum toward NIR-I region.32 The optical 

band gap was calculated from the onset of the thin film absorption profile and estimated at 1.19 

eV. Interestingly, P(DPP-TP) has a high absorption coefficient of 7.0 × 105 M-1 cm-1, suggesting 
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P(DPP-TP) can efficiently absorb sunlight. As shown in Figure 4.15(b), the onset of oxidation and 

reduction potentials (Eox and Ered, respectively) versus Fc/Fc
+ in cyclic voltammogram was used to 

measure frontier energy levels of the polymer (EHOMO = -4.94 eV and ELUMO = -3.05 eV) and they 

were calculated from the following equations: EHOMO = -(Eox + 4.8 – E1/2,Fc/Fc+)eV and ELUMO = -

(Ered + 4.8 – E1/2,Fc/Fc+)eV. The discrepancy between the optical and electrochemical band gaps can 

be due to exciton binding energy which can be 0.4-1.0 eV. 

 

Figure 4.15 (a) UV-vis absorption spectrum of P(DPP-TP) in CHCl3 solution and thin films, (b) 

cyclic voltammogram of P(DPP-TP)  

4.4.4 Thermal Properties   

P(DPP-TP) was subjected to thermogravimetric analysis (TGA) and differential scanning 

calorimetry (DSC) (see Figure 4.16 (a) and 4.16(b), respectively) to investigate thermal properties. 

TGA analysis showed P(DPP-TP) is stable up to 300 C with a decomposition temperature (Td) of 

301 C at 5% weight loss. DSC analysis revealed a melt to isotropic phase in the heating cycle at 

239 C consistently over three cycles. However, no exotherms were observed upon cooling. 
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Figure 4.16 (a) TGA and, (b) DSC thermograms of P(DPP-TP) 

 

4.4.5 OFET Characterization 

OFET characteristics were explored with a bottom-gate/top-contact configuration. Heavily n-

doped silicon wafer with a 200 nm thick layer of SiO2 dielectric layer was used as the substrate for 

the devices. The surface was modified with octadecyltrimethoxysilane (OTMS-SAM) layer 

according to a previously published method.45 A thin layer of P(DPP-TP) was spin coated on top 

of the surface modified silicon wafer using a polymer solution (8 mg/ mL in chloroform) at a spin 

rate of 1500 rpm inside a nitrogen-filled glovebox. The polymer thin films were annealed on a hot 

plate inside the glovebox only for 5 mins prior to thermal evaporation of gold (100 nm) as the 

source and drain pads under high vacuum conditions. The channel length (100 m) and channel 

width (1000 m) was defined by a shadow mask. Current-voltage characteristics of OFETs were 

measured at room temperature in air.  

As-spun thin films of P(DPP-TP) showed typical p-type OFET characteristics with an average hole 

mobility of 0.0097 cm2 /V s extracted from the transfer curve and a current on-to-off ratio (Ion/Ioff) 

of 550 as shown in Figure 4.17. Upon annealing at 100 C a 5-fold increase in hole mobility was 
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observed to reach 0.054 cm2 /V s , with a Ion/Ioff  800. When annealing temperature was further 

increased to 150 C, hole mobility improved to 0.099 cm2 /V s, with a Ion/Ioff  4000. The highest 

average hole mobility of 0.12 cm2 /V s, was achieved when thin films were annealed at 200 C, 

however, Ion/Ioff  was decreased to 1000. Current on-to-off ratios of P(DPP-TP) were relatively 

low compared other DPP polymers, which are in the range 105 -108.20 For all the devices, 

threshold voltages varied from 0 V to -3.5 V. The mobility extraction of semiconducting polymers 

is in debate since mobilities can be extracted in two different domains due to the non-linear nature 

of ID
1/2 vs VG curve.47 While many DPP polymers have claimed to have mobilities over 1 cm2 /V 

s at lower gate voltages, mobilities extracted at higher gate voltages are believed to be closer to 

the actual value. Therefore, nowadays many groups report mobilities at both lower and higher gate 

voltages.20, 48, 49 However, it is noteworthy to mention that none of the devices made from P(DPP-

TP) suffered from non-linear transfer curves unlike other polymer based bottom gate OFETs with 

surface modifications performed by alkylsilanes. Such linear transfer characteristics were also 

observed in TP based small molecules suggesting TP can act as an excellent building block for 

OFETs. Also unlike P(DPP-TT), no weak electron transport was observed for VG  0 V suggesting 

P(DPP-TP) is predominantly a hole transporter.32 This might be attributed to the relatively high 

LUMO level (-3.05 eV). The transfer and output plots are shown in Figure 4.17.  
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Figure 4.17 Transfer (VD = -100 V) and output plots of P(DPP-TP) thin films annealed at 

different temperatures 

 

4.4.6 Surface morphology and Crystallinity 

Surface morphology of P(DPP-TP)  between the channel region was investigated by tapping mode 

atomic force microscopy (TMAFM) (see Figure 4.18). Uniform intertwined fibrillar network 

observed for P(DPP-TT) was not observed with P(DPP-TP) thin films.32, 34 All the images have 

similar features with RMS values ranging from 0.43 – 0.57 nm. 

However, out-of-plane grazing incidence X-ray diffraction (GIXRD) data (Figure 4.19) showed 

an increase in the intensity of lamellar peaks upon annealing which explains the increase in 

mobility with annealing temperature. The lamellar packing distance was calculated to be 19.9 Å 

from the 2 value at 4.425. GIXRD was taken on P(DPP-TP) deposited on OTS-treated SiO2 

substrates by using the same conditions employed for the fabrication of OFETs. 
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Figure 4.18 TMAFM height (a,b,c,d) and phase images (e,f,g,h) of P(DPP-TP) inside the 

channel region with no annealing (a & e), annealed at 100 C (b & f), 150 C (c & g), 200 C (d 

& h) for 5.0 mins 

 

 

Figure 4.19 GIXRD of P(DPP-TP) thin films annealed at different temperatures  

 

4.5 Conclusion 

In conclusion, for the first time, we have demonstrated the successful synthesis of novel thieno[3,2-

b]pyrrole monomer and the 2,5-distannylated derivative which was characterized by single crystal 

XRD. Preliminary results show that donor-acceptor copolymer between fused ring systems of DPP 



 

147 

and TP can achieve an average hole mobility of 0.12 cm2 /V s in bottom-gate/top-contact OFET 

devices. We believe TP monomer is a good non-conventional building block for OFETs due to the 

linear curves. Also, the device performance could be further improved by increasing the molecular 

weight of the polymer and side chain engineering via N-alkylation. 
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CHAPTER 5 
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5.1 Abstract 

The incorporation of functional groups into the side chains of polythiophenes can improve the 

phase separation of polymer: nanoparticle hybrid solar cells (HSCs). Our results showed that by 

introducing 17 mol% thiol functionality in the polymer, the Jsc and Voc can be increased by twofold 

in polymer: CdSe quantum dot (QD) HSCs. 

5.2 Introduction 

An interpenetrated nanostructured network of organic electron-rich polymers (p-type) and 

electron-deficient inorganic nanoparticles (n-type) constitute a hybrid system which possess 

combined properties of both material classes.1-4 Organic polymers with solution processability and 

good opto-electronic properties combined with inorganic semiconducting nanocrystals with 

tunable band gaps make a viable candidate for the next generation solar cells. Since the first hybrid 

solar cell (HSC) demonstrated by Alivisatos and co-workers using regioregular poly(3-

hexylthiophene) (rr-P3HT) as the electron-rich (p-type) semiconductor and CdSe nanorods as the 

electron-deficient (n-type) semiconductor,3, 5 different HSCs have been fabricated employing 

polythiophenes,6-14 phenylenevinylene polymers,15-17 and low band gap polymers.18, 19  Among 

many semiconductor n-type nanocrystals, CdSe,2, 3, 8, 9, 16 20, 21 CdTe,22, 23 ZnO,24 PbS,18 CdS25 and 

alloyed nanocrystals have been investigated in applications of hybrid solar cells yielding a 

maximum efficiency of 5.5% reported by Ma and co-workers for a poly(2,6-(N-(1-octylnonyl) 

dithieno[3,2-b:2,3-d]pyrrole)-alt-4,7-(2,1,3 benzothiadiazole)) blended with PbSxSe1-x quantum 

dots.19 Poor efficiencies for hybrid solar cells compared to their fullerene counterparts are most 

likely due to the poor nanostructured interfaces which hinders the exciton diffusion leading to 
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charge recombination pathways.6, 9, 26 Achieving a bi-continuous network with well-defined 

interfaces is expected to improve charge extraction and transport.25 

Therefore, attention is required to exploit new strategies to control the phase separation in order to 

improve interfacial interactions between inorganic nanocrystals and polymers. One of the key 

factors governing favorable three-dimensional interpenetrating network is the blending 

morphology. A number of methods have been utilized to obtain favorable organic-inorganic 

interfaces including modifications of the polymer architecture,6 adaptation of nanocrystal surfaces 

via ligand exchange reactions and, in-situ polymer-nanocrystal formations.7, 10  

Out of the aforementioned techniques, nanocrystal ligand exchange reactions and introduction of 

functional groups as polymer end groups have proven to be effective. Surface ligands employed 

in nanocrystal syntheses serves as a platform for surface passivation to generate monodispersed 

nanocrystals with very few surface defects. Although these ligands improve blending 

morphologies with polymers due to enhanced solubility in common processing solvents, they 

diminish photovoltaic performances by impeding charge transfer processes due to their insulating 

nature. Therefore, by exchanging native ligands with ligands capable of electron transfer, HSC 

performances can be improved. To control phase separation, Frechet and co-workers demonstrated 

that end functionalization of a polymer with an amine group could lead to larger interfacial areas 

for exciton charge separation.6 A maximum power conversion efficiency (PCE) of 1.6% was 

achieved with CdSe nanorods at a 40% nanocrystal loading capacity blended with end 

functionalized P3HT. Later, Stefan and co-workers demonstrated a maximum efficiency of 0.90% 

and 0.60% of HSCs derived from H/ allyl- and H/ propylthiol terminated rr-P3HT blended with 

CdSe quantum dots, respectively.8 
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Moreover, PCE enhancements are achieved in HSCs by virtue of delicate ligand engineering 

involving thiols, amines and carboxylic acid groups. Kruger and co-workers showed through a 

simple hexanoic acid treatment, PCEs could increase to 2.0% for a P3HT:CdSe QD HSC.27 The 

role of thiols in ligand exchange reactions were later established with the use of tert-butylthiols,28 

monothiols29 and dithiols30 with varying chain lengths. Out of the many thiols used, ethanedithiol 

(EDT) was found to be an interesting small molecule for post-deposition ligand exchange reactions 

where Xue and co-workers demonstrated the efficiency increased from 1.4% to 2.6% for P3HT: 

CdSe nanorod based HSCs and from 3.3% to 4.7% for PCPDTBT: CdSe nanorod based HSCs 

upon post deposition EDT ligand exchange reactions.31 With the drastic differences observed using 

the EDT molecule, inclusion of thiols onto the side chains would be highly interesting with the 

intention of grafting more nanoparticles to the polymer backbone. 

Here, we report two novel polythiophene block copolymers (P3 and P4) and compare their opto-

electronic properties with H/Br rr-P3HT (P1) and allyl end capped rr-P3HT (2) (see Figure 5.1). 

To have a reasonable comparison of opto-electronic properties the tested H/Br P3HT, allyl-P3HT 

and the polythiophene copolymers have similar molecular weights. 

 

Figure 5.1 Chemical structures of P1-P4 
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5.3 Experimental 

5.3.1 Materials and Methods 

All commercial chemicals were purchased from Aldrich and Fisher chemicals and were used 

without further purification unless otherwise noted. All the reactions were conducted under a 

nitrogen atmosphere using oven-dried glassware. Tetrahydrofuran (THF) was dried over 

sodium/benzophenone ketyl and distilled prior to use. 2,5-dibromo-3-hexylthiophene (M1), 

regioregular P3HT (P1) and allyl-terminated P3HT (P2) were synthesized according to previously 

published procedures.8, 33  

NMR Measurements: 1H NMR spectra were recorded on a 500 MHz Bruker AVANCE IIITM 

spectrometer using deuterated chloroform as the solvent. Multiplicities were given as: s (singlet), 

d (doublet), t (triplet), q (quartet), br. s (broad singlet), m (multiplet). 

Gas Chromatography Mass Spectrometry: GC-MS spectra were obtained on Agilent 6890-

5973 GC-MS workstation. The gas chromatography column was constructed from Hewlett-

Packard fused silica capillary column cross-linked with 5% phenylmethylsiloxane. He was used 

as the carrier gas with 1 mL/min flow rate. Temperature was ramped from 70 C to 280 C (10 C/ 

min) while injector and detector temperature was set to 250 C. 

Size Exclusion Chromatography Characterization: Size exclusion chromatography (SEC) data 

were obtained on a Viscotek VE3580 system equipped with viscoGEL columns (GMHHR-M) 

connected to a refractive index and UV detectors. HPLC grade THF was used as the eluent with 1 

mL/min rate at 30 C with GPCmax as the sample module. Calibration based on polystyrene 

standards were applied to determine the molecular weights. 
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FT-IR Measurements: Attenuated total reflectance Fourier transform infrared (ATR-FTIR) 

spectroscopy was carried out using Nicolet 380 FTIR. 

UV-vis Measurements: The UV-vis absorption profiles were measured with an Agilent 8453 UV-

vis spectrometer. The UV-vis absorption of the molecules in chloroform was conducted in 1 cm 

cuvettes and the thin film were prepared by drop-casting the polymer solutions in chloroform on 

microscope slides. 

Photoluminescence Studies: Fluorescence measurements were recorded on Perkin-Elmer LS 50 

BL fluorimeter at room temperature in a 1cm quartz cuvette by dissolving a known amount of 

polymer in chloroform. To perform photoluminescence quenching studies, calculated amounts of 

CdSe QDs in chloroform were added to polymer solutions. 

Electrochemical Analysis: CV studies, Ag/AgCl and platinum electrodes were used as reference 

and auxiliary electrodes, respectively, while a thin polymer film deposited on a platinum electrode 

was the working electrode. A 0.1 M solution of tetrabutylammonium hexafluorophosphate in 

anhydrous acetonitrile was used as the electrolyte. All the CV experiments were carried out at a 

scan rate of 100 mV s-1 under argon.  

Transmission Electron Microscopy Imaging: Active layer was deposited on a PEDOT:PSS 

coated ITO glass and dropped into a petri dish containing DI water. Floated films were placed on 

a 200 mesh carbon coated copper grid and imaged from a Technai G2 Spirit TEM instrument 

operated at 120 keV. TEM images of QDs were obtained by drop casting toluene solutions 

containing QDs onto 200 mesh carbon coated copper grids. 

Atomic Force Microscopy Imaging: Tapping mode atomic force microscopy (TMAFM) was 

performed on the active layers using a Nanoscope IV Multimode Veeco equipped with a vertical 
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engage scanner. The TMAFM images were recorded using a Si cantilever with a resonance 

frequency of 320 kHz and spring constant of 42 N/m. The images were collected in 3 × 3 m scan 

size with a frequency of 2 Hz. 

Polymer: CdSe QD hybrid photovoltaic device fabrication: Patterned ITO glasses were cleaned 

with DI water, acetone, toluene and isopropanol successively for 10 mins and treated in UV-ozone 

for 30 mins. A 30 nm thick layer of PEDOT: PSS was spin coated on the ITO glass and annealed 

at 150 °C for 10 mins in a nitrogen filled glovebox. The photoactive layer was spin coated (1000 

rpm, 45 s) onto the PEDOT: PSS coated ITO glass. The blend film was dried for 5 s and dipped in 

a solution containing 0.01 M EDT in acetonitrile for 30 s followed by rinsing with pure acetonitrile. 

The devices were annealed at 120 °C for 10 mins and loaded to high vacuum chamber to deposit 

a 100 nm thick Al cathode. J-V testings were carried out using a Keithley 2400 interfaced with 

Labview software. The solar simulator used was an ORIEL 67005 equipped with a Xe lamp 

calibrated to 100 mW cm-2 with a Si photodiode purchased from PV measurements Inc. 

5.3.2 Synthesis of Materials 

3-Pentenylthiophene 

To a clean 100 mL three neck round bottom flask was added magnesium turnings (24.0 mmol, 

0.57 g) and dry diethyl ether (40 mL) under N2. The solution was cooled to 0 C while adding 5-

bromo-1-pentene (23.5 mmol, 2.4 mL) dropwise with a few drops of 1,2-dibromoethane. The ice 

bath was removed and gently refluxed for 2 h. To a separate clean 100 mL three neck round bottom 

flask was added 3-bromothiophene (20.3 mmol, 1.9 mL), Ni(dppp)Cl2 (0.19 mmol, 0.10 g) and 

dry diethyl ether (20 mL) under N2. Grignard reagent was cannulated into the flask containing the 
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catalyst and refluxed overnight. The reaction was quenched by pouring the contents in the flask to 

a beaker containing ice. Crude compound was extracted with ether (3×30 mL), washed with water 

(3×30 mL), brine (50 mL) and dried over anhydrous MgSO4 and filtered. The solvent was removed 

under reduced pressure and pure compound was afforded by column chromatography with hexane 

as the eluent (1.43 g, Yield = 47.8 %). 1H NMR (500 MHz, CDCl3):   (m, 

2H)  (q  z, ), 2.65 (t, 7.7 Hz, 2H), 5.00 (m, 2H), 5.83 (m, 1H), 6.94 (m, 2H), 7. 24 

(dd, 4.8 Hz and 3 Hz, 1H) (Figure 5.2); EIMS (M+) m/z calcd for C9H12S 152.07, found 152.1 

 

Figure 5.2 1H NMR spectrum of 3-pentenylthiophene 

 

2-Bromo-3-pentenyl thiophene 

To a clean 100 mL three neck round bottom flask was added 3-pentenylthiophene (6.57 mmol, 

1.00 g) with dry THF (20 mL) under N2. The flask was cooled to -78 C and 2.5 M n-BuLi (7 

mmol, 2.8 mL) was added dropwise to the solution mixture. The solution was allowed to stir at -
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78 C for 1.5 h and the temperature was raised to -40 C. At this time, CBr4 (13.79 mmol, 4.573 

g) in THF (10 mL) was added in one portion and stirred for 1 h at room temperature. Reaction was 

quenched in ice and the organic layer was extracted with diethyl ether (3×30 mL), washed with DI 

water (3×30 mL), brine (50 mL) and dried over anhydrous MgSO4 and filtered. The solvent was 

removed under reduced pressure and the pure compound was obtained by column chromatography 

with hexane as the eluent (0.83 g, Yield = 54.5 %). 1H NMR (CDCl3, 500 MHz):   (m, 

2H)  (q  z, ), 2.56 (t, 7.7 Hz, 2H), 5.00 (m, 2H), 5.80 (m, 1H), 6.81 (m, 1H), 6.88 (dd, 

1.5 Hz, 1H) (Figure 5.3); EIMS (M+) m/z calcd for C9H11BrS 231.15, found 232.0 

 

Figure 5.3 1H NMR spectrum of 2-bromo-3-pentenylthiophene 

 

2, 5-Dibromo-3-pentenylthiophene (M2) 

An oven dried 100 mL three neck round bottom flask was charged with diisopropylamine (9.48 

mmol, 1.33 mL) with THF (30 mL) under N2. To the flask was added 2.5 M n-BuLi (4.31 mmol, 

1.74 mL) to generate LDA at -78 C and stirred for 1 h. 2-Bromo-3-pentenylthiophene (4.31 mmol, 
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0.97 g) was added to the pot in one portion and reacted for 1 h. At this time CBr4 (4.74 mmol, 1.57 

g) in THF (5 mL) was injected to the flask and reacted for 1 h followed by quenching with ice. 

Organic layer was extracted with diethyl ether (3×30 mL), washed with DI water (3×30 mL), brine 

(50 mL) and dried over anhydrous MgSO4 and filtered. The solvent was removed under reduced 

pressure and pure compound was obtained by column chromatography with hexane as the eluent 

(0.83 g, Yield = 54.5 %). 1H NMR (500 MHz, CDCl3):   (m, 2H)  (q  z, ), 2.52 

(t, 7.7 Hz, 2H), 5.00 (m, 2H), 5.80 (m, 1H), 6.78 (s, 1H) (Figure 5.4); EIMS (M+) m/z calcd for 

C9H11BrS 310.05, found 309.9 

 

Figure 5.4 1H NMR of 2,5-dibromo-3-pentenylthiophene (M2) 

 

Polymer P3 

To a solution of 2,5-dibromo-3-hexylthiophene (M1) (9.12 mmol, 2.97 g) in THF (12.4 mL) (Flask 

A) was added tert-butylmagnesium chloride (9.12 mmol, 4.56 mL) under N2 at room temperature. 

With an offset of 30 mins, to a solution of 2,5-dibromo-3-pentenylthiophene (M2) (4.51 mmol, 
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1.41 g) in THF (12.4 mL) (Flask B) was added tert-butylmagnesium chloride (4.51 mmol, 2.25 

mL) under N2 at 40 C. After 2 h a sample was withdrawn from flask A and conversion was 

analyzed using GCMS. To flask A, Ni(dppp)Cl2 (0.147 mmol, 79.5 mg) was quickly added and a 

sample was withdrawn and crashed in methanol to check the molecular weight. Another sample 

was withdrawn from flask B at this time to check for the conversion using GCMS. The contents of 

the flask B was cannulated to flask A. After stirring at 50 C for 2 h, the mixture was cooled to 

room temperature and precipitated in methanol. The precipitate was filtered and washed with 

methanol (24 h), hexane (24 h), and extracted with chloroform (3 h) in a Soxhlet apparatus. The 

chloroform fraction was concentrated and dried to yield the polymer P3. 1H NMR (CDCl3, 500 

MHz): H 0.91 (t, 6.6 Hz, 3H), 1.30-1.47 (m, 6H), 1.70 (m, 2H), 1.81 (m, 2H), 2.20 (m, 2H), 2.80 

(t, 7.4 Hz, 2H), 5.04 (m, 2H), 5.88 (m, 1H), 6.98 (s, 1H); (Figure 5.5) SEC: Mn = 10,094 g mol-1, 

PDI = 1.37 

  

Figure 5.5 1H NMR of polymer P3 
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Polymer P3a 

To a solution of polymer P3 (0.08 mmol, 0.80 g) dissolved in anhydrous THF (50 mL) was added 

0.5 M 9-BBN solution (8 mmol, 16 mL) under N2. The solution was stirred for 12 h at 40 C, at 

which point a 6 M NaOH solution (16 mL) was added to the reaction flask followed by stirring at 

40 C for 15 mins. Flask was cooled to room temperature and 33% aqueous solution of hydrogen 

peroxide (16 mL) was added slowly. After heating at 40 C for 12 h, polymer was isolated by 

precipitation with methanol. Precipitate was filtered and washed with methanol (24 h), hexane (24 

h), and finally extracted with chloroform (3h) in a Soxhlet apparatus. The chloroform fraction was 

concentrated and dried to yield the polymer P3a. 1H NMR (CDCl3, 500 MHz): H 0.91 (t, 6.6 Hz, 

3H), 1.30-1.47 (m, 10H), 1.70 (m, 4H), 2.80 (t, 7.4 Hz, 4H), 3.67 (br, 2H), 6.98 (s, 2H) (Figure 

5.6); SEC: Mn = 10,938 g mol-1, PDI = 1.49 

 

Figure 5.6 1H NMR of Polymer P3a 
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Polymer P3b 

To a solution of triphenyl phosphine (7.5 mmol, 1.95 g) in anhydrous THF (25 mL) was added 

diisopropyl azodicarboxylate (DIAD) (7.5 mmol, 1.5 mL) at -30 C under N2.  The DIAD-PPh3 

adduct was formed as a pale yellow precipitate after 30 mins. At this time the flask was removed 

from the cooling bath and allowed to warm to room temperature. To the flask was dropwise added 

a solution of polymer P3a (0.075 mmol, 0.75 g) and thiolacetic acid (7.5 mmol, 0.5 mL) in THF 

(20 mL). After heating at 40 C for 8 h, the polymer was isolated by precipitation with methanol. 

Precipitate was filtered and washed with methanol (24 h), hexane (24 h), and finally extracted with 

chloroform (3h) in a Soxhlet apparatus. The chloroform fraction was concentrated and dried to 

yield the polymer P3b. 1H NMR (CDCl3, 500 MHz): H 0.91 (t, 6.6 Hz, 3H), 1.30-1.47 (m, 10H), 

1.70 (m, 4H), 2.31 (s, 3H), 2.80 (t, 7.4 Hz, 4H), 2.98 (t, 7.0 Hz, 2H), 6.98 (s, 2H) (Figure 5.7); 

SEC: Mn = 10,965 g mol-1, PDI = 1.49 

 

Figure 5.7 1H NMR of Polymer P3b 
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Polymer P4 

To a solution of polymer P3b (0.06 mmol, 0.60 g) in anhydrous THF (50 mL) was added LiAlH4 

(6 mmol, 0.22 g) under N2. Solution was stirred at 40 C for 4 h followed by precipitation in 

methanol/ HCl (100 mL) mixture. Precipitate was filtered and washed with methanol (24 h), 

hexane (24 h) and finally extracted with chloroform (3h) in a soxhlet apparatus. Chloroform 

fraction was concentrated and dried to yield the polymer P4. 1H NMR (CDCl3, 500 MHz): H 0.91 

(br, 3H), 1.30-1.47 (m, 12H), 1.69 (br, 4H), 2.61 (t, 10 Hz, 2H), 2.80 (br, 4H), 6.98 (s, 2H); (Figure 

5.8) SEC: Mn = 10,147 g mol-1, PDI = 1.49 

 

Figure 5.8 1H NMR of Polymer P4 

 

CdSe QD synthesis and colloidal ligand exchange 

Nearly monodispersed nanocrystals were synthesized using a previously published procedure with 

slight modifications.2 In a typical reaction, cadmium oxide (1 mmol, 128.4 mg), oleic acid (20 
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mmol, 5.65 g) and trioctylphosphine oxide (5 mmol, 1.93 g) were combined in a 50 mL three neck 

round bottom flask and degassed at 150 C. After 1.5 h flask was purged with N2 and heated until 

an optically clear solution is obtained. The temperature of the clear solution was adjusted to 250 

C and a solution of Se powder (1 mmol, 78.96 mg) in 1.33 mL of trioctylphosphine was swiftly 

injected to the flask. After 2 mins, the heating mantle was removed and quickly cooled to 150 C 

by purging air. At 70 °C, 10 mL of toluene was added to prevent solidification of excess ligands. 

Nanocrystals were precipitated using methanol and collected by centrifugation followed by 

washing with methanol more than three times. For the ligand exchange, the precipitated CdSe QDs 

were dissolved in a minimum amount of toluene and refluxed with anhydrous pyridine for 24 h. 

Pyridine coated CdSe QDs were recovered by precipitation with excess hexane and dried by 

blowing N2. For the preparation of the photoactive layer, polymers were blended with nanocrystals 

with a weight ratio of 1:5 in chlorobenzene/pyridine mixture (95/5 v/v) to have a total 

concentration of 22.5 mg/ mL. 

5.4 Results and Discussion 

5.4.1 Synthesis and Characterization 

A facile synthetic method to generate side chain functionalized thiophene block copolymers using 

Grignard Metathesis (GRIM) polymerization is discussed in this paper from 3-alkenyl substituted 

thiophene monomer which is amenable for post-polymerization chemical modification. To gain 

insight on the variations in the performances with our previous results,8 CdSe QDs are employed 

as the preferred inorganic nanocrystals. To generate block copolymers, 2,5-dibromo-3-
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hexylthiophene (M1) and 2,5-dibromo-3-pentenylthiophene (M2) were synthesized according 

Scheme 5.2 and served as monomers for the synthesis of block copolymers.32 

Scheme 5.1 Synthesis of 2,5-dibromo-3-pentenylthiophene (M2) 

 

A living P3HT block with an average molecular weight of 8,000 g mol-1 was prepared from M1 

by GRIM polymerization followed by the sequential addition of monomer M2 (see Figure 5.9). 

Due to the living nature of the Ni catalyst, the resulting monomer 2-bromo-3-pentenyl-5-thienyl 

magnesium chloride was injected to grow the second block. Even though the molar feed ratios of 

the monomers were 5:2 (M1:M2), only a 17 mol% incorporation of the second block was seen 

from 1H NMR analysis. We speculate that the interaction between the  electrons of the alkenyl 

substituent and the Ni(0) in the catalytic cycle of the GRIM polymerization limits the incorporation 

of the poly(3-pentenylthiophene). The same reason may be attributed to the low molecular weight 

obtained for Poly(3-pentenylthiophene). The synthesized block copolymer (P3) was subjected to 

post-polymerization reactions through a hydroboration/oxidation reaction followed by a 

Mitsunobu reaction to generate the acetylthiol on the side chains. The subsequent reduction with 

LiAlH4 generated the thiol containing polymer (P4). H/Br terminated P3HT (P1) and allyl/Br 

terminated P3HT (P2) with similar molecular weights (DPn = 60, Mn = 10,000 g mol-1) were 

synthesized to allow for a meaningful comparison with P3 and P4 (see Table 1). Allyl/Br 

terminated P3HT (P2) was selected as a reference since it gave the highest efficiency in our 

previously published report.8 
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Figure 5.9 Synthesis of polymers P3 and P4 

 

5.4.2 Optical and Electrochemical Properties 

To investigate the optical and electronic properties of the four polymers, UV-vis and cyclic 

voltammetry (CV) studies were performed. UV-vis spectra were recorded in both solution and 

films with CHCl3 as the solvent. For CV studies, Ag/AgCl and platinum electrodes were used as 

reference and auxiliary electrodes, respectively, while a thin polymer film deposited on a platinum 

electrode was the working electrode. A 0.1 M solution of tetrabutylammonium 

hexafluorophosphate in anhydrous acetonitrile was used as the electrolyte. All the CV experiments 

were carried out at a scan rate of 100 mV s-1 under argon.  Based on both spectra (see Figure 5.10 

and Table 5.1), introduction of the functional groups in the side chain doesn’t affect the optical or 

electronic properties, which is highly desirable for this study. 
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Figure 5.10 UV-vis and CV spectra (a), (b), (c) and (d) of P1, P2, P3 and P4 respectively 

 

Table 5.1 Optical and electrochemical properties of the synthesized polymers 

Polymer Mn
a 

(kDa) 
PDIa onset

b 
(nm) 

Eg
b 

(eV) 
HOMOc 

(eV) 
LUMOc 

(eV) 
P1 10.0 1.21 700 1.77 - 5.0 - 3.2 
P2 10.0 1.22 700 1.77 - 5.0 - 3.2 
P3 10.1 1.37 700 1.77 - 5.0 - 3.2 
P4 10.1 1.49 700 1.77 - 5.0 - 3.2 

aDetermined by SEC using polystyrene standards and THF as the eluent. bEstimated from the onset 

of the UV-vis spectra. cHOMO and LUMO levels are estimated from the onset of the oxidation 

and reduction peaks of cyclic voltammograms 
 

5.4.3 CdSe QD synthesis and Ligand Exchange 

The synthesis of nearly monodispersed CdSe QDs were carried out using a hot injection method 

performed at 250 C. The average particle size of the QDs was around 4.0 nm, estimated by UV-

vis (Figure 5.11 (a)) and confirmed by transmission electron microscopy (TEM) images (Figure 

5.11(c)). Insulating ligands (oleic acid in this case) attached with the as synthesized QDs were 

replaced from the nanocrystal surface by pyridine molecules. The effective decrease in the inter-

particle distance of the nanoparticles as seen from TEM images (see Figure 5.11(c) and 5.11(d)) 

confirms the removal of the long fatty acid chains and introduction of the smaller pyridine 
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molecules. TEM images were obtained by drop casting toluene solutions containing QDs onto 200 

mesh carbon coated copper grids. To further confirm the removal of oleic acid ligands, FT-IR 

spectra were recorded before and after the ligand exchange (see Figure 5.11(b)). After the ligand 

replacement, optical properties of the QDs were found to be preserved by UV-vis analysis (Figure 

5.11(a)). 

 

Figure 5.11 a) UV-vis and b) FTIR spectra of CdSe QDs before and after the ligand exchange 

with pyridine, TEM image of CdSe QDs c) before and d) after ligand exchange with pyridine 

 

5.4.4 Hybrid Solar Cell Performance 

We studied the photovoltaic performances of the blends of block copolymers P3 and P4 and 

compared them with H/Br terminated P3HT (P1) and H/allyl-terminated P3HT (P2). The optimum 

weight ratios of polymer to CdSe QDs (1:5 wt%) were selected based on the photoluminescence 

(PL) quenching of the polymers with CdSe QDs (see Figure 5.12) which were carried out in blend 

solutions. P4 showed a PL quenching effect which had a normalized intensity below 0.2 when the 
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weight ratios were 1:5. This outcome may be attributed to the better charge transfer between the 

polymer and QDs when thiols are present in the polymer backbone. 

 

Figure 5.12 Photoluminescence quenching data for polymer: CdSe QDs blends in different 

weight ratios 

 

Photovoltaic parameters were observed for the four polymer blends. Solution processed hybrid 

solar cell devices were fabricated with a conventional device structure of ITO/PEDOT: 

PSS/Polymer: CdSe QD/Al (see Figure 5.13 (a)). The photoactive layer was treated with 0.01 M 

solution of EDT in acetonitrile to improve the photovoltaic performances via a post deposition 

ligand exchange reaction. Among the four polymers, polymer P4 outperforms the rest with a  Jsc 

and a Voc  almost two times greater than P1; Jsc from 2.01 mA cm-2 to 3.67 mA cm-2 and Voc from 

0.44 V to 0.70 V (see Table 5.2). With the introduction of olefin groups at the end of the polymer 

chain (P2) and side chain (P3), average device parameters increases slightly; Jsc from 2.17 mA cm-

2 to 2.30 mA cm-2 (see Table 5.2). In order to investigate the effects of functionality and its position 
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on the device performance, external quantum efficiencies (EQE) were measured. EQE was 

significantly improved with a maximum value of 47% in the region of 500 nm for polymer P4, 

while P1 showed a maximum below 30% in the same region (Figure 5.13(b)). The calculated Jsc 

obtained by integration of the EQE curves are 2.65, 2.75, 3.00 and 4.19 mA cm-2 respectively for 

P1 through P4, which shows a 14-30% spectral mismatch compared with the values obtained from 

the J-V curves. 

 

Figure 5.13 (a) J-V curves and (b) EQE curves of the polymer: CdSe QD HSCs 

Summary of average photovoltaic properties of the Polymer: CdSe QD based HSCs (AM 1.5G 

illumination conditions) 

 

Table 5.2 OPV performance of P1-P4 

Polymer Voc 

(V) 

Jsc 

(mA cm-2) 

FF PCE % Jsc 

(mA cm-2) 

P1 0.44 ± 0.04 2.01 ± 0.07 0.44 ± 0.02 0.39 ± 0.03 (0.42) 2.65 

P2 0.50 ± 0.02 2.17 ± 0.08 0.48 ± 0.01 0.52 ± 0.03 (0.55) 2.75 

P3 0.52 ± 0.02 2.30 ± 0.09 0.45 ± 0.03 0.54 ± 0.04 (0.58) 3.00 

P4 0.70 ± 0.03 3.67 ± 0.08 0.40 ± 0.01 1.02 ± 0.03 (1.05) 4.19 
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5.4.4 Surface Morphology 

The morphology of the active layer was investigated by tapping mode atomic force microscopy 

(TMAFM) (Figure 5.14 (A)) and TEM (Figure 5.14(B)). The root-mean square (RMS) roughness 

for the polymer: QD blends are 9.24 nm, 5.28 nm, 4.50 nm and 2.28 nm respectively. With the 

addition of the thiol groups (only 17 mol%) to the side chain of P1, a drastic decrease in the RMS 

is observed. By comparing TEM images of the blends films, P2 blend shows better phase 

separation and minimal QD aggregations compared to P1. With side chain functionalization on P3 

and P4 an obvious nanoscale phase separation with a bi-continuous interpenetrating network can 

be clearly observed, which contributes to a higher exciton dissociation and charge transport 

efficiency. Therefore, the significantly improved Jsc observed is a function of functional group 

introduction and its position in the polymer. 

 

Figure 5.14 (A) Tapping mode AFM phase (3 μm × 3 μm) and height images (B) TEM images 

of a) P1, b) P2, c) P3 and d) P4: CdSe QD blends 
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5.5 Conclusion 

In summary, the ability to achieve a bi-continuous interpenetrating network on HSCs via effective 

functionalization of the solubilizing side chains is demonstrated. When thiol functionality is 

introduced, PCE is nearly doubled due mostly to the observed increase in the Jsc. It is noteworthy 

that these increments were obtained with only a few thiol groups on a polymer having a medium 

molecular weight. We believe our findings would realize higher PCEs for HSCs on high molecular 

weight donor-acceptor polymers with multi armed nanoparticles having larger Bohr exciton radii.  

With the diversity of monomer and polymer design together with device optimizations further 

improvements would be expected. 
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