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ABSTRACT 

 

 

 Supervising Professor:  Dr. Michael C. Biewer 

 

 

 

 

Functionalized thiophene based materials are promising candidates in many organic electronic 

applications such as organic field effect transistors, photovoltaic devices, organic light emitting 

diodes and sensors. Low temperature deposition and solution processing make these materials 

particularly interesting as their fabrication processes are much less complex than conventional 

silicon technology. Furthermore, the mechanical flexibility of organic materials makes them well-

suited for plastic substrates in light weight and flexible products. Incorporation of different 

functional moieties can alter the optoelectronic properties of these materials. Attaching stimuli 

responsive compounds make these materials responsive towards the particular stimulus, and 

electron donating and withdrawing moieties can be used to tune the HOMO and LUMO energy 

levels. Spiropyrans are photochromic compounds which shows large structural variation upon 

absorption of light, and developing new synthetic methodologies to incorporate these units into 

thiophene based materials via a conjugated pathway is crucial in order to study the effect of 

photochromism on optoelectronic properties of a conjugated material. Functionalization of 

thiophene based materials with alkoxy substituents raise the HOMO level of the materials and thus 

lower the band gap. Application of alkoxy substituted polythiophene on organic electronic devices 

can demonstrate how charge transportation of the material is affected by the substituent.  

Chapter 1 discusses the thiophene based conjugated materials and their electronic properties 

including band structure, conductivity and charge transport mechanism. The operation mechanism 

of organic field effect transistors and effect of functionalization of thiophene based materials with 



 

viii 

photochromic spiropyrans and alkoxy groups with respect to organic electronic applications is 

discussed.  

Chapter 2 demonstrates development of synthetic methodologies to incorporate photochromic 

spiropyran as a backbone unit into thiophene based polymers via a conjugated pathway. 

Chapter 3 illustrates a new synthetic method to incorporate photochromic spiropyran substituents 

as pendent groups to thiophene repeat units through a conjugated pathway. 

Chapter 4 discusses the synthesis of triethylene glycol monomethyl ether substituted 

polythiophene, optoelectronic properties and the charge carrier mobility with field-effect 

transistors and in Schottky diode. It also describes the applicability of doped polymer as an 

alternative to commercially available PEDOT: PSS.  
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THIOPHENE BASED CONJUGATED MATERIALS 

1.1 Abstract 

This chapter introduces thiophene based conjugated materials and their electronic properties 

including band structure, conductivity and charge transport mechanism. Organic field effect 

transistor applications in obtaining electrical parameters of these materials is also discussed. 

Further, the effect of functionalization of thiophene based materials with photochromic 

spiropyrans and alkoxy groups with respect to organic electronic applications is discussed.  

1.2 Role of thiophene in materials chemistry 

Functionalized derivatives of thiophenes or nitrogen heterocycles such as carbazoles, pyrroles and 

pyridines are compounds that show immense contribution for the development of materials 

chemistry targeting new technologies. These heterocycle based conjugated polymers are attractive 

due to the solution processability, light weight, good flexibility, easy fabrication,  better charge 

transporting properties and  hence, makes them ideal candidates to the new research world of 

plastic electronics.1-3 

 

Figure 1.1. Some of the important PTs and thiophene derivatives in organic electronics 

 

Elsenbaumer et al. reported the first solution processable and environmentally stable 

polythiophene (PT) in 1986.4 Since then, PTs evolved in many ways through functionalization. 
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Poly(alkylthiophene)s such as poly(3-hexylthiophene), abbreviated as P3HT and 

poly(alkoxythiophene)s such as poly(ethylenedioxythiophene), abbreviated as PEDOT are 

considered to be widely studied among PTs (figure 1.1).5-7 Other derivatives of thiophenes are also 

important in applications such as organic electronics and figure 1.1 illustrates some of the 

important PTs and thiophene derivatives.8,9      

 

1.3 Energy bands and conductivity in conjugated materials 

The conjugation or the resonance interaction between the -bonds results in delocalized  electron 

states. When the number of connected repeating units is very high, like in a long polymer chain, 

this phenomenon generates densely packed energy states.10 The highest occupied molecular  

orbital is abbreviated as the HOMO and the lowest unoccupied molecular  orbital is abbreviated 

as the LUMO. Tuning the band gap between HOMO and LUMO is carried out through the 

functionalization of the conjugated systems. Electron donating substituents on monomer units 

raises the HOMO energy level while the electron withdrawing substituents lower the LUMO 

energy level. Furthermore, realization of donor-acceptor concept in conjugated systems facilitated 

the tuning of the energy levels into a new era.9,11 Schematic diagram of band gap structure for 

semiconducting materials is given in figure 1.2. 

 

Figure 1.2. Schematic diagram of band gap structure for semiconducting materials 
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The polymers having conjugated double bonds are intrinsically conducting and in undoped state 

have a large bandgap of  3  6 eV between HOMO and LUMO and hence, show low conductivities 

of  10-7  10-11 S cm-1. Doping reduces this band gap to 1  4 eV and elevation of electrons to the 

LUMO conduction band from the HOMO valance band show wide range of conductivity  10-5  

103 S cm-1 transforming a non-conducting or low conducting polymer to a semiconducting or even 

metallic conducting one.10  

The doping in conjugated materials can be achieved through several methods, such as 

electrochemical doing (p-doping via electrochemical oxidation and n-doping via electrochemical 

reduction). The charge of the polymer gained through doping is balanced by counterion diffusion 

from the electrolyte into (or out of) the thin film during charging and discharging. This method 

leads to precise control of the doping level by the applied voltage.12 Other doping methods include 

chemical doping (use of oxidation or reducing agents has a poor control over the doping level), 

radiation induced doping or photo-doping (material is locally oxidized and reduced by photo-

absorption) and charge injection doping (electrons and holes injected from suitable metal contact 

directly into the * and  bands).10,13 Charge injection doping mechanism with respect to the 

organic field effect transistor applications will  be discussed later in this chapter. 

1.4 Charge transport in conjugated materials  

In practice, charge transport in conjugated materials are dramatically affected by processing 

conditions, which can cause variation in morphology, microstructure, molecular packing and 

alignment of the material.14 Charge transport models developed for organic semiconductors have 

been developed to gain general properties of the charge transport mechanisms in conjugated 

materials. Charge carriers are radical cations (in oligomers) or polarons (the association of the 

charge with the induced deformation of the polymer chain, figure 1.3). Due to the weak van der 

waals interactions in conjugated polymers, charge transport is mainly due to the slow phonon 

assisted hopping mechanism. The key parameter for studying charge transport is the mobility 

.13,15 
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Figure 1.3. (a) Polaron and bipolaron formation in polythiophene (b) schematic diagram of polaron 

and bipolaron states 

 

1.5 Organic field-effect transistor (OFET) measurements 

Field-effect transistors allow charge injection doping in organic semiconducting materials and 

eventually the charge carrier mobility can be calculated.16 Charge carrier mobility measurements 

described in this thesis are based on bottom-gate bottom-contact architecture as shown in figure 

1.4. OFETs are  three-terminal devices, in which a voltage applied to the gate electrode controls 

the current flow between the source and the drain electrode under an imposed bias. VG and VD are 

the applied gate voltage and source-drain voltage respectively.   

LUMO

HOMO

LUMO

HOMO

Polaron state upon 
p-doping

Bipolaron state 
upon p-doping

(b)



 

5 

 

Figure 1.4. Bottom-gate bottom-contact OFETs architecture 

 

In OFETs devices, gate/insulator assembly consists of a metal or doped semiconductor gate 

electrode coated with an insulating dielectric (typically thermally grown silicon dioxide or polymer 

insulators with 200-400 nm thickness). Metallic source and drain electrodes are often deposited 

via conventional photolithography. The organic thin-film is deposited on top of the devices 

through drop-casting or spin-casting.  

The field-effect phenomenon of the devices is shown in figure 1.5. When a negative bias is applied 

to the gate electrode, HOMO and LUMO levels of the organic semiconducting material shifts up 

such that the HOMO becomes resonate with the Fermi level of the metal contact and electron spill 

out of the semiconducting material into the contacts, leaving positively charged holes in the 

semiconducting material. When a drain voltage is applied, theses holes become the mobile charges 

and a drain source current (ID) can be measured. Depending on the type of charge carriers (hole or 

electron), organic semiconductors are classified as p-type or n-type and the gate voltage bias is 

negative and positive respectively.17 

Characterization of the OFETs can be performed in two ways, ID-VD or output curves (holding VG 

constant while sweeping VD) and ID-VG or transfer curves (holding the VD constant while sweeping 

VG). The threshold gate voltage (VT) is the minimum gate voltage necessary to induce a current.  

I-V characteristics of a typical OFET in saturation is given by the equation 1.1.  

 

VG

VD

S DL W

DIELECTRIC

GATE

SEMICONDUCTING 
POLYMER



 

6 

 

Figure 1.5. The field- effect phenomenon in OFETs under negative gate bias 

 

𝐼𝐷,𝑠𝑎𝑡 =  
𝑊

2𝐿
 𝐶

𝑠𝑎𝑡
 (𝑉𝐺 −  𝑉𝑇)2              (1.1) 

Where ID,sat - drain current in the saturation regime, W – channel width, L – channel length, C – 

capacitance of the insulating dielectric material per unit area, sat – charge carrier mobility in 

saturation regime, VG – gate voltage and VT – threshold voltage. According to equation 1.1, device 

mobility can be calculated from the slope of the line drawn through the linear part of an 𝐼𝐷,𝑠𝑎𝑡
1/2

 vs 

VG plot and threshold voltage is given by the ratio of the intercept and slope. Another parameter 

which can be obtained by the OFETs is the on/off ratio (the ratio of the current in the ‘on’ and ‘off’ 

state), and is an indicative of the switching performance of OFETs.17,18  

1.6  Photochromic spiropyrans in OFETs  

Photochromism is the ability of a molecule to undergo reversible structural changes upon 

absorption of light.19 Photochromic compounds attract considerable attention in organic 

electronics as light is an ideal and selective external trigger signal. Common photochromic systems 

studied in organic transistor applications are given in figure 1.6.20-22 Spiropyrans (SPs) tend to 

absorb light in the range of 200-400 nm, which can produce the bond cleavage resulting in an open 

merocyanine form and the reversibility of this transformation is normally attained either thermally 

or photochemically (figure 1.6a).19 The mechanism of photochemical isomerization of  SP is 
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shown in figure 1.7. In order to increase the thermal stability of the open merocyanine form, 

electron donating groups (R groups) are attached to the indoline moiety while electron 

withdrawing groups such as nitro groups are attached to the chromene moiety. Diarylethenes show 

ring closing and opening isomerization and are thermally irreversible, and resistant to photo fatigue 

but the isomerization is accompanied by a relatively small change in molecular conformation 

(figure 1.6b).23 Azobenzenes, on the other hand, are structurally simple and readily accessed 

synthetically, but the trans-cis isomerization is quantitatively low (figure 1.6c).24 

Among different classes of photochromic materials, indoline SPs are notable for their high 

sensitivity (towards thermo, photo, acidic and ionic multi-responsive systems), resolving power, 

exhibiting photochromic properties in solution, in polymeric matrices and even in solid states, 

which are very convenient for their practical applications.25-27 Another unique feature of SPs is 

that the photoisomerization initiates a significant change in the electric dipole moment of SPs 

between closed and open forms (6.4 D for SP-closed and 13.9 D for MC-open) which is useful in 

macroscopic scale switchable molecular devices.28,29  

 

 

Figure 1.6. Photochromism in (a) spiropyrans (b) diarylethenes (c) azobenzenes 
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The growing interest of using these materials in organic electronic devices is evident by the number 

of recent reviews published in this field.20-22 The studies reported so far on SP based OFETs are 

mainly based on blending approach of SP with organic semiconducting material in which phase 

separation is a major issue.28,30-32 SPs are notable among different classes of photochromic 

compounds due to their large structural and electronic transformation upon isomerization.  In order 

to parlay these electronic differences associated with the two forms into materials based switch, 

the SP ultimately requires a covalent attachment through a conjugated pathway. 

h

 

Figure 1.7. Mechanism of photochemical isomerization of SP27 

1.7 Thiophene based spiropyran materials 

In the literature, very limited attempts have been made to incorporate thiophene into SPs. 

Attachment of thiophene into indoline nitrogen has been carried out via nucleophilic substitutions 

using (helogenoalkyl)thiophene as given in figure 1.8 (a and b). Longer alkyl chains showed better 

thermal stability of the open form.33 Electrochemical polymerization has also been used to 

incorporate thiophene into SP based polymers (figure 1.8c);34,35 however, this method is not useful 

in obtaining photochromic polymers as oxidation of the SP at the indoline nitrogen below 0.8 V 

leads to isomers of oxidized MC, which limit the photochemical behavior of polymer films.34 

These attempts show the need of developing new synthetic methodologies to incorporate 

photochromic SP in to thiophene based materials via a conjugated pathway and such attempts are 

discussed in chapter 2 and 3.  
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Figure 1.8. SP based thiophene materials 

1.8 Poly(3-alkoxythiophene)s  

Poly(alkylthiophene) based polymers are well established and widely studied in the field of 

OFETs.36-38 Poly(alkoxythiophene)s are another class of  PTs with interesting properties and 

applications in organic electronics. Incorporation of alkoxy groups in polythiophenes led to 

polymers with very low oxidation potentials and low band gaps due to the electron donating nature 

of alkoxy groups. Furthermore, these polymers show highly stabile conductivity over time.39-41 

PEDOT is one of the widely studied poly(alkoxythiophene)s which shows very high conductivity, 

stability in the oxidized state and ability to form almost transparent thin films (figure 1.1).7  

poly(3,4- ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) is a commercially 

available conducting polymer used in organic photovoltaic applications and organic light emitting 

diode applications as a hole transporting layer.42-44 

The acidity and hygroscopicity are major disadvantages associated with PEDOT:PSS which 

negatively impacted the stability of the devices;45-47 therefore, developing new materials with high 

conductivity, stability and processability are becoming important. Recently, ethylene glycol 

mediated poly(alkoxythiophene)s in organic electrochemical transistors targeting bioelectronic 

applications (figure 1.9a) and as materials of high conductivity, processability and thermal stability 

through solution doping (figure 1.9b) have been reported.48,49  
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Figure 1.9. Recent reports on ethylene glycol mediated poly(alkoxythiophene)s 

 

The application of ethylene glycol mediated poly(alkoxythiophene)s in organic field effect 

transistor applications will allow us to study the electrical properties of these materials and design 

new strategies to develop them further. Chapter 4 discuss the functionalization of polythiophene 

with triethylene glycol monomethyl ether targeting organic electronic applications.  
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2.1 Abstract 

The incorporation of photochromic spiropyrans (SPs) in molecular electronic applications has 

attracted attention due to the large structural and electronic transformation upon isomerization. 

The challenge resides with the development of new synthetic methods to incorporate SP as a 

backbone unit into a polymer while preserving photochromism. In this chapter, a new synthetic 

method was demonstrated to incorporate thiophene substituents into chromene moiety of SPs. This 

compound showed photochromism in both polar (methanol) and non-polar (toluene) solvents 

indicating the possibility of preserving photochromism in SP when incorporated into thiophene 

based polymer through the chromene moiety. Further, we have shown a new route to synthesize 

dibrominated and ortho-hydroxy protected aromatic aldehyde of thiophene but, synthesis of all 

thiophene based photochromic polymers is unachievable through this compound due to the 

instability of ortho-hydroxy group. Moreover, a possible route to incorporate SP into thiophene 

based polymer was demonstrated.  

2.2 Introduction  

The  photochromic SPs are notable in molecular electronic applications due to their large structural 

and electronic transformation upon isomerization.1-4 The ring closed SP is colorless while the ring 

open merocyanine(MC) form is colored. Beside the color variation, the open and the closed form 

differ in properties such as electric dipole moment and -conjugation.5-7 However, to make these 

structural features practically applicable, SP need to be covalently attached to a support.8 In organic 

electronics, any photochromic switching unit conjugated within a polymer backbone should lead 

to reversible conductivity and optoelectronic properties by modifying the available conjugated 

pathway. Therefore, it is important to develop methods to incorporate photochromic units 

covalently attached to the polymer backbone.  

The incorporation of SP units into polymeric matrices can be carried out by polymerization of 

derivatized monomer units or copolymerization of these units with compatible monomer units, in 

which the SP can be introduced as a side chain or as a part of the main chain.9,10 Very limited 

number of attempts have been made to incorporate SP as a unit into the backbone. Ng and 

coworkers used Palladium catalyzed Sonogashira  cross coupling reactions to incorporate 
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photochromic SP switch into the backbone of poly(p-phenylene ethynylene) and observed limited 

photochromic response  as a result of relatively few of the photo switches undergoing the ring-

opening within the polymer even in solution.11 An alternating copolymer of SP and 9,9-

dioctylfluorene via Suzuki polycondensation  was reported by Komber and coworkers.12 They 

optimized the reaction conditions to obtain high molecular weights and observed that only the 

para-brominated SPs were able to polymerize into high molecular weights. Polymerization of 

ortho-brominated SPs resulted in oligomers irrespective to the reaction conditions used and they 

speculate that the N-ethyl substituent in combination with the ortho-bromine substituent could 

provide a steric barrier to the catalyst. Utilizing SP as a mechanophore into the backbone of a 

polymer has been reported via step-growth polymerization of urethanes and radical 

polymerizations of SPs substituted with radically polymerizable units.13,14 Apart from that, 

electrochemical polymerization has also been used to synthesized MC-based conducting 

polymer.15 However, this method is not useful in obtaining photochromic polymers as oxidation 

of the SP at the indoline nitrogen below 0.8 V leads to isomers of oxidized MC, which limit the 

photochemical behavior of polymer films.16 

All these literature reports show the need for developing new synthesis methods to incorporate SP 

as a backbone unit into polymers while preserving the photochromism. As polythiophenes are 

well- known and extensively studied conducting polymers, our ultimate goal is to incorporate SP 

as a backbone unit into a thiophene based polymer. We have recently reported a new synthetic 

method to incorporate indoline SP as a pendent group into a thiophene based material via a 

conjugated pathway.17  Here we report a new synthesis route to incorporate indoline SP as 

backbone unit into thiophene based polymers.  

Indoline SP can be synthesized by the condensation of indolium salts with ortho-hydroxy aromatic 

aldehydes in the presence of a base (or methylene bases with ortho-hydroxy aromatic aldehydes).18 

To incorporate SP as backbone unit we have modified the ortho-hydroxy aromatic aldehydes unit 

with thiophene substituents. 

We have studied the photochromism of SP with thiophene substituents in chromene moiety. 

Further attempts have been made to study the possibility of synthesizing ortho-hydroxy aromatic 

aldehydes with thiophene unit targeting all thiophene based photochromic polymers. Finally, we 
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have come up with the possible strategy to incorporate SP as a backbone unit into thiophene based 

polymers.  

2.3 Experimental 

2.3.1 Materials 

All commercial chemicals were purchased either from Sigma Aldrich Chemical Co. LLC. or from 

Fisher Scientific Co. LLC. and were used without further purification unless otherwise noted. All 

glassware and syringes were dried at 120 C for at least 24 h before use and cooled in a desiccator. 

Tetrahydrofuran (THF) and toluene were dried over sodium/benzophenone ketyl and freshly 

distilled under nitrogen prior to use. 

2.3.2 Analysis 

NMR analysis: 1H and 13C NMR spectra and all 2D-NMR analysis were recorded at 25 °C using 

a Bruker AVANCE III 500 MHz NMR spectrometer, and were referenced to residual protio 

solvent (CHCl3: δ 7.26 ppm, Acetone: δ 2.05 ppm). The data are reported as follows: chemical 

shifts are reported in ppm on δ scale, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, 

m = multiplet). 

 

GC-MS analysis:  GC-MS analysis was performed on Hewlett-Packard Agilent 6890-5973 GC-

MS workstation equipped with a Hewlett-Packard fused silica capillary GC column cross-linked 

with 5 % phenylmethylsiloxane. Helium was used as the carrier gas (1 mL min-1).  Sample analysis 

conditions: injector and detector temperature = 250 ˚C, initial temperature = 70 ˚C, temperature 

ramp = 10 ˚C min-1, final temperature = 280 ˚C. 

 

Single crystal X-ray diffraction analysis: Single crystal X-ray diffraction analysis was 

performed using single crystals grown by slow evaporation method in ethanol, low temperature (T 

= 90 K) single crystal X-ray diffraction datasets were with a Bruker Kappa D8 Quest 

diffractometer.  This diffractometer has a microfocus Mo Kα radiation source, liquid nitrogen 
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cryostream, and CMOS Photon 100 detector.  After data collection, the datasets were integrated 

(Bruker SAINT) and scaled (Bruker SADABS, multi-scan absorption correction method). 

 

HR-MS analysis: HR-MS analysis was performed with Shimadzu LCMS IT-TOF instrument. 

Samples were re-suspended in CHCl3, vortexed and injected (15 µL). 

 

UV-Vis spectroscopic analysis: UV-Vis kinetics experiments were carried using an Agilent 8453 

UV-Vis spectrometer coupled with a 500 W Oriel Hg arc lamp containing a 334 nm line filter. 1 

cm cuvettes were used for the experiments. The solutions were freshly prepared prior to each 

experiment by stirring each compound overnight in the respective solvent. 

 

Size Exclusion Chromatography (SEC) analysis: SEC analysis was performed on a Viscotek 

VE 3580 system equipped with ViscoGELTM columns (GMHHR-M), connected to a refractive 

index detector/UV detector. GPC solvent/sample module (GPCmax) was used with HPLC grade 

THF eluent. The calibration was based on polystyrene standards. Sample analysis conditions: flow 

rate = 1.0 mL min-1, injector volume = 100 L, detector temperature = 30 C and column 

temperature = 35 C. Sample dissolved in THF was filtered through PTFE syringe (0.22 m) filter 

prior to injection. 

2.3.3 Synthetic procedures  

Synthesis of tert-butyl(2,5-dibromophenoxy)dimethylsilane 

 

 

 

Scheme 2.1. Synthesis of tert-butyl(2,5-dibromophenoxy)dimethylsilane 
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2,5-dibromophenol (1.0 g, 3.9 mmol),  imidazole (0.66 g, 9.7 mmol), 4-Dimethylaminopyridine 

(24 mg, 0.19 mmol) and tert-butyldimethylsilyl chloride (2.1 g, 14 mmol) were kept in a 100 mL 

three-necked round bottomed flask under vacuum prior to the addition of dry N,N-

dimethylformamide under nitrogen at 0 °C. The reaction mixture was allowed to stir at ambient 

temperature overnight, quenched with deionized water and extracted with ethyl acetate. The 

combined organic layers were washed with deionized water, dried over anhydrous MgSO4 and 

evaporated under reduced pressure. The crude was purified by column chromatography using 

hexane as the eluting solvent. The pure compound was obtained as a clear oil (1.42 g, 3.9 mmol, 

100%). 1H-NMR (CDCl3, 500 MHz; 7.36 (d, 1H, J=8.4), 7.00 (d, 1H, J=2.2), 6.95 (dd, 1H, J=8.4, 

J=2.2), 1.04 (s, 9H), 0.26 (s, 6H). 13C-NMR (CDCl3, 500 MHz; 153.47, 134.18, 125.47, 123.41, 

120.95, 114.41, 25.68, 18.36, -4.25). 1H-NMR and 13C-NMR spectra are given in figure 2.1 and 

figure 2.2. 

 

Figure 2.1. 1H-NMR spectrum of tert-butyl(2,5-dibromophenoxy)dimethylsilane 
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Figure 2.2. 13C-NMR spectrum of tert-butyl(2,5-dibromophenoxy)dimethylsilane 

 

Synthesis of tert-butyl(2,5-di(thiophene-2-yl)phenoxy)dimethylsilane 

 

Scheme 2.2. Synthesis of tert-butyl(2,5-di(thiophene-2-yl)phenoxy)dimethylsilane 

 

tert-butyl(2,5-dibromophenoxy)dimethylsilane (0.25 g, 0.68 mmol) was dissolved in dry toluene 

(10 mL) in a 100 mL three-necked round bottomed flask equipped with a reflux condenser and 2-

(tributylstannyl) thiophene ( 0.50 mL, 1.5 mmol)  was added to it under nitrogen  and nitrogen was 

bubbled through this solution for 15 min prior to the addition of tetrakis(triphenylphosphine)-

palladium(0) (80 mg, 0.068 mmol). The reaction mixture was allowed to reflux under nitrogen for 

24 h, cooled to room temperature, quenched with deionized water (100 mL) and extracted with 

diethyl ether (100 mL  3). The combined organic layers were washed with deionized water (100 
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mL  3), dried over anhydrous MgSO4 and evaporated under reduced pressure. The crude was 

purified through column chromatography using hexane as the eluting solvent to obtain the product 

as a white solid (0.18 g, 0.48 mmol, 70 %). 1H-NMR (CDCl3, 500 MHz; 7.56 (d, 1H, J=8.0), 7.42 

(dd, 1H, J=3.5, J=1.0), 7.32(dd, 1H, J=5.0, J=1.0), 7.30 (dd, 2H, J=3.5, J=1.0), 7.25 (dd, 1H, J=8.5, 

J=2.0), 7.21 (d, 1H, J=2.0), 7.09 (m, 2H), 0.10 (s, 9H), 0.25 (s, 6H). 13C-NMR (CDCl3, 500 MHz; 

152.46, 143.89, 139.67, 134.30, 129.89, 128.18, 126.83, 125.73, 125.30, 125.05, 124.93, 123.15, 

119.09, 117.51, 26.12, 18.70, -3.75).  

 

Synthesis of 2,5-di(thiophen-2-yl)phenol 

 

Scheme 2.3. Synthesis of 2,5-di(thiophen-2-yl)phenol 

 

tert-butyl(2,5-di(thiophene-2-yl)phenoxy) dimethylsilane (0.15 g, 0.40 mmol) was kept in a 100 

mL three-necked round bottomed flask under vacuum for 15 minutes prior to the addition of 

freshly distilled tetrahydrofuran (10 mL) under nitrogen. Tetrabutylammonium fluoride (1.0 M in 

THF, 0.44 mL, 0.44 mmol) was added dropwise to this solution and reaction mixture was stirred 

at room temperature for 3 h, quenched with deionized water (100 mL) and extracted with ethyl 

acetate (100 mL  3). The combined organic layers were washed with deionized water (100 mL  

3), dried over anhydrous MgSO4 and evaporated under reduced pressure. The crude was purified 

through column chromatography using hexane as the eluting solvent to obtain the product as a 

yellow solid (0.098 g, 0.38 mmol, 95%). 1H-NMR (CDCl3, 500 MHz; 7.43 (d, 1H, J=8.5), 7.41 

(dd, 1H, J=5.5, J=1.0), 7.33(m, 2H), 7.30 (dd, 1H, J=5.5, J=1.0), 7.23 (m, 2H), 7.16 (dd, 1H, J=5.0, 

J=3.5), 7.09 dd, 1H, J=5.5, J=3.5), 5.58 (s, 1H). 13C-NMR (CDCl3, 500 MHz;152.63, 143.47, 

138.49, 135.48, 130.39, 128.10, 127.92, 126.31, 125.94, 125.20, 123.52, 120.16, 118.62, 113.34). 

1H-NMR spectra of tert-butyl(2,5-di(thiophene-2-yl)phenoxy)dimethylsilane and 2,5-di(thiophen-

2-yl)phenol are given in figure 2.3 and figure 2.4. 13C-NMR specra are given in figure 2.5 and 

figure 2.6. 
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Figure 2.3. 1H-NMR spectrum of tert-butyl(2,5-di(thiophene-2-yl)phenoxy)dimethylsilane and 

2,5-di(thiophen-2-yl)phenol in downfield region. 

 

Figure 2.4. 1H-NMR spectrum of tert-butyl(2,5-di(thiophene-2-yl)phenoxy)dimethylsilane and 

2,5-di(thiophen-2-yl)phenol in upfield region. 
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Figure 2.5. 13C-NMR spectrum of tert-butyl(2,5-di(thiophene-2-yl)phenoxy)dimethylsilane 

 

 

Figure 2.6. 13C-NMR spectrum of 2,5-di(thiophen-2-yl)phenol 
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Synthesis of 2-hydroxy-3,6-di(thiophen-2-yl)benzaldehyde 

 

 

 

Scheme 2.4 Synthesis of 2-hydroxy-3,6-di(thiophen-2-yl)benzaldehyde 

 

Anhydrous magnesium chloride beads (0.35 g, 3.7 mmol), and solid paraformaldehyde (0.22 g, 

7.5 mmol) were kept under nitrogen in a dry 100 mL  three-necked round bottomed flask equipped 

with a reflux condenser. Dry tetrahydrofuran (20 mL) was added by a syringe. Triethyl amine 

(0.53 mL, 3.7 mmol)  was added dropwise by a syringe and the mixture was stirred for 10 minutes 

at room temperature. At this point, 2,5-di(thiophen-2-yl)phenol (0.19 mg, 0.75 mmol) was added 

dropwise by a syringe, resulting in a yellow color mixture. The reaction mixture was allowed to 

reflux under nitrogen for 6 h, cooled to room temperature, quenched with acidified deionized water 

(100 mL) and extracted with ethyl acetate (100 mL  3). The combined organic layers were washed 

with deionized water (100 mL  3), dried over anhydrous MgSO4 and evaporated under reduced 

pressure. The crude was purified through column chromatography using ethyl acetate: hexane (1:9) 

as the eluting solvent to obtain the product as a yellow solid (0.12 g, 0.42 mmol, 57 %). 1H-NMR 

(CDCl3, 500 MHz; 12.91(s, 1H), 10.13(s, 1H), 7.88(d, 1H, J=8.0), 7.68(dd, 1H, J=4.0, J=1.5), 

7.48(dd, 1H, J=5.5, J=1.5), 7.40(dd, 1H, J=5.0, J=1.0), 7.15(m, 2H), 7.11(dd, 1H, J=3.5, J=1.0), 

7.07(d, 1H, J=8.0). 13C-NMR (Acetone d6, 500 MHz; 197.46, 158.81, 138.32, 137.82, 137.04, 

134.48, 130.25, 128.04, 127.99, 127.16, 126.46, 126.33, 122.63, 122.29, 118.22). 1H-NMR and 

13C-NMR spectra are given in figure 2.7 and figure 2.8. 
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Figure 2.7. 1H-NMR spectrum of 2-hydroxy-3,6-di(thiophen-2-yl)benzaldehyde 

 

 

Figure 2.8. 13C-NMR spectrum of 2-hydroxy-3,6-di(thiophen-2-yl)benzaldehyde 
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Synthesis of 1ʹ,3,ʹ3ʹ-trimethyl-5,8-di(thiophen-2-yl)spiro[chromene-2,2ʹ-indoline] 

 

Scheme 2.5. Synthesis of 1ʹ,3ʹ3ʹ-trimethyl-5,8-di(thiophen-2-yl)spiro[chromene-2,2ʹ-indoline] 

 

1,2,3,3-Tetramethyl-3H-indoleium iodide (40 mg, 0.13 mmol) and 2-hydroxy-3,6-di(thiophen-2-

yl)benzaldehyde (37 mg , 0.13 mmol) was kept in a three-necked round bottomed flask equipped 

with a reflux condenser and kept under nitrogen for 10 min prior to the addition of methanol (10 

mL). Three drops of triethylamine were added at room temperature and the reaction mixture was 

allowed to reflux gently for 2 h under nitrogen, allowed to cool to room temperature, quenched in 

deionized water and extracted with ethyl acetate (50 mL  3). The combined organic layer was 

washed with deionized water (50 mL  3), dried over magnesium sulfate and the solvent was 

evaporated under reduced pressure. The crude was purified by column chromatography using ethyl 

acetate:hexane (1:9) as the eluting solvent. The pure compound was obtained as brownish solid 

(29 mg, 0.066 mmol, 51 %). 1H-NMR (CDCl3, 500 MHz; 7.59 (d, 1H, J=8.5), 7.40(d, 1H, J=5.5), 

7.30(d, 1H, J=10.5), 7.26(d, 1H), 7.20(m, 1H), 7.15(m, 1H), 7.12(m, 2H), 7.06(d, 1H, J=5.0), 

6.99(d, 1H, J=8.0), 6.86(m, 2H), 6.57(d, 1H, J=7.5), 5.84(d, 1H, J=10.5), 2.74(s, 3H), 1.33(s, 3H), 

1.24(s, 3H)). 13C-NMR (CDCl3, 500 MHz; 148.56, 140.96, 138.36, 136.86, 130.74, 127.88, 

127.51, 127.40, 126.82, 126.42, 125.95, 125.67, 124.51, 122.29, 121.56, 120.50, 119.45, 119.42, 

117.49, 107.32, 105.44, 51.66, 29.30, 25.56, 19.99). HRMS (ESI) m/z calcd for C27H23NOS2 (M 

+ H)+ 442.1294, found 442.1288. 1H-NMR and 13C-NMR spectra are given in figure 2.9 and figure 

2.10. 2D-NMR analysis is given in figure 2.11 and figure 2.12. 
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Figure 2.9. 1H-NMR spectrum of 1ʹ,3ʹ3ʹ-trimethyl-5,8-di(thiophen-2-yl)spiro[chromene-2,2ʹ-

indoline] 

 

Figure 2.10. 13C-NMR spectrum of 1ʹ,3ʹ3ʹ-trimethyl-5,8-di(thiophen-2-yl)spiro[chromene-2,2ʹ-

indoline] 
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Figure 2.11. Expanded 1H-1H COSY spectrum of 1ʹ,3ʹ3ʹ-trimethyl-5,8-di(thiophen-2-

yl)spiro[chromene-2,2ʹ-indoline] 

 

Figure 2.12. Expanded 1H-1H NOESY spectrum of 1ʹ,3ʹ3ʹ-trimethyl-5,8-di(thiophen-2-

yl)spiro[chromene-2,2ʹ-indoline] 
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Synthesis of methyl 3-(2methoxy-2-oxoethylthio)propanoate19 

 

 

 

Scheme 2.6. Synthesis of methyl 3-(2methoxy-2-oxoethylthio)propanoate 

 

Methyl thioglycolate (27 g, 0.26 mol) was kept under N2 in a three-necked round bottomed flask 

equipped with a reflux condenser for 10 min prior to the dropwise addition of piperidine (0.21 g, 

0.0025 mol) while stirring the solution. Methyl acrylate (23 g, 0.26 mol) was added to the mixture 

during 45 min while maintaining the reaction mixture at 40-50 C.  During this period, another 

portion of piperidine (0.21 g, 0.0025 mol) was added. After the methyl acrylate had been added, 

the reaction mixture was warmed to 50 C and maintained at that temperature for 15 min, cooled 

to room temperature, filtered, washed with deionized water (100 mL  3) and dried over anhydrous 

Na2SO4 to obtained the product which was used for the next step without further purification (40 

g, 0.21 mol, 81 %). 1H-NMR (CDCl3, 500 MHz; 3.70(s, 6H), 3.24(s, 2H), 2.89(t, 2H), 2.63(t, 2H)). 

13C-NMR (CDCl3, 500 MHz; 172.02, 170.68, 52.37, 51.77, 34.02, 33.37, 27.48). 1H-NMR and 

13C-NMR spectra are given in figure 2.13 and figure 2.14. 

 

Synthesis of methyl 4-oxotetrahydrothiophene-3-carboxylate19  

 

 

 

Scheme 2.7. Synthesis of methyl 4-oxotetrahydrothiophene-3-carboxylate 

 

NaOCH3 (6.4 g, 0.12 mol) was kept under N2 in a three-necked round bottomed flask equipped 

with a reflux condenser for 1 h prior to the addition of dry toluene (200 mL). The mixture was 
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heated to 80 C and methyl 3-(2methoxy-2-oxoethylthio)propanoate (9.2 g, 0.048 mol) was rapidly 

added. The resultant precipitate was dissolved as the reaction mixture was stirred and heated at 80 

C for 1h. An additional methyl 3-(2methoxy-2-oxoethylthio)propanoate (9.2 g, 0.048 mol) was 

added during 20 min at this point. The resultant massive precipitate was stirred and heated at 80 

C for 2h and then 15 min at boiling conditions under N2. The mixture was allowed to cool, 

quenched with conc. HCl (12 mL) in ice water (50 mL). The toluene layer was separated and three 

ether extracts (100 ml x 3) of the aqueous layer were added to it. Resultant organic layer was dried 

over anhydrous MgSO4, evaporated under reduced pressure and vacuum distilled to obtain the 

product (9.1 g, 0.057 mol, 59 %). 1H-NMR (CDCl3, 500 MHz; 10.95(s, 1H), 3.80(m, 7H)). 13C-

NMR (CDCl3, 500 MHz; 172.49, 169.62, 99.26, 51.69, 36.08, 31.45). 1H-NMR and 13C-NMR 

spectra are given in figure 2.15 and figure 2.16. 

 

 

Figure 2.13. 1H-NMR spectrum of methyl 3-(2methoxy-2-oxoethylthio)propanoate 

 

  

12 10 8 6 4 2 0

  (ppm)

CHCl3

a
a

bc

d

a

b

d c



 

32 

 

Figure 2.14. 13C-NMR spectrum of methyl 3-(2methoxy-2-oxoethylthio)propanoate 

 

 

Figure 2.15. 1H-NMR spectrum of methyl 4-oxotetrahydrothiophene-3-carboxylate 
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Figure 2.16. 13C-NMR spectrum of methyl 4-oxotetrahydrothiophene-3-carboxylate 

 

 

Synthesis of methyl 4-acetoxythiophene-3-carboxylate via methyl 4-acetoxy-2,5-

dihydrothiophene-3-carboxylate  

 

 

Scheme 2.8. Synthesis of methyl 4-acetoxythiophene-3-carboxylate (2) 

 

Step1 

Synthesis of methyl 4-acetoxy-2,5-dihydrothiophene-3-carboxylate (1) 

Methyl 4-oxotetrahydrothiophene-3-carboxylate (1.3 g, 0.0081 mol), p-TSA (0.0082 g, 0.000042 

mol) and isopropenylacetate (10 mL) were mixed together in a three-necked round bottomed flask 

equipped with a reflux condenser and kept under reflux conditions overnight. 
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Step2 

Synthesis of methyl 4-acetoxythiophene-3-carboxylate (2) 

The above reaction mixture (1) was allowed to cool to the room temperature and CH2Cl2 (10 mL) 

was added. Resultant mixture was cooled to -25 C. Sulfuryl chloride (1.3 g, 0.8 mL, 0.0097 mol) 

was added dropwise over a period of 30 min while maintaining the temperature at -25 C. After 

the addition, the solution was stirred for an additional 30 min at -25 C and allowed to stir at room 

temperature overnight. Additional solvent was removed through distillation and the crude was 

purified by column chromatography using ethyl acetate: hexane (1:9) as the eluting solvent. The 

pure compound was  obtain as a white solid (1.2 g, 0.0060 mol, 75 %). 1H-NMR (CDCl3, 500 

MHz; 8.06(d, 1H, J=3.7), 6.97(d, 1H, J=3.6), 3.82(s, 3H), 2.32(s, 3H)). 13C-NMR (CDCl3, 500 

MHz; 169.37, 161.47, 146.52, 133.06, 124.90, 114.13, 51.76, 20.73). 1H-NMR and 13C-NMR 

spectra are given in figure 2.17 and figure 2.18. 

 

 

Figure 2.17. 1H-NMR spectrum of methyl 4-acetoxythiophene-3-carboxylate 
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Figure 2.18. 13C-NMR spectrum of methyl 4-acetoxythiophene-3-carboxylate 

 

Synthesis of methyl 4-hydroxythiophene-3-carboxylate 

 

 

 

Scheme 2.9. Synthesis of methyl 4-hydroxythiophene-3-carboxylate 

 

Methyl 4-acetoxythiophene-3-carboxylate (0.25 g, 0.0012 mol) was dissolved in dioxane in a 

three-necked round bottomed flask equipped with a reflux condenser and 0.24 M HCl solution (10 

mL) was added to the mixture dropwise at ambient temperature.  After the addition was complete 

the reaction mixture was stirred and refluxed for 3 h. After each hour an aliquot of the reaction 

mixture was taken out, quenched with deionized water, extracted with ether and GC-MS analysis 

were carried out in order to monitor the consumption of stating materials. No starting materials 

were left over after 3h therefore reaction mixture was quenched with deionized water, extracted 
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with ether, dried over anhydrous MgSO4 and evaporated under reduced pressure. Column 

chromatography was carried out using ethyl acetate: hexane (1:19) as the eluting solvent to purify 

the product. Collected fractions were evaporated under reduced pressure to obtain the white solid 

(0.11 g, 0.00072 mol, 57 %). 1H-NMR (CDCl3, 500 MHz; 8.71(s, 1H), 7.89(d, 1H, J=3.5), 6.38(d, 

1H, J=3.5), 3.92(s, 3H)). 13C-NMR (CDCl3, 270 MHz; 165.79, 155.66, 131.23, 119.35, 100.36, 

52.12). 1H-NMR and 13C-NMR spectra are given in figure 2.19 and figure 2.20. 

 

 

Figure 2.19. 1H-NMR spectrum of methyl 4-hydroxythiophene-3-carboxylate 
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Figure 2.20. 13C-NMR spectrum of methyl 4-hydroxythiophene-3-carboxylate 

 

Synthesis of methyl 4-((tert-butyldimethylsilyl)oxy)thiophene-3-carboxylate 

 

 

 

Scheme 2.10. Synthesis of methyl 4-((tert-butyldimethylsilyl)oxy)thiophene-3-carboxylate 

 

Methyl 4-hydroxythio phene-3-carboxylate (0.43 g, 0.0027 mol) was dissolved  in dry N,N-

dimethylformamide under N2 in a round bottomed flask and imidazole (0.516 g, 0.0076 mol) 

followed by tert-butyldimethylsilyl chloride (1.4 g, 0.0089 mol) were added at 0 °C. The reaction 

mixture was allowed to come to ambient temperature and an aliquot of the reaction mixture was 

taken out in 1 h, 1.5 h and 3 h intervals, quenched with deionized water, extracted with ether and 

TLC analysis were carried out in order to monitor the consumption of the stating materials. As no 

improvement in product formation was visualized after 1 h the reaction mixture was quenched 
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with deionized water and extracted with ether. The combined organic layers were washed with 

deionized water, dried over anhydrous MgSO4 and evaporated under reduced pressure. Column 

chromatography was carried out with alumina using ethyl acetate: hexane (1:19) as the eluting 

solvent followed by with silica using ethyl acetate : hexane (1:49) as the eluting solvent to purify 

the product. Collected fractions were evaporated under reduced pressure to obtain the light yellow 

colored oil (0.62 g, 0.0023 mol, 84 %). 1H-NMR (CDCl3, 500 MHz; 7.94(d, 1H, J=3.7), 6.33(d, 

1H, J=3.7), 3.82(s, 3H), 1.01(s, 9H), 0.20(s, 6H)). 13C-NMR (CDCl3, 500 MHz; 162.57, 152.12, 

132.32, 125.67, 105.88, 51.36, 25.66, 18.22, -4.79). 1H-NMR and 13C-NMR spectra are given in 

figure 2.21 and figure 2.22. 

 

 

Figure 2.21. 1H-NMR spectrum of methyl 4-((tert-butyldimethylsilyl)oxy)thiophene-3-

carboxylate 
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Figure 2.22. 13C-NMR spectrum of methyl 4-((tert-butyldimethylsilyl)oxy)thiophene-3-

carboxylate 

 

Synthesis of (4-((tert-butyldimethylsilyl)oxo)thiophene-3-yl)methanol 

 

 

 

Scheme 2.11. Synthesis of (4-((tert-butyldimethylsilyl)oxo)thiophene-3-yl)methanol 

 

Methyl 4-((tert-butyl dimethyl silyl)oxy)thiophene-3-carboxylate (0.055 g, 0.00020 mol) was 

dissolved in dry THF in a round bottomed flask and the mixture was kept under N2 for 15 min at -

84 °C prior to the addition of diisobutylaluminum hydride (0.14 g, 0.00020 mol). The reaction 

mixture was stirred at -84 °C for 1h and an aliquot of the reaction mixture was taken out, quenched 

with saturated ammonium chloride solution, extracted with ether and GC-MS, TLC analysis were 

carried out in order to monitor the consumption of the stating materials. As more starting materials 

were left over even after 1h, the temperature of the reaction mixture was allowed to come to 0 °C 
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and GC-MS, TLC analysis were carried out ≈ -60 °C and ≈ -20 °C. As the formation of the product 

did not show any improvement even at ≈ -20 °C, the reaction mixture was quenched with saturated 

ammonium chloride solution at 0 °C, extracted with ether, dried over anhydrous MgSO4 and 

evaporated under reduced pressure. Column chromatography was carried out with alumina using 

ethyl acetate: hexane (1:19) as the eluting solvent to purify the product. Collected fractions were 

evaporated under reduced pressure to obtain the colorless oil (0.02 g, 0.000081 mol, 41 %). 1H-

NMR (CDCl3, 500 MHz; 7.09(d, 1H, J=3.2), 6.28(d, 1H, J=3.2), 4.56(s, 2H), 1.00(s, 9H), 0.25(s, 

6H)). 13C-NMR (CDCl3, 500 MHz; 150.71, 134.76, 121.01, 103.57, 59.01, 25.66, 18.08, -4.63) 

1H-NMR and 13C-NMR spectra are given in figure 2.23 and figure 2.24. 

 

 

Figure 2.23. 1H-NMR spectrum of (4-((tert-butyldimethylsilyl)oxo)thiophene-3-yl)methanol 
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Figure 2.24. 13C-NMR spectrum of (4-((tert-butyldimethylsilyl)oxo)thiophene-3-yl)methanol 

 

Synthesis of 4-((tert-butyldimethylsilyl)oxy)thiophene-3-carbaldehyde 

 

Scheme 2.12. Synthesis of 4-((tert-butyldimethylsilyl)oxy)thiophene-3-carbaldehyde 

 

4-((tert-butyldimethylsilyl)oxo) thiophene-3-yl)methanol (0.14 g, 0.00057 mol) was dissolved in 

tetrahydrofuran (1 mL) in a round bottomed flask prior to the addition of pyridinium dichromate 

(0.24 g, 0.00063 mol) and dichloromethane (10 mL). The reaction mixture was allowed to stir at 

ambient temperature for 24 h, quenched with deionized water, extracted with ether. The combined 

organic layers were washed with deionized water, dried over anhydrous MgSO4 and evaporated 

under reduced pressure. Column chromatography was carried out using ethyl acetate: hexane 

(1:19) to purify the product. Collected fractions were evaporated under reduced pressure to obtain 

the yellow colored oil (0.11 g, 0.00045 mol, 82 %). 1H-NMR (CDCl3, 500 MHz; 9.88(s, 1H) 
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7.98(d, 1H, J=3.4), 6.34(d, 1H, J=3.4), 1.00(s, 9H), 0.26(s, 6H)). 1H-NMR spectrum is given in 

figure 2.25. 

 

Figure 2.25. 1H-NMR spectrum of 4-((tert-butyldimethylsilyl)oxy)thiophene-3-carbaldehyde 

 

Synthesis of 5-bromo-4-((tert-butyldimethylsilyl)oxy)thiophene-3-carbaldehyde 

 

Scheme 2.13. Synthesis of 5-bromo-4-((tert-butyldimethylsilyl)oxy)thiophene-3-carbaldehyde 

 

4-((tert-butyl dimethylsilyl)oxy)thiophene-3-carbaldehyde (40 mg, 0.16 mmol) was dissolved in 

tetrahydrofuran (5 mL) in a round bottomed flask prior to the addition of N-bromosuccinimide (66 

mg, 0.37 mmol)at room temperature over a period of 10 min. An aliquot of the reaction mixture 

was taken out in 1 h, 3h and overnight intervals, quenched with deionized water, extracted with 

ether and TLC analysis were carried out in order to monitor the consumption of the stating 

materials. As no change in starting materials were observed even after overnight, reaction mixture 

was allowed to reflux gently for 3 h, quenched with deionized water and extracted with ether. The 
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combined organic layers were washed with deionized water, dried over anhydrous MgSO4 and 

evaporated under reduced pressure. Column chromatography was carried out using ethyl acetate: 

hexane (1:49) to purify the product. Collected fractions were evaporated under reduced pressure 

to obtain the yellow colored oil (52 mg, 0.16 mmol, 99 %). 1H-NMR (CDCl3, 500 MHz; 9.77(s, 

1H) 7.98(s, 1H), 1.05(s, 9H), 0.26(s, 6H)). 1H-NMR spectrum is given in figure 2.26. 

 

 

Figure 2.26. 1H-NMR spectrum of 5-bromo-4-((tert-butyldimethylsilyl)oxy)thiophene-3-

carbaldehyde 

 

Synthesis of 2,5-dibromo-4-((tert-butyldimethylsilyl)oxy)thiophene-3-carbaldehyde 

 

 

 

Scheme 2.14. Synthesis of 2,5-dibromo-4-((tert-butyldimethylsilyl)oxy)thiophene-3-

carbaldehyde 
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4-((tert-butyl dimethylsilyl)oxy)thiophene-3-carbaldehyde (29 mg, 0.12 mmol) was dissolved in 

chloroform (20 mL) in a round bottomed flask prior to the addition of bromine (31 mg, 0.26 mmol) 

at room temperature. An aliquot of the reaction mixture was taken out in 3 h, 5 h, overnight and 

24 h intervals, quenched with 4 M sodium hydroxide, extracted with ether and TLC analysis were 

carried out to monitor the consumption of the stating materials. As no starting materials were 

observed after 24 h, quenched with 4 M sodium hydroxide, extracted with ether, dried over 

anhydrous MgSO4 and evaporated under reduced pressure. Column chromatography was carried 

out using ethyl acetate: hexane (1:99) to purify the product. Collected fractions were evaporated 

under reduced pressure to obtain the yellow colored oil (19 mg, 0.047 mmol, 39 %). 1H-NMR 

(CDCl3, 500 MHz; 9.81(s, 1H), 1.04(s, 9H), 0.25(s, 6H)). 1H-NMR spectrum is given in figure 

2.27. 

 

Figure 2.27. 1H-NMR spectrum of 2,5-dibromo-4-((tert-butyldimethylsilyl)oxy)thiophene-3-

carbaldehyde 
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Synthesis of 3,6-dibromo-2-hydroxybenzaldehyde 

 

 

 

Scheme 2.15. Synthesis of 3,6-dibromo-2-hydroxybenzaldehyde 

 

Anhydrous magnesium chloride beads (3.8 g, 40 mmol), and solid paraformaldehyde (2.4 g, 79 

mmol) were kept under nitrogen in a dry 250 mL three-necked round bottomed flask equipped 

with a reflux condenser. Dry tetrahydrofuran (100 mL) was added by a syringe. Triethylamine (5.6 

mL, 40 mmol) was added dropwise by a syringe and the mixture was stirred for 10 minutes at 

room temperature. At this point, 2,5-dibromophenol (2.0 g, 7.8 mmol) was added dropwise by a 

syringe, resulting in a yellow color mixture. The reaction mixture was allowed to reflux under 

nitrogen for 12 h, cooled to room temperature, quenched with acidified deionized water (100 mL) 

and extracted with ethyl acetate (100 mL  3). The combined organic layers were washed with 

deionized water (100 mL  3), dried over anhydrous MgSO4 and evaporated under reduced 

pressure. The crude was purified through column chromatography using ethyl acetate: hexane 

(1:19) as the eluting solvent followed by washing with cold hexane to obtain the product as a 

yellow solid (0.54 g, 1.9 mmol, 25 1H-NMR (CDCl3, 500 MHz; 12.64(s, 1H), 10.28(s, 1H), 7.60(d, 

1H, J=8.5), 7.09(d, 1H, J=8.5)).13C-NMR (CDCl3, 500 MHz; 197.55, 160.45, 140.33, 126.56, 

125.19, 118.24, 111.19). 1H-NMR and 13C-NMR spectra are given in figure 2.28 and figure 2.29. 
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Figure 2.28. 1H-NMR spectrum of 3,6-dibromo-2-hydroxybenzaldehyde 

 

Figure 2.29. 13C-NMR spectrum of 3,6-dibromo-2-hydroxybenzaldehyde 
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Synthesis of 5,8-dibromo-1, 3, 3-trimethylspiro[chromene-2,2-indoline] 

 

 

Scheme 2.16. Synthesis of 5,8-dibromo-1, 3, 3-trimethylspiro[chromene-2,2-indoline] 

 

1,2,3,3-Tetramethyl-3H-indoleium iodide (0.21 g, 0.69 mmol) and 3,6-dibromo-2-

hydroxybenzaldehyde (0.19 g, 0.69 mmol) in methanol (20 mL) was kept in a 100 mL three-necked 

round bottomed flask equipped with a reflux condenser and kept under nitrogen for 10 min. Three 

drops of triethylamine were added at room temperature and the reaction mixture was allowed to 

reflux gently for 1 h under nitrogen, allowed to cool to room temperature, quenched in deionized 

water and extracted with ethyl acetate (100 mL  3). The combined organic layer was washed with 

deionized water (100 mL  3), dried over magnesium sulfate and the solvent was evaporated under 

reduced pressure. The crude was purified by column chromatography using ethyl acetate:hexane 

(1:19) as the eluting solvent. The pure compound was obtained as a white solid (0.13 g, 0.30 mmol, 

43 %). 1H-NMR (CDCl3, 500 MHz ;7.19(m, 3H), 7.08(d, 1H, J=7.2), 6.95(d, 1H, J=8.5), 6.87(m, 

1H, ), 6.54(d, 1H, J=7.8), 5.82(d, 1H, J=10.5), 2.72(s, 3H), 1.32(s, 3H), 1.20(s, 3H)) 13C-NMR 

(CDCl3, 500 MHz; 151.72, 147.83, 136.32, 133.24, 127.98, 127.61, 124.65, 122.16, 121.42, 

120.40, 119.77, 119.50, 108.71, 106.95, 105.99, 51.96, 28.95, 25.70, 20.31). 1H-NMR and 13C-

NMR spectra are given in figure 2.30 and figure 2.31. 2D-NMR analysis is given in figure 2.32 

and figure 2.33. 
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Figure 2.30. 1H-NMR spectrum of 5,8-dibromo-1, 3, 3-trimethylspiro[chromene-2,2-indoline] 

 

 

Figure 2.31. 13C-NMR spectrum of 5,8-dibromo-1, 3, 3-trimethylspiro[chromene-2,2-indoline] 
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Figure 2.32. Expanded 1H-1H COSY spectrum of 5,8-dibromo-1, 3, 3-trimethylspiro[chromene-

2,2-indoline] 

 

Figure 2.33. Expanded 1H-1H NOESY spectrum of 5,8-dibromo-1, 3, 3-trimethylspiro 

[chromene-2,2-indoline] 
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Synthesis of poly[1,3,3-trimethylspiro(chromene-2,2-indoline)-alt-(3,3-dihexyl-2,2-

bithiophene)] 

 

 

Scheme 2.17. Synthesis of poly[1,3,3-trimethylspiro(chromene-2,2-indoline)-alt-(3,3-dihexyl-

2,2-bithiophene)] 

 

5,8-dibromo-1, 3, 3-trimethylspiro[chromene-2,2-indoline] (0.21 g, 0.48 mmol) was dissolved 

in dry toluene (3.6 mL) in a three-necked round bottomed flask equipped with a reflux condenser 

and (3,3-dihexyl-[2,2-bithiophene]- 5,5-diyl)bis(trimethylstannane)) (0.32 g, 0.48 mmol) was 

added to it under nitrogen  and nitrogen was bubbled through this solution for 15 min prior to the 

addition of tetrakis(triphenylphosphine)-palladium(0) (22 mg, 0.019 mmol). The reaction mixture 

was allowed to reflux under nitrogen for 48 h before precipitating the polymer in acidified 

methanol. The polymer was filtered and purified by soxhlet extraction with methanol, hexane and 

chloroform successively. The polymer was obtained from the chloroform fraction upon 

evaporation of the solvent as a yellow solid (65 mg, 22 %). 1H-NMR (CDCl3, 500 MHz; 5.89 (br, 

4H), 5.78 (d, 1H), 2.78 (br, 13H)) SEC: Mn = 2730 g mol-1, PDI = 2.37. 1H-NMR spectrum is 

given in figure 2.34. 
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Figure 2.34. 1H-NMR spectrum of poly[1,3,3-trimethylspiro(chromene-2,2-indoline)-alt-(3,3-

dihexyl-2,2-bithiophene) 

 

2.4 Results and Discussion 

2.4.1 Photochromism of SPs with thiophene substituents in chromene moiety  

2,5-dibromophenol was used as the precursor compound to incorporate thiophene substituents with 

a SP along the conjugated backbone. As shown in scheme 2.18, hydroxyl group of 2,5-

dibromophenol was protected as a silyl ether (compound 1) prior the Stille coupling reaction with 

2-(tributylstannyl) thiophene using tetrakis(triphenylphosphine)-palladium(0) as the catalyst 

(compound 2). Tetrabutylammonium fluoride (TBAF) was used as the deprotecting reagent to 

yield compound 3. Formylation of compound 3 under standard Duff reaction conditions was not 

attainable as compound 3 was not soluble in trifluoroacetic acid. Therefore, ortho-hydroxy 

aromatic aldehyde (compound 4) was obtained with magnesium chloride, triethylamine and 

12 10 8 6 4 2 0

(ppm)
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paraformaldehyde.20 Thiophene substituted SP (compound 5) was then synthesized by reacting 

compound 4 with 1,2,3,3-Tetramethyl-3H-indoleium iodide in the presence of triethylamine.  

 

Scheme 2.18. Synthesis of thiophene substituted SP 

 

UV-Vis kinetic analysis of compound 5 was performed with 2 × 10−5 M solutions. The solutions 

were freshly prepared by stirring the compound overnight in the respective solvent. When the 

solution was photolyzed with a 500 W Oriel Hg arc lamp containing a 334 nm line filter, a 

maximum absorbance was noted at 450 nm and 590 nm in methanol (figure 2.35). This indicates 

that SP with thiophene substituents on chromene moiety could show photochromism. Even though 

compound 5 shows photochromism in polar methanol, the MC solution (open form) was colorless 

due to the absorbance of two complementary colors (at 450 nm and 590 nm). Photochromism in 

non-polar toluene can only be observed through continuous irradiation due to a very fast reverse 

reaction. Thermal decay measurements were performed in methanol during the photoexcitation of 

the colorless SP to MC and taking an absorbance reading of the λmax of the MC as it decays every 

15 s over 90 s (figure 2.36). MC showed a first order decay and table 2.1 summarizes the half-lives 

of the peaks at 450 nm and 590 nm. The decay rates in methanol is relatively fast (t1/2  70 s) due 

to the electron donating nature of thiophene units which does not stabilize the open MC form  as 

it does with nitro substituents in the chromene moiety.17   
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Figure 2.35. Optical absorbance of MC of thiophene substituted SP (a) in methanol (b) in toluene. 

All spectra are obtained upon irradiating 2×10-5 M solutions using a mercury arc lamp with a 334 

nm line filter. 

 

Figure 2.36. Absorbance decay of MC peak in methanol at (a) 450 nm (b) 590 nm 

 

Table 2.1. Half-lives of MC decay in methanola 

Compound t1/2(s) 

Methanol 

(λmax = 450 nm) 

Methanol 

(λmax = 590 nm) 

5 72±11 74±12 

a Samples were run with a 2 × 10-5 M solutions and the recorded values are an average of three 

runs, Irradiated for the first time. 
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2.4.2 Synthesizing ortho-hydroxy aromatic aldehydes with a thiophene unit 

We have also studied the possibility of synthesizing ortho -hydroxy aromatic aldehydes with 

thiophene unit targeting all thiophene based photochromic polymers. As shown in scheme 2.19 

compound 6 was obtained through β addition of methyl thioglycolate to methyl acrylate in the 

presence of piperidine. Dieckmann condensation of the compound 6 with sodium methoxide 

yielded the compound 7.19 The aromatic diester (compound 8) was obtained through a modified 

procedure reported by Jeffery et al.21 

 

Scheme 2.19. Synthesis of thiophene based aromatic diester 

 

Next compound 8 was selectively hydrolyzed to obtain compound 9 (scheme 2.20). Compound 9 

was highly temperature sensitive and decomposes fast at room temperature but stable at low 

temperatures. Since we speculated that the instability of compound 9 arises with the hydroxyl 

group, a silyl ether protection was carried out to obtain compound 10. Then the silyl ether protected 

compound was reduced to the alcohol with diisobutylaluminum hydride. LAH at 0 °C can also use 

for the reduction to obtain comparable yield. However, the reaction needs to be carried out at low 

temperatures to yield compound 11. Pyridinium dichromate oxidation of the alcohol yielded the 

aldehyde 12. Dibrominated compound of 12 can be obtained with bromine at room temperature. 
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N-bromosuccinimide bromination yielded only the 5-monobrominated product even under reflux 

conditions.   

 

Scheme 2.20. Synthesis of the dibrominated silyl ether protected ortho-hydroxy aromatic aldehyde 

of thiophene  

 

Ability to form SP with the silyl ether protected compound 12 and 13 was carried out using 1,3,3,-

trimethyl-2methyleneindoline in methanol followed by dropwise addition of TBAF. None of the 

compounds yielded a photochromic compound. We believe that this is due to the highly unstable 

nature of hydroxyl group at 4-position. Gronowitz and co-workers had also reported that this ortho-

hydroxy aromatic aldehyde of thiophene decomposes rapidly to a resin.22 From the above 

observations, we have concluded that all thiophene based photochromic polymer synthesis is not 

achievable through a thiophene based ortho-hydroxy aromatic aldehyde.  

2.4.3 Benzene based photochromic SPs 

A suitable and a possible route to incorporate SP into thiophene based polymers would be to use 

dibrominated benzene based SP compound and co-polymerize it with thiophene based moiety. The 

dibrominated salicylaldehyde (compound 14) was obtained using the similar reaction condition 

used in obtaining compound 4 (scheme 2.21). Reacting compound 14 with 1,2,3,3-tetramethyl-
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3H-indoleium iodide in the presence of triethyl amine yielded compound 15 (rough crystal 

structure is given in figure 2.37).  

 

 

 

Figure 2.37. Rough crystal structure of compound 15 (R1 = 0.10), the bond distances and angles 

are comparable to compound 1 of previously reported literature23 (a) Side view (b) Top view 

(a)

(b)
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Copolymerization of compound 15 with compound 16 via Stille cross coupling reaction in the 

presence of tetrakis(triphenylphosphine)-palladium(0) catalyst (scheme 2.22) yielded a low 

molecular weight polymer (Mn = 2730 g mol-1). This could be due to the close proximity of ortho-

bromine substituent to nitrogen and oxygen which provide a steric barrier to the catalyst.12 Further 

investigation of different catalytic systems are needed to improve the molecular weight. A better 

approach would be to start the synthesis with 2,5-dibromo-4-fluorophenol or 2,5-dibromo-3,4-

difluorophenol and carry out the synthesis to obtain the dibrominated compound prior to the 

synthesis of SP as shown in scheme 2.23. This places the bromine further away from the nitrogen 

and oxygen, thus eliminating the steric barrier to the catalyst and can improve the molecular weight 

of the polymer.  

 

Scheme 2.21. Synthesis of benzene based photochromic SP 

 

 

 

Scheme 2.22. SP Polymer synthesis 

 



 

58 

2.4.4 Photochromism of the SP polymer 

The photochromism of the low molecular weight polymer that we have obtained in scheme 2.22 

was tested upon irradiating polymer solutions (toluene) and thin films using a mercury arc lamp 

with a 334 nm line filter. Neither polymer solutions in toluene nor the thin films show 

photochromism upon irradiation with UV light. UV-Vis spectrum of polymer in toluene solution 

(black) and in thin film (red) is given in figure 2.38. As the polymer is not soluble in methanol, 

investigation of photochromism in methanol is not attainable. However, we have further 

investigated the photochromism of the polymer in chloroform solution and in thin films. Even 

though the thin films did not show photochromism, appearance of a weak peak around 575 nm 

upon irradiating polymer solution in chloroform suggested that incorporation of SP into thiophene 

based polymer via chromene moiety did not prevented the photochromism of SP. But, attaching 

more electron withdrawing substituents such as fluorine to benzene moiety (scheme 2.23) or 

copolymerize the dibrominated SP unit with more electron withdrawing acceptor units would 

resulted in better photochromism in thiophene based spiropyran conjugated polymers. 

 

Figure 2.38. UV-Vis spectra of polymer in toluene solution (black) and in thin film (red) 
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Figure 2.39.  (a) UV-Vis spectra of polymer in chloroform solution (black) and in thin film (red) 

(b) Optical absorbance of photomerocyanine the polymer in chloroform solution upon irradiating 

with mercury arc lamp with a 334 nm line filter. 

 

2.5 Conclusions and Future work 

A new synthetic method was demonstrated to incorporate thiophene substituents into chromene 

moiety of SPs. This compound showed photochromism in methanol and in toluene (only upon 

continuous irradiation). This new strategy illustrates the possibility of preserving photochromism 

in SP when incorporated into thiophene based polymer through the chromene moiety. Due to the 

instability of ortho-hydroxy group of thiophene, synthesis of all thiophene based photochromic 

polymers is unachievable through a thiophene based ortho-hydroxy aromatic aldehyde. Synthesis 

of a new benzene based SP was demonstrated as a possible route to incorporate SP into thiophene 

based polymers. This polymer showed the photochromism in chloroform solution, but not in thin 

films. This attempt is expected to establish a new strategy to obtain SP based main conjugated 

polymers targeting molecular electronic applications. 
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Scheme 2.23. A possible route to obtain dibrominated derivative of SP 
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3.1 Abstract 

A new synthetic method was developed to incorporate photochromic spiropyran (SP) substituents 

that are conjugated to thiophene repeat units. A series of compounds with a systematic variation 

of substituents were synthesized (SP-T, SP-T-Br, SP-T-T, SP-T-T-T and SP-T-T-T-T-SP) and 

their photochromism in both polar (methanol) and non-polar (toluene) solvents were studied. The 

decay rate of the open merocyanine form decreased with an increasing thiophene chain length. 

Further attempts are being made to synthesize the dibrominated derivative. Findings suggested 

that a suitable substituent at 7-position of spiropyran would lead to a successful dibrominated 

derivative. 

3.2 Introduction 

Well known thiophene based semiconducting polymers such as poly(3-hexylthiophene) have been 

studied in blends with SPs in organic field effect transistors.1,2 However, the major challenge lies 

with phase separation of SPs within these blends. Therefore, it is very important to design and 

synthesize new SPs with improved properties such as excellent reversibility, stability of both 

isomers, fast response, low fatigue and excellent blending ability. We believe that this could be 

successfully achieved by covalently attaching the SP to thiophene based materials. Despite the few 

reports on attaching thiophene based moieties to SP via indoline nitrogen,3-5 a detailed study on 

photochromic properties of thiophene based SP via other positions of SP is lacking. Furthermore, 

it is very important to systematically vary substituents and study them under identical experimental 

conditions to allow a direct comparison of substituent effect on photochromic properties. A very 

recent study by Louie and co-workers emphasized the importance of this concept and demonstrated 

the effect of electron withdrawing and donating substituents on C-O bond lability and therefore 

the photochromic properties.6 In this study we systematically varied the thiophene substituents in 

photochromic SP at the 5-position and studied their kinetics parameters. This study is expected to 

give a fundamental understanding of photochromic properties of SP when attached to a thiophene 

based chain. 



 

65 

3.3 Experimental  

3.3.1  Materials 

All commercial chemicals were purchased either from Sigma Aldrich Chemical Co. LLC. or from 

Fisher Scientific Co. LLC. and were used without further purification unless otherwise noted. All 

glassware and syringes were dried at 120 C for at least 24 h before use and cooled in a desiccator. 

Tetrahydrofuran (THF) and toluene were dried over sodium/benzophenone ketyl and freshly 

distilled under nitrogen prior to use. Acetonitrile was distilled in the presence of calcium hydride 

under nitrogen and dried over molecular sieves before use. 

3.3.2 Analysis 

NMR analysis: 1H and 13C NMR spectra and all 2D-NMR analysis were recorded at 25 °C using 

a Bruker AVANCE III 500 MHz NMR spectrometer, and were referenced to residual protio 

solvent (CHCl3: δ 7.26 ppm, DMSO: δ 2.5 ppm, Acetone: δ 2.05 ppm). The data are reported as 

follows: chemical shifts are reported in ppm on δ scale, multiplicity (s = singlet, d = doublet, t = 

triplet, q = quartet, m = multiplet). 

 

GC-MS analysis:  GC-MS analysis was performed on Hewlett-Packard Agilent 6890-5973 GC-

MS workstation equipped with a Hewlett-Packard fused silica capillary GC column cross-linked 

with 5 % phenylmethylsiloxane. Helium was used as the carrier gas (1 mL min-1).  Sample analysis 

conditions: injector and detector temperature = 250 ˚C, initial temperature = 70 ˚C, temperature 

ramp = 10 ˚C min-1, final temperature = 280 ˚C. 

 

Single crystal X-ray diffraction analysis: Single crystal X-ray diffraction analysis was 

performed using single crystals grown by slow evaporation method in ethyl acetate/hexanes 

solvent mixture or diethyl ether, low temperature (T = 90 K) single crystal X-ray diffraction 

datasets were collected for compounds SP-T (scd0687), SP-T-Br (scd0686) and tribrominated 

derivative (scd0591) with a Bruker Kappa D8 Quest diffractometer.  This diffractometer has a 

microfocus Mo Kα radiation source, liquid nitrogen cryostream, and CMOS Photon 100 detector.  



 

66 

After data collection, the datasets were integrated (Bruker SAINT) and scaled (Bruker SADABS, 

multi-scan absorption correction method). Afterwards, starting structural models were generated 

with SHELXT (intrinsic phasing method)7 for compounds SP-T and SP-T-Br.  These structural 

models were subsequently refined in SHELXL2014 with anisotropic non-hydrogen atomic sites 

and “riding” hydrogen atomic sites.8 Due to positional disorder, the brominated thiophene 

substituent of compound SP-T-Br was modelled with two different orientations in the “average” 

structure.  The refined ratio of the two orientations is approximately 70:30 (where the major 

conformation is indicated with solid bonds and the minor conformation is indicated with dashed 

bonds in figure 3.42). 

CCDC 1520537 and 1520538 contain the supplementary crystallographic data for compounds SP-

T and SP-T-Br, respectively, and can be obtained free of charge from The Cambridge 

Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.  

 

HR-MS analysis: HR-MS analysis was performed with Shimadzu LCMS IT-TOF instrument. 

Samples were re-suspended in CHCl3, vortexed and injected (15 µL). 

 

UV-Vis spectroscopic analysis: UV-Vis kinetics experiments were carried using an Agilent 8453 

UV-Vis spectrometer coupled with a 500 W Oriel Hg arc lamp containing a 334 nm line filter. 1 

cm cuvettes were used for the experiments. All the experiments were performed in identical 

experimental conditions of 1×10-5 M solutions. The solutions were freshly prepared prior to each 

experiment by stirring each compound overnight in the respective solvent. 

 

3.3.3 Synthetic procedures 

Synthesis of 5-bromo-2,3,3-trimethyl-3H-indole9 

 

Scheme 3.1. Synthesis of 5-bromo-2,3,3-trimethyl-3H-indole 
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A solution of 4-bromophenyl hydrazine (1.0 g, 4.5 mmol), isopropylmethylketone (0.81 g, 9.3 

mmol), ethanol (100 mL), and concentrated H2SO4 (0.44 g, 4.5 mmol) in a 250 mL round bottomed 

flask was heated under reflux for 12 h. After cooling down to room temperature, the mixture was 

quenched in 10 % NaHCO3, extracted with ether, washed with deionized water, dried over 

anhydrous MgSO4 and evaporated under reduced pressure to obtain the crude product as a reddish 

oil (1.0 g, 96 %) which was used in the next step without further purifications. 1H-NMR (CDCl3, 

500 MHz; 7.42(m, 3H), 2.27(s, 3H), 1.30(s, 6H). 13C-NMR (CDCl3, 500 MHz; 188.57, 152.47, 

147.76, 130.70, 124.88, 121.24, 118.94, 54.14, 30.33, 22.94, 15.41). 1H-NMR and 13C-NMR 

spectra are given in figure 3.1 and figure 3.2. 

 

Figure 3.1. 1H-NMR spectrum of 5-bromo-2,3,3-trimethyl-3H-indole 
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Figure 3.2. 13C-NMR spectrum of 5-bromo-2,3,3-trimethyl-3H-indole 

 

Synthesis of 1,2,3,3-tetramethyl-5-(thiophene-3-yl)-3H-indol-1-ium iodide (modified 

procedure)10  

 

Scheme 3.2. Synthesis of 1,2,3,3-tetramethyl-5-(thiophene-3-yl)-3H-indol-1-ium iodide 

 

Step 1 

Synthesis of 2,3,3-trimethyl-5-(thiophene-3-yl)-3H-indole 

Thiophene-3-boronic acid (0.76 g, 5.7 mmol) and 5-bromo-2,3,3-trimethyl-3H-indole (1.0 g, 4.2 

mmol) were dissolved in 1,2-dimethoxy ethane (20 mL). Nitrogen was bubbled through this 

solution for 15 min prior to the addition of potassium carbonate in water (1.6 g, 12 mmol in 6.0 
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mL of water). Nitrogen was bubbled through this solution for further 5 min prior to the addition 

of tetrakis(triphenylphosphine)-palladium(0) (0.13 g, 0.11 mmol). The reaction mixture was 

allowed to reflux under nitrogen for 12 h and then was cooled down to room temperature, quenched 

with deionized water, extracted with ether dried over anhydrous MgSO4 and evaporated under 

reduced pressure. The crude product was used in step 2 directly without further purification. (M+ 

= 241.1) 

Step 2 

Synthesis of 1,2,3,3-tetramethyl-5-(thiophene-3-yl)-3H-indole-1-ium-iodide 

2,3,3-trimethyl-5-(thiophene-3-yl)-3H-indole (1.0 g, 4.1 mmol) was dissolved in anhydrous 

acetonitrile (20 mL) and kept under nitrogen prior to the addition of methyl iodide (1.2 g, 8.7 

mmol). The reaction mixture was allowed to reflux overnight under nitrogen. The solvent was then 

evaporated under reduced pressure and the residue was treated with ethyl acetate (100 mL). The 

final reddish color solid was collected by filtration and washed with ethyl acetate to obtain the 

product (0.96 g, 2.5 mmol, 57 %)). 1H-NMR (DMSO-d6, 500 MHz; 8.22(d, 1H, J=1.4), 8.08-8.07 

(dd, 1H, J=2.8, J=1.4), 8.00-7.98(dd, 1H, J=8.4, J=1.6), 7.92 (d, 1H, J=8.4), 7.73-7.72(dd, 1H, 

J=5.1, J=2.9), 7.70-7.69(dd, 1H, J=5.0, J=1.2), 3.98 (s, 3H), 2.75(s, 3H), 1.56(s, 6H)). 13C-NMR 

(CDCl3, 500 MHz; 195.98, 142.94, 141.42, 140.60, 136.77, 128.11, 126.89, 123.15, 121.45, 

115.98, 54.43, 35.13, 22.28, 14.46). 1H-NMR and 13C-NMR spectra are given in figure 3.3 and 

figure 3.4. 2D-NMR analysis is given in figure 3.5 and figure 3.6. 

 



 

70 

 

Figure 3.3. 1H-NMR spectrum of 1,2,3,3-tetramethyl-5-(thiophene-3-yl)-3H-indol-1-ium iodide 

 

 

Figure 3.4. 13C-NMR spectrum of 1,2,3,3-tetramethyl-5-(thiophene-3-yl)-3H-indol-1-ium iodide 
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Figure 3.5. Expanded 1H-1H NOESY spectrum of 1,2,3,3-tetramethyl-5-(thiophene-3-yl)-3H-

indol-1-ium iodide 

 

Figure 3.6. Expanded 1H-1H COSY spectrum of 1,2,3,3-tetramethyl-5-(thiophene-3-yl)-3H-indol-

1-ium iodide 
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Synthesis of 1ʹ,3ʹ3ʹ-trimethyl-6-nitro-5ʹ-(thiophene-3-yl)spiro[chromene-2,2ʹ-indoline]  

 

Scheme 3.3. Synthesis of 1ʹ,3ʹ3ʹ-trimethyl-6-nitro-5ʹ-(thiophene-3-yl)spiro[chromene-2,2ʹ-

indoline] 

 

1,2,3,3-Tetramethyl-5-(thiophene-3-yl)-3H-indole-1-ium iodide (0.84 g, 2.2 mmol) and 2-

hydroxy-5-nitrobenzaldehyde (0.38 g, 2.2 mmol) were kept under nitrogen for 10 min prior to the 

addition of methanol (100 mL). Four drops of triethylamine were added at room temperature and 

the reaction mixture was allowed to reflux gently for 3 h under nitrogen, allowed to cool to room 

temperature, quenched in deionized water and extracted with ethyl acetate (100 mL  3). The 

combined organic layer was washed with deionized water (100 mL  3), dried over magnesium 

sulfate and the solvent was evaporated under reduced pressure. The crude was purified by column 

chromatography using ethyl acetate:hexane (1:4) as the eluting solvent. The pure compound was 

obtained as a yellow crystalline solid (0.18 mg, 0.46 mmol, 21 %, MP = 222-225 C). 1H-NMR 

(CDCl3, 500 MHz; 8.03 (m, 2H), 7.45(dd, 1H, J=8.0, J=1.1), 7.37(m, 2H), 7.34(m, 1H),7.31(m, 

1H), 6.93(d, 1H, J=10.3), 6.78(d, 1H, J=8.6), 6.58(d, 1H, J=8.0), 5.87(d, 1H, J=10.3), 2.77(s, 3H), 

1.34(s, 3H), 1.23(s, 3H)).13C-NMR (CDCl3, 500 MHz; 159.74, 147.07, 142.83, 141.02, 136.79, 

128.38, 128.22, 126.36, 126.24, 125.94, 125.93, 122.73, 121.45, 120.08, 118.65, 118.34, 115.51, 

107.22, 106.47, 52.34, 28.97, 25.97, 19.99). 1H-NMR and 13C-NMR spectra are given in figure 

3.7 and figure 3.8. 2D-NMR analysis is given in figure 3.9, figure 3.10, figure 3.11, figure 3.12 

and figure 3.13. 
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Figure 3.7. 1H-NMR spectrum of 1ʹ,3ʹ3ʹ-trimethyl-6-nitro-5ʹ-(thiophene-3-yl)spiro[chromene-

2,2ʹ-indoline]; peak assignment is based on 2D-NMR analysis. 

 

Figure 3.8. 13C-NMR spectrum of 1ʹ,3ʹ3ʹ-trimethyl-6-nitro-5ʹ-(thiophene-3-yl)spiro[chromene-

2,2ʹ-indoline] 
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Figure 3.9. 2D-HSQC spectrum of 1ʹ,3ʹ3ʹ-trimethyl-6-nitro-5ʹ-(thiophene-3-yl)spiro[chromene-

2,2ʹ-indoline] 

 

Figure 3.10. Expanded 2D-HSQC spectrum of 1ʹ,3ʹ3ʹ-trimethyl-6-nitro-5ʹ-(thiophene-3-

yl)spiro[chromene-2,2ʹ-indoline] 
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Figure 3.11. 2D-HMBC spectrum of 1ʹ,3ʹ3ʹ-trimethyl-6-nitro-5ʹ-(thiophene-3-yl)spiro[chromene-

2,2ʹ-indoline] 

 

Figure 3.12. Expanded 1H-1H COSY spectrum of 1ʹ,3ʹ3ʹ-trimethyl-6-nitro-5ʹ-(thiophene-3-

yl)spiro[chromene-2,2ʹ-indoline] 
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Figure 3.13. Expanded 1H-1H NOESY spectrum of 1ʹ,3ʹ3ʹ-trimethyl-6-nitro-5ʹ-(thiophene-3-

yl)spiro[chromene-2,2ʹ-indoline] 

 

Synthesis of 5'-(2-bromothiophen-3-yl)-1',3',3'-trimethyl-6-nitrospiro[chromene-2,2'-indoline] 

 

Scheme 3.4. Synthesis of 5'-(2-bromothiophen-3-yl)-1',3',3'-trimethyl-6-nitrospiro[chromene-2,2'-

indoline] 

 

1ʹ,3ʹ3ʹ-Trimethyl-6-nitro-5ʹ-(thiophene-3-yl)spiro[chromene-2,2ʹ-indoline](45 mg, 0.11 mmol) 

was dissolved in freshly distilled tetrahydrofuran (30 mL) prior to the addition of N-

bromosuccinimide (20 mg, 0.11 mmol) at 0 °C over a period of 15 min. The reaction mixture was 

allowed to stir for 2 h while maintaining the temperature between 0 °C and room temperature. 

After 2 h the reaction mixture was quenched with deionized water and extracted with diethyl ether. 
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Combined organic layer was washed with deionized water, dried over MgSO4 and evaporated 

under reduced pressure to obtain the crude as a yellow solid. (62 mg, MP = 209-215 C) 1H-NMR 

(CDCl3, 500 MHz; 8.03(m, 2H), 7.40(dd, 1H, J=8.0, J=1.4), 7.30(m, 2H), 7.04(d, 1H, J=5.6), 

6.93(d,1H, J=10.4), 6.81(d, 1H, J=8.8), 6.60(d, 1H, J=8.0), 5.86(d, 1H, J=10.4), 2.78(s, 3H), 

1.33(s, 3H), 1.23(s, 3H)). 13C-NMR (CDCl3, 500 MHz;159.705, 147.233, 141.473, 141.032, 

136.217, 129.184, 128.388, 128.366, 126.625, 125.926, 125.606, 122.724, 122.171, 121.470, 

118.632, 115.546, 107.256, 106.718, 106.373, 52.34, 28.89, 25.99, 20.01). 1H-NMR and 13C-NMR 

spectra are given in figure 3.14, figure 3.15 and figure 3.16. 2D-NMR analysis is given in figure 

figure 3.17 and figure 3.18. 

 

 

Figure 3.14. 1H-NMR spectrum of 5'-(2-bromothiophen-3-yl)-1',3',3'-trimethyl-6-

nitrospiro[chromene-2,2'-indoline] in comparison with 1ʹ,3ʹ3ʹ-trimethyl-6-nitro-5ʹ-(thiophene-3-

yl)spiro[chromene-2,2ʹ-indoline] in downfield region 
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Figure 3.15. 1H-NMR spectrum of 5'-(2-bromothiophen-3-yl)-1',3',3'-trimethyl-6-

nitrospiro[chromene-2,2'-indoline] in comparison with 1ʹ,3ʹ3ʹ-trimethyl-6-nitro-5ʹ-(thiophene-3-

yl)spiro[chromene-2,2ʹ-indoline] in upfield region 

 

Figure 3.16. 13C-NMR spectrum of 5'-(2-bromothiophen-3-yl)-1',3',3'-trimethyl-6-

nitrospiro[chromene-2,2'-indoline] 
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Figure 3.17. Expanded 1H-1H COSY spectrum of 5'-(2-bromothiophen-3-yl)-1',3',3'-trimethyl-6-

nitrospiro[chromene-2,2'-indoline] 

 

Figure 3.18. Expanded 1H-1H NOESY spectrum of 5'-(2-bromothiophen-3-yl)-1',3',3'-trimethyl-6-

nitrospiro[chromene-2,2'-indoline] 
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Synthesis of 5ʹ-([2,2ʹ-bithiophene]-3-yl)-1ʹ,3ʹ,3ʹ-trimethyl-6-nitrospiro[chromene-2,2ʹ-indoline]  

 

Scheme 3.5. Synthesis of 5ʹ-([2,2ʹ-bithiophene]-3-yl)-1ʹ,3ʹ,3ʹ-trimethyl-6-nitrospiro[chromene-

2,2ʹ-indoline] 

 

5'-(2-Bromothiophen-3-yl)-1',3',3'-trimethyl-6-nitrospiro[chromene-2,2'-indoline] (50mg, 0.10 

mmol) was dissolved in dry toluene (10 mL) in a three neck flask and 2-(tributylstannyl) thiophene 

( 0.03 mL, 0.10 mmol)  was added under nitrogen  and nitrogen was bubbled through this solution 

for 15 min prior to the addition of tetrakis(triphenylphosphine)-palladium(0) (12 mg, 0.01 mmol). 

The reaction mixture was allowed to reflux under nitrogen for 24 h, cooled to room temperature, 

quenched with acidified deionized water (50 mL) and extracted with diethyl ether (50 mL × 3). 

Combined organic layers were washed with deionized water (50 mL × 3), dried over anhydrous 

MgSO4 and evaporated under reduced pressure. The crude was purified by column 

chromatography using ethyl acetate:hexane (1:4) as the eluting solvent to obtain the product as a 

brownish solid (47 mg, 0.097 mmol, 97 %). 1H-NMR (CDCl3, 500 MHz; 8.02(m, 2H), 7.25(s, 

1H), 7.22(dd, 1H, J=7.9, J=1.5), 7.18(d, 1H, J=5.1), 7.10(d, 1H, J=5.2), 7.04(m, 2H), 6.94(m, 2H), 

6.80 (d, 1H, J=8.8), 6.54(d, 1H, J=8.0), 5.84 (d, 1H, J=10.4), 2.77(s, 3H), 1.21(s, 3H), 1.15(s, 3H)). 

13C-NMR (CDCl3, 500 MHz; 159.75, 147.03, 140.99, 139.51, 136.43, 136.18, 130.54, 130.49, 

128.75, 128.27, 127.61, 126.96, 126.50, 125.89, 125.51, 123.81, 123.01, 122.72, 121.57, 118.66, 

115.51, 106.79, 106.37, 52.24, 28.87, 25.80, 19.90). HRMS (ESI) m/z calcd for C27H22N2O3S2
+ 

(M + H)+ 487.1145, found 487.1148. 1H-NMR and 13C-NMR spectra are given in figure 3.19, 

figure 3.20 and figure 3.21. 2D-NMR analysis is given in figure 3.22 and figure 3.23. 
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Figure 3.19. 1H-NMR spectrum of 5ʹ-([2,2ʹ-bithiophene]-3-yl)-1ʹ,3ʹ,3ʹ-trimethyl-6-

nitrospiro[chromene-2,2ʹ-indoline] in comparison with 5'-(2-bromothiophen-3-yl)-1',3',3'-

trimethyl-6-nitrospiro[chromene-2,2'-indoline] in the downfield region 

 

Figure 3.20. 1H-NMR spectrum of 5ʹ-([2,2ʹ-bithiophene]-3-yl)-1ʹ,3ʹ,3ʹ-trimethyl-6-

nitrospiro[chromene-2,2ʹ-indoline] in comparison with 5'-(2-bromothiophen-3-yl)-1',3',3'-

trimethyl-6-nitrospiro[chromene-2,2'-indoline] in the upfield region 
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Figure 3.21. 13C-NMR spectrum of 5ʹ-([2,2ʹ-bithiophene]-3-yl)-1ʹ,3ʹ,3ʹ-trimethyl-6-

nitrospiro[chromene-2,2ʹ-indoline] 

 

Figure 3.22. Expanded 1H-1H COSY spectrum of 5ʹ-([2,2ʹ-bithiophene]-3-yl)-1ʹ,3ʹ,3ʹ-trimethyl-6-

nitrospiro[chromene-2,2ʹ-indoline] 
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Figure 3.23. Expanded 1H-1H NOESY spectrum of 5ʹ-([2,2ʹ-bithiophene]-3-yl)-1ʹ,3ʹ,3ʹ-trimethyl-

6-nitrospiro[chromene-2,2ʹ-indoline] 

 

Synthesis of 5ʹ-([2,2ʹ:5ʹ,2ʹʹ-terthiophene]-3-yl)-1ʹ,3ʹ,3ʹ-trimethyl-6-nitrospiro[chromene-2,2ʹ-

indoline]  

 

Scheme 3.6. Synthesis of 5ʹ-([2,2ʹ:5ʹ,2ʹʹ-terthiophene]-3-yl)-1ʹ,3ʹ,3ʹ-trimethyl-6-nitrospiro 

[chromene-2,2ʹ-indoline]  

 

5'-(2-bromothiophen-3-yl)-1',3',3'-trimethyl-6-nitrospiro[chromene-2,2'-indoline] (50 mg, 0.10 

mmol) was dissolved in toluene (10 mL) in a three neck flask and [2,2ʹ-bithiophene]-5-

yltributylstannane (45.5 mg, 0.10 mmol)  was added under nitrogen and nitrogen was bubbled 

through this solution for 15 min prior to the addition of tetrakis(triphenylphosphine)-palladium(0) 
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(12 mg, 0.01 mmol). The reaction mixture was allowed to reflux under nitrogen for 24 h, cooled 

to room temperature, quenched with acidified deionized water (50 mL) and extracted with diethyl 

ether (50 mL × 3). Combined organic layers were washed with deionized water (50 mL × 3), dried 

over anhydrous MgSO4 and evaporated under reduced pressure. The crude was purified through 

column chromatography using ethyl acetate:hexane (1:4) as the eluting solvent to obtain the 

product as a brownish solid (33 mg, 0.058 mmol, 58 %).  1H-NMR (CDCl3, 500 MHz; 8.02(m, 

2H), 7.24(m, 2H), 7.18(d, 1H, J=4.4), 7.07(m, 3H), 6.98(m, 3H), 6.91(d, 1H, J=10.2), 6.76(d, 1H, 

J=8.4), 6.57(d, 1H, J=7.8), 5.85(d, 1H, J=10.3)). 13C-NMR (CDCl3, 500 MHz; 159.76, 147.28, 

140.99, 139.60, 137.31, 137.07, 136.24, 135.53, 130.69, 130.58, 128.76, 128.31, 127.77, 127.36, 

126.87, 125.87, 124.36, 123.79, 123.54, 123.47, 123.25, 122.72, 121.55, 118.67, 115.50, 107.02, 

106.42, 52.34, 28.91, 25.80, 19.87). HRMS (ESI) m/z calcd for C31H24N2O3S3
+ (M + H)+ 569.1022, 

found 569.1033. . 1H-NMR and 13C-NMR spectra are given in figure 3.24, figure 3.25 and figure 

3.26. 2D-NMR analysis is given in figure 3.27 and figure 3.28. 

 

 

Figure 3.24. 1H-NMR spectrum of 5ʹ-([2,2ʹ:5ʹ,2ʹʹ-terthiophene]-3-yl)-1ʹ,3ʹ,3ʹ-trimethyl-6-

nitrospiro[chromene-2,2ʹ-indoline] in comparison with 5'-(2-bromothiophen-3-yl)-1',3',3'-

trimethyl-6-nitrospiro[chromene-2,2'-indoline] in the downfield region 
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Figure 3.25. 1H-NMR spectrum of 5ʹ-([2,2ʹ:5ʹ,2ʹʹ-terthiophene]-3-yl)-1ʹ,3ʹ,3ʹ-trimethyl-6-

nitrospiro[chromene-2,2ʹ-indoline] in comparison with 5'-(2-bromothiophen-3-yl)-1',3',3'-

trimethyl-6-nitrospiro[chromene-2,2'-indoline] in the upfield region 

 

Figure 3.26. 13C-NMR spectrum of 5ʹ-([2,2ʹ:5ʹ,2ʹʹ-terthiophene]-3-yl)-1ʹ,3ʹ,3ʹ-trimethyl-6-

nitrospiro[chromene-2,2ʹ-indoline] 
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Figure 3.27. Expanded 1H-1H COSY spectrum of 5ʹ-([2,2ʹ:5ʹ,2ʹʹ-terthiophene]-3-yl)-1ʹ,3ʹ,3ʹ-

trimethyl-6-nitrospiro[chromene-2,2ʹ-indoline] 

 

Figure 3.28. Expanded 1H-1H NOESY spectrum of 5ʹ-([2,2ʹ:5ʹ,2ʹʹ-terthiophene]-3-yl)-1ʹ,3ʹ,3ʹ-

trimethyl-6-nitrospiro[chromene-2,2ʹ-indoline] 
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Synthesis of 3,3'''-bis(1',3',3'-trimethyl-6-nitrospiro[chromene-2,2'-indolin]-5'-yl)-2,2':5',2'': 

5'',2'''-quaterthiophene 

 

Scheme 3.7. Synthesis of 3,3'''-bis(1',3',3'-trimethyl-6-nitrospiro[chromene-2,2'-indolin]-5'-yl)-

2,2':5',2'':5'',2'''-quaterthiophene 

 

5'-(2-bromothiophen-3-yl)-1',3',3'-trimethyl-6-nitrospiro [chromene-2,2'-indoline] (62mg, 0.13 

mmol) and 5,5ʹ-bis(trimethylstannyl)-2,2ʹ-bithiophene (32 mg, 0.065 mmol) were kept under 

nitrogen in a three neck flask prior to the addition of dry toluene (10 mL). Nitrogen was bubbled 

through this solution for 15 min prior to the addition of tetrakis(triphenylphosphine)-palladium(0) 

(15 mg, 0.013 mmol). The reaction mixture was allowed to reflux under nitrogen for 24 h, cooled 

to room temperature, quenched with acidified deionized water (50 mL) and extracted with diethyl 

ether (50 mL × 3). Combined organic layers were washed with deionized water (50 mL × 3), dried 

over anhydrous MgSO4 and evaporated under reduced pressure. The crude was purified through 

column chromatography using ethyl acetate:hexane (1:4) as the eluting solvent to obtain the 

product as a brownish solid (24 mg, 0.025 mmol, 19 %). 1H-NMR (CDCl3, 500 MHz; 7.99 (d, 1H, 

J=2.4), 7.93 (dd, 1H, J=9.0, 2.6), 7.20 (d, 1H, J=8.0), 7.08(m, 2H), 6.90(m, 3H), 6.74(d, 1H, J=9.0), 

6.55(d, 1H, J=7.9), 5.83(d, 1H, J=10.6), 2.77(s, 3H), 1.19(s, 3H), 1.14(s, 3H)), Acetone-d6, 500 

MHz; 12 aromatic protons). HRMS (ESI) m/z calcd for C54H42N4O6S4
+ (M + H)+ 971.2060, found 

971.2031. 1H-NMR spectrum is given in figure 3.29. 2D-NMR analysis is given in figure 3.30 and 

figure 3.31. 
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Figure 3.29. 1H-NMR spectrum of 3,3'''-bis(1',3',3'-trimethyl-6-nitrospiro[chromene-2,2'-indolin]-

5'-yl)-2,2':5',2'':5'',2'''-quaterthiophene 

 

Figure 3.30. Expanded 1H-1H COSY spectrum of 3,3'''-bis(1',3',3'-trimethyl-6-

nitrospiro[chromene-2,2'-indolin]-5'-yl)-2,2':5',2'':5'',2'''-quaterthiophene 
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Figure 3.31. Expanded 1H-1H NOESY  spectrum of 3,3'''-bis(1',3',3'-trimethyl-6-nitrospiro 

[chromene-2,2'-indolin]-5'-yl)-2,2':5',2'':5'',2'''-quaterthiophene 

 

Synthesis of [2,2ʹ-bithiophene]-5-yltributylstannane 

 

 

Scheme 3.8. Synthesis of [2,2ʹ-bithiophene]-5-yltributylstannane 
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at room temperature overnight. The reaction mixture was quenched with deionized water and 

extracted with ethyl acetate(100 mL × 3). Combined organic layer was washed with deionized 

water and brine (100 mL × 3), dried over MgSO4 and evaporated under reduced pressure. The 

crude compound was dissolved in hexane and filtered. The filtrate was evaporated under reduced 
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pressure to obtained [2,2ʹ-bithiophene]-5-yltributylstannane as a yellow oil (868 mg, 1.9 mmol, 64 

%). 1H-NMR (CDCl3, 500 MHz; 7.29 (d, 1H, J=3.2), 7.18 (m, 2H), 7.06 (d, 1H, J=3.3), 7.00 (t, 

1H), 1.58 (m, 6H), 1.36 (m, 6H), 1.12 (m, 6H), 0.91 (m, 9H)). 13C-NMR (CDCl3, 500 MHz; 

142.77, 137.72, 136.65, 136.08, 127.74, 124.99, 123.97, 123.46, 28.97, 27.28, 13.69, 10.90). . 1H-

NMR and 13C-NMR spectra are given in figure 3.32 and figure 3.33.  

 

 

Figure 3.32. 1H-NMR spectrum of [2,2ʹ-bithiophene]-5-yltributylstannane 
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Figure 3.33. 13C-NMR spectrum of [2,2ʹ-bithiophene]-5-yltributylstannane 

 

Synthesis of 5,5ʹ-bis(trimethylstannyl)-2,2ʹ-bithiophene11 

 

 

Scheme 3.9. Synthesis of 5,5ʹ-bis(trimethylstannyl)-2,2ʹ-bithiophene 

 

A solution of 2,2ʹ-bithiophene (0.50 g, 3.0 mmol) in freshly distilled THF was cooled down to -78 

°C under nitrogen prior to the addition of n-butyllithium (2.5 mL, 6.3 mmol)  at -78 °C. The 

reaction mixture was stirred at -78 °C for 1 h under nitrogen. The solution was warmed to 0 °C, 

upon which trimethyltin chloride (6.3 mL, 6.3 mmol) was added and then the mixture was stirred 

at room temperature overnight. The reaction mixture was quenched with deionized water and 

extracted with ethyl acetate. Combined organic layer was washed with deionized water and brine, 

dried over MgSO4 and evaporated under reduced pressure. The crude compound was purified by 

recrystallization using ethanol to obtain the pure compound as light blue color crystals. (478 mg, 

0.97 mmol, 32 %, MP = 95-97 C). 1H-NMR (CDCl3, 500 MHz; 7.28 (d, 2H, J=3.4), 7.09(d, 2H, 
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J=3.4), 0.38(s, 18 H). 13C-NMR (CDCl3, 500 MHz; 143.04, 137.07, 135.86, - 8.22). 1H-NMR and 

13C-NMR spectra are given in figure 3.34 and figure 3.35.  

 

Figure 3.34. 1H-NMR spectrum of 5,5ʹ-bis(trimethylstannyl)-2,2ʹ-bithiophene 

 

Figure 3.35. 13C-NMR spectrum of 5,5ʹ-bis(trimethylstannyl)-2,2ʹ-bithiophene 
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Synthesis of 5-bromo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide 

 

Scheme 3.10. Synthesis of 5-bromo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide 

 

5-bromo-2,3,3-trimethyl-3H-indole (200 mg, 0.84 mmol) in anhydrous acetonitrile was kept under 

N2 prior to the addition of methyl iodide (251 mg, 1.68 mmol) at room temperature and the reaction 

mixture was heated under reflux. An aliquot was taken out in 6 h and 12 h intervals, quenched 

with deionized water, extracted with ether and GC-MS analysis were carried out to monitor the 

consumption of starting materials. With no starting materials remaining after 12 h, the reaction 

mixture was allowed to cool to room temperature, the product was filtered off and washed with 

acetonitrile (108 mg, 0.43 mmol, 51 %). 1H-NMR (DMSO-d6, 500 MHz; 8.16(s, 6H), 7.88-7.84(m, 

2H), 3.94(s, 3H), 2.74(s, 3H), 1.52(s, 6H)). 13C-NMR (DMSO-d6, 500 MHz; 197.02, 144.34, 

141.92, 132.22, 127.18, 123.13, 117.56, 54.66, 35.29, 21.93, 14.63). 1H-NMR and 13C-NMR 

spectra are given in figure 3.36 and figure 3.37.  

 

Figure 3.36. 1H-NMR spectrum of 5-bromo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide 
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Figure 3.37. 13C-NMR spectrum of 5-bromo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide 

 

Synthesis of 5ʹ-bromo-1ʹ,3ʹ,3ʹ-trimethyl-6-nitrospiro[chromene-2,2ʹ-indoline] 

 

Scheme 3.11. Synthesis of 5ʹ-bromo-1ʹ,3ʹ,3ʹ-trimethyl-6-nitrospiro[chromene-2,2ʹ-indoline] 

 

5-Bromo-1,2,3,3 -tetramethyl-3H-indol-1-ium iodide (0.50 g, 1.98 mmol) and 2-hydroxy-5-

nitrobenzaldehyde (0.33 g, 1.98 mmol) were kept under N2 for 15 min prior to the addition of 

methanol (50 mL). To the above stirred solution four drops of triethylamine was added at room 

temperature and the reaction mixture was allowed to reflux gently for 3 h under N2, allowed to 

cool to room temperature, quenched in deionized water and extracted with ethyl acetate (100 mL 

 3). The combined organic layer was washed with deionized water (100 mL  3), dried over 
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magnesium sulfate and the solvent was evaporated under reduced pressure. The crude in 

chloroform was purified by column chromatography using ethyl acetate:hexane (1:4) as the eluting 

solvent. The pure compound was obtained as a yellow solid (178 mg, 0.44 mmol, 22 %). 1H-NMR 

(CDCl3, 500 MHz; 8.02 (m, 2H), 7.28(dd, 2H, J=8.2, J=1.2), 7.16(d, 1H, J=1.2), 6.93(d, 1H, 

J=10.3), 6.77(d, 1H, J=8.9), 6.42(d, 1H, J=8.2), 5.83(d, 1H, J=10.3), 2.71(s, 3H), 1.27(s, 3H), 

1.18(s, 3H)).13C-NMR (CDCl3, 500 MHz; 159.50, 146.83, 141.12, 138.50, 130.48, 128.58, 125.98, 

124.90, 122.76, 121.05, 118.54, 115.47, 111.53, 108.60, 106.24, 52.32, 28.93, 25.73, 19.78). 1H-

NMR and 13C-NMR spectra are given in figure 3.38, figure 3.39 and figure 3.40.  

 

 

Figure 3.38. 1H-NMR spectrum of 5ʹ-bromo-1ʹ,3ʹ,3ʹ-trimethyl-6-nitrospiro[chromene-2,2ʹ-

indoline] in comparison with1ʹ,3ʹ3ʹ-trimethyl-6-nitro-5ʹ-(thiophene-3-yl)spiro[chromene-2,2ʹ-

indoline] in downfield region 
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Figure 3.39. 1H-NMR spectrum of 5ʹ-bromo-1ʹ,3ʹ,3ʹ-trimethyl-6-nitrospiro[chromene-2,2ʹ-

indoline] in comparison with1ʹ,3ʹ3ʹ-trimethyl-6-nitro-5ʹ-(thiophene-3-yl)spiro[chromene-2,2ʹ-

indoline] in upfield region 

 

Figure 3.40. 13C-NMR spectrum of 5ʹ-bromo-1ʹ,3ʹ,3ʹ-trimethyl-6-nitrospiro[chromene-2,2ʹ-

indoline] 
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3.4 Results and Discussion 

3.4.1 Thiophene substituted spiropyran (SP-T) 

Indoline SP can be synthesised by condensation of indolium salts with ortho-hydroxy aromatic 

aldehydes in the presence of a base (or methylene bases with ortho-hydroxy aromatic aldehydes).12 

To incorporating SP as a pendent group into thiophene based material via a conjugated pathway 

we modified the indolium iodide moiety with thiophene substituent and reacted with nitro 

salicylaldehyde which is a well-known o-hydroxy aromatic aldehyde used in SP synthesis. As 

shown in scheme 3.12 compound 1 was obtained through a Fischer indole synthesis of 4-

bromophenyl hydrazine with isopropylmethylketone in the presence of sulfuric acid.9 A Suzuki 

coupling between compound 1 and thiophene-3-boronic acid in the presence of 

tetrakis(triphenylphosphine)-palladium(0) catalyst followed by a methylation yielded compound 

2. This procedure is a modification to Guido et al. work to obtain higher yields.10 The 

photochromic compound SP-T was then synthesized by reacting compound 2 with 2-hydroxy-5-

nitrobenzaldehyde in the presence of triethylamine. Crystal structures of SP-T is given in figure 

3.41. 

 

Scheme 3.12. Synthesis of SP-T 
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Figure 3.41.  (a) Crystal structure and (b) partial unit cell representation of SP-T (𝑅[𝐹2 > 2 (𝐹2)] 
= 0.050). 
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3.4.2 Monomrominated derivative (SP-T-Br) 

SP-T-Br was obtained through bromination of SP-T with N-bromosuccinimide (scheme 3.13). 

When a thiophene moiety is incorporated in SP via the 5-position, monobromination selectively 

occurred at the 2-position of thiophene. Crystal structures of SP-T-Br is given in figure 3.42. 

 

Scheme 3.13. Synthesis of SP-T-Br 

 

 

Figure 3.42. Crystal structure of SP-T-Br indicating ratio be-tween the two thiophene 

conformations in approximately 70:30 (the major conformation is indicated with solid bonds and 

the minor conformation is indicated with dashed bonds) ((𝑅[𝐹2 > 2 (𝐹2)] = 0.080). 

3.4.3 Systematic variation of thiophene substituents 

A series of compounds, SP-T-T, SP-T-T-T and SP-T-T-T-T-SP were synthesized by Stille 

coupling reactions of SP-T-Br using tetrakis(triphenylphosphine)-palladium (0) as the catalyst 
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(scheme 3.14) and their photochromic properties were studied. A model SP compound that has a 

bromine substituent at the 5-position of the indoline instead of thiophene (SP-Br) was also 

prepared for comparison. 

 

Scheme 3.14. Synthesis of SP-T-T, SP-T-T-T and SP-T-T-T-T-SP 

3.4.4 UV-Vis kinetics  

Photochromism of SP strongly depends on the structure of the compound and the medium, 

therefore a common polar solvent methanol (ε ~ 33) and non-polar solvent Toluene (ε ~ 2) have 

been used in this study.  

The structure of SP-T and its isomerization is shown in figure 3.43 (a). The molecule is composed 

of an indoline with an attached thiophene and a chromene moiety (nitro-substituted SP were 

studied because they are the most common SP used, and therefore, the results in this study may be 

compared to other systems). These two heterocyclic parts are linked together through a common 

spiro junction and are in two orthogonal planes (see partial unit cell representation in figure 3.41b). 

In solution, SP shows an absorption spectrum below 400 nm. Absorption in this range cleaves the 

C-O bond to yield the colored merocyanine (MC) isomer.13 When a SP-T solution was photolyzed 

with a 500 W Oriel Hg arc lamp containing a 334 nm line filter, a maximum absorbance was noted 

at 540 nm (in methanol) and 616 nm (in toluene). Typically, all the studied compounds showed 

similar behavior upon irradiating with UV light except SP-T-T-T-T-SP which showed a λmax of 

the MC isomer in methanol at 545 nm (figure 3.44a, denoted by an arrow). 
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Figure 3.43. Isomerization of SP-T (a) Optical absorbance of photomerocyanine (MC) of SP-T 

(b) in methanol (c) in toluene. All spectra are obtained upon irradiating 1×10-5 M solutions using 

a mercury arc lamp with a 334 nm line filter. 

 

 

 

Figure 3.44. Maximum optical absorbance of photomerocyanine (a) in methanol (b) in toluene. 

All spectra are obtained upon irradiating 1×10-5 M solutions using a mercury arc lamp with a 334 

nm line filter. 
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Even though the mechanism of the ring opening reaction of SP has been broadly studied, only a 

few mechanisms have been suggested. A proposed theory is that this reaction undergoes a 

heterolytic C-O bond cleavage affording two mesomeric forms that are a zwitterionic form or 

quinoidal form and the final MC form is a hybrid of these resonance forms.13,14 When a polar 

solvent is used as the medium, zwitterionic state is preferentially stabilized through hydrogen 

bonding with the solvent, while the quinoidal form could be favored in non-polar solvents.  The 

higher absorbance that we have observed in toluene (figure 3.45b) could be due to this favorable 

quinoidal form.  

The MC isomer tends to aggregate in non-polar solvents and this behavior was observed 

predominantly with nitro substituted SPs.15,16 However, a SP molecule which has the exactly the 

same substituents except a H at 5-position showed an absorbance band at 605 nm and a shoulder 

at 580 nm for a solution of MC in toluene.  The 605 nm band was assigned to monomer MC and 

shoulder at 580 nm was assigned to dimer MC.16  A similar peak pattern was observed with 5-

position substituted SPs used in this study (figure 3.44 and 3.45). The position of the shoulder did 

not change with increase in thiophene units (figure 3.44).   

Strong H-bonding and solute-solvent interactions in polar solvents allow less tendency for 

aggregation. Therefore, in methanol we have not seen any additional peak or shoulder peak 

appearance in any of the compounds that we have studied. Position of the λmax in methanol did 

not change with increase in thiophene units whereas, red shift of λmax in SP-T-T-T-T-SP could 

be attributed to charge distribution along the π-electron system which influences the polarity and 

H-bonding ability of the molecule.17 
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Figure 3.45. Comparison of maximum optical absorbance of photomerocyanines in methanol and 

in toluene, all spectra are obtained upon irradiating 1×10-5 M solutions using a mercury arc lamp 

with a 334 nm line filter. 

 

The MC state is thermally unstable and the rate of conversion to the SP state can be controlled by 
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the current study, thermal decay was measured in polar and non-polar solvents. Typically, the 

measurements were performed during the photoexcitation of the colorless SP to MC and taking an 
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this study, the decay rate decreased with an increasing thiophene chain length. This might reflect 

the more conjugated thiophene chain stabilizing either the changed zwitterionic or quinoidal MC 

form. When a bromine atom was connected at 5-position of indoline moiety (SP-Br) the thermal 

decay rate was slower than with one thiophene substituent (SP-T) because bromine can act as an 

electron donating group stabilizing positive charge on indoline nitrogen on MC. SP-T-T-T-T-SP 

also showed slow decay rate in methanol.  

 

 

Figure 3.46. Absorbance decay of photochromic peak in methanol 
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Figure 3.47. Absorbance decay of photochromic peak in toluene 
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Table 3.1. Half-lives and rate of SP decay in various solventsa 

Compound 

t1/2(s) Rate (s-1) 

Methanol 

(λmax = 

540 nm) 

Toluene 

(λmax = 

616 nm) 

Methanol 

(λmax = 540 nm) 

Toluene 

(λmax = 616 

nm) 

Toluene 

(λmax = 575 

nm) 

SP-Br 520±22 14±3 0.0013±0.000058 0.052±0.0092 0.052±0.0089 

SP-T 293±42 20±3 0.0024±0.00036 0.035±0.0047 0.033±0.0042 

SP-T-Br 755±119 21±2 0.00093±0.00015 0.034±0.0031 0.034±0.0025 

SP-T-T 404±50 21±3 0.0017±0.00023 0.034±0.0043 0.033±0.0046 

SP-T-T-T 1100±95 19±4 0.00063±0.000058 0.038±0.0076 0.037±0.0086 

SP-T-T-T-T-SP 1045±95b 18±6 0.00067b ±0.000058 0.043±0.018 0.038±0.017 

aSamples were run with a 1 × 10-5 M solutions and the recorded values are an average of three 

runs, Irradiated for the first time. 
bMeasured at 545 nm 

 

Table 3.2. Photodegradation of SP in methanola 

Compound 
Absorbance upon first 

irradiation 

Absorbance upon second 

irradiation 

Absorbance upon 

third irradiation 

SP-Br 0.183±0.00765 0.169±0.00760 0.172±0.00508 

SP-T 0.142±0.0132 0.148±0.00762 0.145±0.00248 

SP-T-Br 0.359±0.0232 0.369±0.0545 0.355±0.0283 

SP-T-T 0.0795±0.00522 0.0692±0.00131 0.0712±0.00198 

SP-T-T-T 0.110±0.00411 0.100±0.00536 0.106±0.00866 

SP-T-T-T-T-SP 0.214±0.00104b 0.181±0.0134b 0.196±0.0110b 
a Recorded value is an average of three independent runs, absorbance = Abs(t)- Abs(t=0), Abs(t) 

indicates the maximum absorbance at 540 nm, Abs(t=0) indicates the absorbance at 540 nm 

before any irradiation begins. 
bMeasured at 545 nm 

3.4.5 Dibrominated derivative of SP-T 

SP-T-Br is not amenable to polymerization methods involving nickel mediated catalytic systems 

due to the nitro functional group incompatibility.24 Other methods involving reactive butyl lithium 

reagents or C-H activation type polymerizations are difficult to perform due to the highly electron 
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deficient protons ortho to nitro group in SP.25 Hence, palladium catalyzed cross coupling 

polymerizations are the most likely to be performed on our SP-T compound, which require 

dibrominated compound of SP-T.26 

Bromination occurred at 2-position of thiophene and 7-position of SP when the bromination of 

SP-T was carried with N-bromosuccinimide in 1:2 ratio at room temperature (scheme 3.15). 

Bromination of 7-position (position c in figure 3.48(i)) of SP was indicate by the disappearance of 

proton a 7-position in 1H-NMR spectrum (figure 3.48(ii) - indicated by an arrow) and at the same 

time, shifting the δ value of the N-methyl protons to weak field up to 0.4 ppm.27 In order to prevent 

the bromination on electron rich 7-position of SP, the bromination was carried with the same 

reaction conditions under a UV reactor in open MC form of SP-T. While the 2-posion of thiophene 

was still amenable to bromination, the second bromination occurred ortho to the phenolate ion in 

the chromene moiety (figure 3.48(iii) and 3.48(iv)). Increasing the number of thiophene units at 5-

position of SP also directed the second bromine to 7-position of SP (figure 3.48(v)). 

 

Scheme 3.15. Dibrominated derivatives of SP-T 
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Figure 3.48. 1H-NMR analysis of the dibrominated compounds of SP-T in downfield region 

3.4.6 Tribrominated derivative of SP-T 

Upon attaching two thiophene units to 2-position of thiophene and 7-position of SP, bromination 

occurred in all 5-positions of thiophene. Crystal structures of this compound is given in figures 

3.49. This observation suggested that a suitable substituent at 7-position of SP could lead to 

dibromination to occur on 2, 5- positions of thiophene on SP. Our group is currently studying new 

aspects in this regard. 
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Figure 3.49.  (a) Crystal structure and (b) partial unit cell representation of tribrominated 

compound ((𝑅[𝐹2 > 2 (𝐹2)] = 0.065). 
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3.5 Conclusions 

A novel synthetic method to incorporate SP in thiophene based materials was successfully 

demonstrated and their optical absorbance in polar (methanol) and nonpolar (toluene) solvents was 

measured under identical experimental conditions. When a thiophene moiety is incorporated in SP 

via the 5-position, monobromination selectively occurred at the 2-position of thiophene. 

Incorporating two to three thiophene units at this position caused a decrease in the thermal decay 

rate of the reverse reaction, thus increasing the half-life of MC in methanol. When two SP units 

were connected at the two ends of a quarterthiophene unit, thermal decay rate of the reverse 

reaction was relatively low in methanol. These compounds show 5-10 % photodegradation in 

methanol upon three consecutive irradiations. All the compounds of interest showed relatively 

similar thermal decay rate of the reverse reaction in toluene. Overall, this study is expected to give 

a new insight to different synthetic route to develop thiophene based SP materials with improved 

photochromic properties. The photochromic thiophene molecules are designed as materials that 

are capable of actuated changes of their optical and electronic properties. Furthermore, findings 

suggested that a suitable substituent at 7-position of spiropyran would lead to a successful 

dibrominated derivative of SP-T. 
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4.1 Abstract 

Charge carrier mobility of the triethylene glycol monomethyl ether substituted polythiophene was 

demonstrated with field-effect transistors and in Schottky diode. Most importantly, the polymer 

showed high conductivity upon doping with iodine and also had high stability in the doped state. 

Furthermore, the doping caused transparency to thin films of the polymer and the films were 

resistant to solubility with common organic solvents indicating great potential of this polymer as 

an alternative to commercially available PEDOT: PSS.     

4.2 Introduction 

Polythiophenes (PTs) are attractive due to their potential use as semiconducting materials in 

various applications such as organic field effect transistors (OFETs),1 organic photovoltaic 

devices,2 and sensors.3-5 Electrical and optical properties of PTs depend on the type of substituents 

on thiophene.6 Poly(3-hexylthiophene)(P3HT) is a widely studied polymer among 

poly(alkylthiophene)s which easily self-assembles to form a well-ordered two-dimensional 

lamellar structure,7,8 a crucial requirement in charge transportation. P3HT also has good solubility 

in organic solvents,9 and it has good conductivities in doped or oxidized state. However, P3HT is 

not stable over time in its doped state and upon removal from contact with its dopant the conduc-

tivity drops very fast.10,11 However, poly(alkoxythiophene)s such as poly(thiophene-3-[2-(2-

methoxyethoxy)ethoxy]-2,5-diyl) (P3MEET) has been reported with increased conductivity upon 

doping and were stable over time.12-14 Incorporation of alkoxy substituents on a thiophene ring, 

can make the resulting polymer insoluble in organic solvents due to α,βʹ coupling between 

thiophene rings.12  Many attempts have been made to overcome issues associated with both  

poly(alkylthiophenes)s and poly(alkoxythiophene)s and to synthesize polymers with improved 

properties. For example, sulfonated-P3MEET based polymers have drawn attention as an 

improved alternative to commercially available poly(3,4-ethylenedioxythiophene):poly 

(styrenesulfonate) (PEDOT:PSS).15-17 PEDOT:PSS is not an ideal hole transporting layer owing 

to its hygro-scopicity and acidity which negatively impact the stability of the devices.18-20 A recent 

study by McCulloch and co-workers highlighted the importance of MEEET based units on organic 

electrochemical transistor applications.21 Furthermore, diblock copolymers  of P3HT and poly(3-
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[2-[2(2-methoxyethoxy)ethoxy]ethoxy]thiophene) (P3MEEET) have also been reported by 

Hayward and co-workers  showing composition dependent helical nanowire formation via 

complexation with K+ ions and polymers with amphiphilic nature by Park and co-workers.22,23 A 

pyrimidine containing polymer with MEEET and 3HT units is also reported.24 Organic electronic 

applications of  the co-polymer of bithiophene units composed of 3HT and MEEET however, has 

not yet been reported.  

4.3 Experimental 

4.3.1 Materials and methods 

All commercial chemicals were purchased either from Sigma Aldrich Chemical Co. LLC. or from 

Fisher Scientific Co. LLC. and were used without further purification unless otherwise noted. All 

glassware and syringes were dried at 120 °C for at least 24 h before use and cooled in a desiccator. 

Tetrahydrofuran (THF) and toluene were dried over sodium/benzophenone ketyl and freshly 

distilled under nitrogen prior to use. Synthesis of the triethylene glycol monomethyl ether 

substituted polythiophene and its characterization is carried out according to a previously reported 

procedure.25  

4.3.2 Analysis 

NMR analysis: 1H and 13C NMR spectra and all 2D-NMR analysis were recorded at 25 °C using 

a Bruker AVANCE III 500 MHz NMR spectrometer, and were referenced to residual protio 

solvent (CHCl3: δ 7.26 ppm). The data are reported as follows: chemical shifts are reported in ppm 

on δ scale, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet).  

 

GC-MS analysis:  GC-MS analysis was performed on Hewlett-Packard Agilent 6890-5973 GC-

MS workstation equipped with a Hewlett-Packard fused silica capillary GC column cross-linked 

with 5 % phenylmethylsiloxane. Helium was used as the carrier gas (1 mL min-1).  Sample analysis 

conditions: injector and detector temperature = 250 ˚C, initial temperature = 70 ˚C, temperature 

ramp = 10 ˚C min-1, final temperature = 280 ˚C. 
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Size Exclusion Chromatography (SEC) analysis: SEC analysis was performed on a Viscotek 

VE 3580 system equipped with ViscoGELTM columns (GMHHR-M), connected to a refractive 

index detector/UV detector. GPC solvent/sample module (GPCmax) was used with HPLC grade 

THF eluent. The calibration was based on polystyrene standards. Sample analysis conditions: flow 

rate = 1.0 mL min-1, injector volume = 100 L, detector temperature = 30 C and column 

temperature = 35 C. Sample dissolved in THF was filtered through PTFE syringe (0.2 m) filter 

prior to injection. 

UV-Vis spectroscopic analysis: UV-visible absorption spectra of polymer solution in chloroform 

solvent was carried out in 1 cm cuvettes using an Agilent 8453 UV-vis spectrometer. Thin films 

of polymer was obtained by evaporation of chloroform solvent from polymer solution on glass 

microscope slides.  

Cyclic voltammetric analysis: Cyclic voltammogram was obtained with a BAS CV-50W 

voltammetric analyzer (Bioanalytical Systems, Inc.). The electrochemical cell was comprised with 

three electrode system: platinum inert working electrode, a platinum wire auxiliary electrode, and 

a Ag/Ag+ reference electrode. The electrolyte solution: 0.1 M electrochemical grade 

tetrabutylammoniumhexafluorophosphate in freshly distilled acetonitrile (acetonitrile was distilled 

under nitrogen over calcium hydride and collected over molecular sieves). The electrolyte solution 

was placed in a cell and purged with argon. A drop of polymer solution in chloroform was 

evaporated in ambient air. The film was immersed into electrochemical cell containing the 

electrolyte, and the oxidation and reduction potentials were recorded. Ferrocene/ferrocenium 

(Fc/Fc+) was used as internal reference for UV calibration and the E1/2 of the redox couple 

measured under same condition was located at 0.09 V vs. Ag/Ag+ reference electrode. HOMO and 

LUMO energy levels were calculated by using the following equations (4.1) and (4.2):  

HOMO (eV) = (Eox + 4.71) eV        (4.1) 

LUMO (eV) = (Ered + 4.71) eV        (4.2) 

 where Eox and Ered are the measured potentials relative to Ag/Ag+ 
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Transmission electron microscopy (TEM) analysis: TEM imaging of the polymer was 

performed on a Tecnai G2 Spirit Biotwin microscope by FEI and images were analyzed using 

Image J software. Samples were prepared by treating copper mesh grid with 0.3 mg mL-1 solutions. 

 

Dynamic Light Scattering (DLS) Analysis: DLS analysis of the polymer in chloroform was 

carried out using 0.3 mg mL-1 solutions and the solution was filtered through PTFE syringe (0.45 

m) filter prior to measurements. Size measurements were recorded at 25 C in triplicate. 

 

Grazing-incidence wide angle X-ray scattering (GIWAXS) analysis: GIWAXS measurements 

were carried out at beamline 7.3.3 of Advanced Light Source in Lawrence Berkeley National 

Laboratory.  Beamline 7.3.3 operates at an energy of 10.0 keV with λ = 1.2398 Å.  Scattering data 

were acquired at an incident angle of 0.15°. In-plane data was extracted as line cuts from the 2D 

images and is presented as a function of the scattering vector, q (q = 4π sin(θ/2)/λ).  GIWAXS 

intensities were also azimuthally averaged and presented versus q.  

 

Thermogravimetric analysis (TGA): TGA of the polymer was carried out on SDT Q600 

instrument.  

 

Differential Scanning Calorimetry (DSC) analysis: DSC analysis was carried out using Mettler 

Toledo DSC 1 Star System. Aluminum standard pans were filled with polymer sample (2.55 mg). 

The polymer sample was subjected to heat−cool−heat cycle and data were recorded by heating and 

cooling the sample from 25 °C to 200 °C and vice versa at the rate of 10 °C min-1.  

 

Conductivity measurements: The conductivity of the polymer was measured using Pro-4 Four 

point resistivity systems. The polymer solution in chloroform was drop-casted on a cleaned glass 

substrate in chloroform chamber. After complete solvent evaporation, polymers were chemically 

oxidized by exposure to iodine vapor for various amounts of time. The conductivities were 

calculated by the equation (4.3). At least three consecutive measurements were performed per one 

measurement.  
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𝜎 =
1

4.53 × 𝑅𝑙
       (4.3)      

Where 𝝈 = conductivity 

            R = resistance (S); R = V/I 

            l = film thickness (cm) 

The film thickness was measured by using a Veeco Dektak VIII profilometer. 

 

Mobility measurements: Vertical charge carrier mobility was measured using Shottky diodes 

which was made with the device structure of ITO/PEDOT:PSS/Polymer/Al. The measurements of 

space charge limited current (SCLC) of pure polymers were carried out in Keithley 2400 source 

meter interfaced with Labview software under nitrogen atmosphere under dark conditions. The 

voltage was increased from 0 V to 2.5 V. Each pixel had area of 10 mm2 with film thickness around 

33 nm. The mobility was calculated by the following equation (4.4): 

 

J =
9ε0εrµV2

8L3
  (4.4)  

where 

μ is the charge mobility 

J is the current density 

ε0 is vacuum permittivity and equals to 8.854 × 10-12 F/m 

εr is relative permittivity of semiconducting materials. (3.5 was used)  

V is the applied bias on the diode. 

L is the film thickness 

 

Field-effect mobilities were extracted from thin-film transistors with the polymer as the active 

layer and a bottom-gate, bottom-contact configuration fabricated as previously described.26  

Boron-doped p-type silicon wafers with a 300 nm thick thermally grown SiO2 layer serve as the 

gate electrode and gate dielectric (C = 10.6 nF/cm2, Process Specialties).  Gold source and drain 

electrodes were approximately 100 nm thick and were deposited using conventional double-layer 

photolithography. Self-assembled monolayers were not applied (UV-Ozone treatment only). 
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Polymer was spun cast at 1000 rpm for 4 minutes from 10 mg/mL in 1,2,4-trichlorobenzene 

solutions and annealed at 150 C for 3 h prior to electrical measurements. The device channel 

width was 220 μm and the length was 320 μm. 

Transmittance analysis: %T was measured using Cary 7000 UV-Vis-NIR spectrophotometer. 

4.3.3 Synthetic procedures 

Synthesis of 3-hexylthiophene  

 

 

 

Scheme 4.1. Synthesis of 3-hexylthiophene 

 

3-Bromothiophene (70.2 g, 431 mmol ) was placed in a three-neck round bottomed flask and  

nitrogen was purged for 15 min.  Diethyl ether (300 mL) was added to the mixture and it was kept 

under nitrogen for another 10 min prior to the addition of Ni(dppp)Cl2 (0.255 g, 255 mg). 

Hexylmagnesium bromide (230 mL, 460 mmol) was added to a dropping funnel and it was allowed 

to mix with the solution in the flask in small quantities. The resultant black colored solution was 

stirred overnight under nitrogen at 40 C. The mixture was poured in to a beaker with ice and 

allowed to stand for 30 min prior to wash with deionized water and then with brine. Ether fractions 

were collected, dried over anhydrous MgSO4, evaporated under reduced pressure and allowed to 

stand under vacuum to remove the remaining solvent prior to the vacuum distillation. Product was 

obtained as a clear oil (58.0 g, 80 %). 1H-NMR (CDCl3, 500 MHz; 7.24(dd, 1H, J=4.7, J=3.0), 

6.94(d, 1H, J=4.8), 6.93(s, 1H), 2.64(t, 2H), 1.64(m, 2H), 1.33(m, 6H), 0.90(t, 3H)). 13C-NMR 

(CDCl3, 500 MHz; 143.29, 128.30, 125.03, 119.76, 31.71, 30.55, 30.31, 29.04, 22.64, 14.11). 1H-

NMR and 13C-NMR spectra are given in figure 4.1 and figure 4.2. 
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 Figure 4.1. 1H NMR spectrum of 3-hexylthiophene

  
Figure 4.2. 13C NMR spectrum of 3-hexylthiophene 
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Synthesis of 2-bromo-3-hexylthiophene  

 

Scheme 4.2. Synthesis of 2-bromo-3-hexylthiophene 

 

3-Hexylthiophene (5.00 g, 0.0297 mol) was dissolved in THF:hexane (9:1) solvent mixture ( 60 

mL) in a round bottomed flask and N-bromosuccinimide (5.36 g, 0.0302 mol) was added slowly 

while stirring at 0 °C over a period of 1 h. The reaction mixture was stirred at room temperature 

for two hours, quenched in water, extracted with diethyl ether (3×100 mL), washed with deionized 

water (3×100 mL), dried over anhydrous MgSO4 and evaporated under reduced pressure to obtain 

yellow colored oil which was purified by column chromatography using hexane as the eluting 

solvent to obtain a clear oil (6.11 g, 76 %).  1H-NMR (CDCl3, 500 MHz; 7.18 (d,1H, J=5.6), 6.79 

(d, 1H, J=5.6), 2.56 (t, 2H), 1.57(m, 2H), 1.31 (m, 6H), 0.89 (t, 3H). 13C-NMR (CDCl3, 500 MHz; 

141.99, 128.24, 125.12, 108.79, 31.62, 29.71, 29.40, 28.90, 22.60, 14.09). 1H-NMR and 13C-NMR 

spectra are given in figure 4.3 and figure 4.4. 

 

Figure 4.3. 1H NMR spectrum of 2-bromo-3-hexylthiophene 

12 11 10 9 8 7 6 5 4 3 2 1 0

(ppm)

a

b

a b

CHCl3

c

c

d

d

e

e

f

f



 

122 

  

Figure 4.4. 13C NMR spectrum of 2-bromo-3-hexylthiophene 

 

Synthesis of 3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)thiophene 

 

Scheme 4.3. Synthesis of 3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)thiophene 

 

NaH (3.68 g, 153 mmol) was introduced to a three-neck round bottomed flask equipped with a 

condenser and mixed with dry DMF (20 mL) under nitrogen. Triethylene glycol monomethyl ether 

(20.5 g, 116 mmol) was added dropwise from a syringe over a period of 30 min while maintaining 

the temperature at 0 °C. The mixture was stirred for an hour at 0 °C to assure complete 

consumption of NaH. 3-Bromothiophene (12.9 g, 79.1 mmol) and CuBr (0.45 g, 3.14 mmol) were 

added to the reaction mixture at this point and it was heated to 110 °C. After 30 min at the elevated 

temperature, an aliquot was taken out, quenched with a 1 M aqueous solution of NH4Cl, extracted 
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with diethyl ether and subjected to GC-MS analysis. As abundance of starting materials were 

present in the reaction mixture an additional amount of CuBr (0.57 g, 3.97 mmol) was added at 

this point and the reaction was allowed to proceed at the elevated temperature for 1 h. The progress 

of the reaction was monitored with GC-MS analysis and more CuBr (1.51 g, 10.5 mmol) was 

added until 3-bromothiophene was consumed. Reaction mixture was heated at 110 °C overnight 

after which no 3-bromothiophene was present. The mixture was poured into a 1 M aqueous 

solution of NH4Cl (100 ml) and stirred for 10 min, extracted with hexane, dried over anhydrous 

MgSO4 and evaporated under reduced pressure to obtain the yellow colored crude oily product 

(11.6 g) which was used for the next step without further purification. 1H-NMR (CDCl3, 500 MHz; 

7.16(dd, 1H, J=5.2, J=3.2), 6.77(d, 1H, J=5.2), 6.26(s, 1H), 4.12(t, 2H), 3.84-3.54(m, 10H), 3.38(s, 

3H). 13C-NMR (CDCl3, 500 MHz; 157.62, 124.64, 119.61, 97.51, 71.94, 70.79, 70.67, 70.58, 

69.70, 69.58, 59.04). 1H-NMR and 13C-NMR spectra are given in figure 4.5 and figure 4.6. 

 

 

Figure 4.5. 1H NMR spectrum of 3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)thiophene 
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Figure 4.6. 13C NMR spectrum of 3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)thiophene 

 

Synthesis of 2-bromo-3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)thiophene 

 

Scheme 4.4. Synthesis of 2-bromo-3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)thiophene 

 

The crude 3-(2-(2-methoxyethoxy)ethoxy)ethoxy)thiophene (4.93 g, 20.0 mmol) was dissolved in 

THF: Hexane mixture (9:1, 150 mL) in a round bottomed flask and cooled down to -5 °C. N-

bromosuccinimide (3.58 g, 20.0 mmol) was added in to the mixture in small portions over a period 

of 1 h. After all the NBS have been added the reaction mixture was stirred for 2 h at 0 °C. The 

mixture was poured into a beaker with deionized water and extracted with hexane (3×100 mL). 

Combined organic layers were washed with deionized water, dried over anhydrous MgSO4 and 

evaporated under reduced pressure. The crude compound was purified by column chromatography 

using ethyl acetate: hexane (2:3) as the eluting solvents (4.04g, 62 %).  1H-NMR (CDCl3, 500 
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MHz; 7.18(d, 1H, J=6.0), 6.77(d, 1H, J=6.0), 4.20(t, 2H), 3.83-3.54(m, 10H), 3.38(s, 3H). 13C-

NMR (CDCl3, 500 MHz; 154.44, 124.31, 118.04, 92.30, 72.00, 71.73, 71.01, 70.72, 70.62, 69.90, 

59.10). 1H-NMR and 13C-NMR spectra are given in figure 4.7 and figure 4.8. 

 

 

Figure 4.7. 1H NMR spectrum of 2-bromo-3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)thiophene 
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Figure 4.8. 13C NMR spectrum of 2-bromo-3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)thiophene 

 

Synthesis of 3-hexyl-3 -(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)bithiophene 

 

Scheme 4.5. Synthesis of 3-hexyl-3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)bithiophene 

 

Mg (0.401g, 16.5 mmol) was kept under vacuum  in a 100 mL three-necked round bottomed flask 

equipped with a reflux condenser prior to the addition of THF (10 mL) and 2-bromo-3-

hexylthiophene (2.73 g, 11.0 mmol) under nitrogen. The Grignard reaction was allowed to proceed 

for 2 h at 60 °C. Ni(dppp)Cl2 (0.357 g, 0.659 mmol ) was kept under vacuum in another 100 mL 

three-neck round bottomed flask equipped with a reflux condenser prior to the addition of THF 

(50 mL) and 2-bromo-3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)thiophene (0.390 g, 11.0 mmol) 
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under nirtogen. The Grignard mixture was cannulated to the other flask containing 2-bromo-3-(2-

(2-(2-methoxyethoxy)ethoxy)ethoxy)thiophene and the catalyst Ni(dppp)Cl2. The resultant 

mixture was stirred under reflux for 5 days, quenched in water, extracted with hexane (3×100 mL). 

Combined organic layers were washed with deionized water, dried over anhydrous MgSO4 and 

evaporated under reduced pressure to obtain the crude product. Purification was carried out by  

column chromatography using ethyl acetate:hexane (2:3) as eluting solvents (1.82 g, 37 %). 1H-

NMR (CDCl3, 500 MHz;7.22(d, 1H, J=5.2), 7.18(d, 1H, J=5.6), 6.90(d, 1H, J=5.2), 6.88(d, 1H, 

J=5.6) 4.16(t, 2H), 3.78-3.46 (m, 10H), 3.37(s, 3H), 2.67(t, 2H), 1.32(m, 8H), 0.88(t, 3H). 13C-

NMR (CDCl3, 500 Mz; 153.24, 140.85,128.85, 127.50, 124.56, 123.27,118.16, 114.31, 71.95, 

71.35, 70.85, 70.67, 70.56, 69.91, 59.05, 31.70, 30.55, 29.35, 29.26, 22.63, 14.11). 1H-NMR and 

13C-NMR spectra are given in figure 4.9 and figure 4.10. 

 

 

Figure 4.9. 1H NMR spectrum of 3-hexyl-3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)bithiophene 
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Figure 4.10. 13C NMR spectrum of 3-hexyl-3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy) 

bithiophene 

 

Synthesis of 2-bromo-3-hexyl-3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)bithiophene 

 

Scheme 4.6. Synthesis of 2-bromo-3-hexyl-3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy) 

bithiophene 

 

3-hexyl-3ʹ-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-2,2ʹ-bithiophene (1.82 g, 4.42 mmol) was 

dissolved in  THF: Hexane mixture (9:1, 300 mL) in a round bottomed flask and cooled down to 

0 °C. N-bromosuccinimide (0.788 g, 4.42 mmol) was added in to the mixture in small portions 

over a period of 30 min. After all the N-bromosuccinimide have been added the reaction mixture 

was stirred for 2 h at 0 °C. The mixture was poured into a beaker with deionized water and 
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extracted with ether (3×100 mL). Combined organic layers were washed with deionized water 

(3×100 mL), dried over anhydrous MgSO4 and evaporated under reduced pressure. The crude 

compound was purified by column chromatography using ethyl acetate: hexane (1:4) as the eluting 

solvents to obtain the orange colored oil (1.32 g, 61 %). 1H-NMR (CDCl3, 500 MHz; 7.19(d, 1H, 

J=5.6), 6.89(d, 1H, J=5.6), 6.86(s, 1H), 4.18(t, 2H), 3.81-3.53(m, 10H), 3.37(s, 3H), 2.62(t, 2H), 

1.27(m, 8 H), 0.88(t, 2H). 13C-NMR (CDCl3, 500 MHz; 153.53, 140.95, 131.52, 129.33, 123.58, 

117.75, 113.26, 111.08, 71.95, 71.38, 70.87, 70.68, 70.58, 69.86, 59.06, 31.64, 30.37, 29.44, 29.16, 

22.60, 14.10). 1H-NMR and 13C-NMR spectra are given in figure 4.11 and figure 4.12. 2D-NMR 

analysis is given in figure 4.13 and figure 4.14. 

 

 

Figure 4.11. 1H NMR spectrum of 2-bromo-3-hexyl-3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy) 

bithiophene 
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Figure 4.12. 13C NMR spectrum of 2-bromo-3-hexyl-3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)  

bithiophene 

 

Figure 4.13. HSQC spectrum of 2-bromo-3-hexyl-3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy) 

bithiophene 
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Figure 4.14. HMBC spectrum of 2-bromo-3-hexyl-3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy) 

bithiophene 

Synthesis of poly[3-hexyl-3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)bithiophene] 

 

Scheme 4.7. Synthesis of poly[3-hexyl-3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)bithiophene] 

 

Freshly distilled isopropylamine (0.55 mL, 3.87 mmol) was added to a three neck round bottom 

flask containing dry THF (10 mL) under nitrogen. The solution was then cooled to -78 °C and n-

BuLi (1.30 mL, 3.22 mmol) was added while stirring.  The reaction mixture was allowed to stir at 

the same temperature for 1 h. To this mixture, 2-Bromo-3-hexyl-3’-(2-(2-(2-methoxyethoxy) 

ethoxy)ethoxy)bithiophene (1.32  g, 2.69 mmol) in dry THF (10 mL) was added at -78 °C and the 

reaction mixture was stirred at the same temperature for 1 h. After 1 h of stirring the round 
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bottomed flask was lifted up from the cold bath in a such a way that it barely touches the surface 

of the cold bath (~ - 40 °C) and ZnCl2 (0.586g, 4.30 mmol) was added and stirred for 1 h at -78 °C 

. The reaction mixture was allowed to warm to room temperature and Ni(dppp)Cl2 (7.26 mg, 

0.0134 mmol) (monomer: catalyst 200:1) was added at room temperature while stirring. The 

reaction mixture was stirred at 40 °C for 4 h before cooling to room temperature and precipitated 

in methanol. The solid was filtered and the polymer was purified via Soxhlet extractions with 

methanol, hexane and chloroform. Polymer was obtained as a dark blue solid by evaporating 

chloroform (200 mg, 18 %). 1H-NMR (CDCl3, 500 MHz; 7.01 (s, 1H), 6.98 (s, 1H), 4.26 (t, 2H), 

2.73 (t, 2H), 3.35 (s, 3H), 0.90 (t, 3H)) SEC: Mn = 9332, PDI = 2.25. 1H-NMR spectrum is given 

in figure 4.15. 

 

 

 

Figure 4.15. 1H-NMR spectrum of poly[3-hexyl-3’-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy) 

bithiophene]  
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4.4 Results and Discussion 

The synthesis of poly[3-hexyl-3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)bithiophene] was 

carried out as follows; Starting material 2-bromo-3-hexylthiophene was synthesized by a nickel 

catalyzed Kumada coupling reaction between  3-bromothiophene and hexylmagnesium bromide 

followed by bromination with N-bromosuccinimide (NBS).  Starting material 2-bromo-3-(2-(2-(2-

methoxyethoxy)ethoxy)ethoxy)thiophene was  synthesized by copper mediated substitution of 3-

bromothiophene,27 followed by bromination with NBS. The dimer 2-bromo-3-hexyl-3-(2-(2-(2-

methoxyethoxy)ethoxy)ethoxy)bithiophene was synthesized by nickel catalyzed Kumada 

coupling reaction between 2-bromo-3-hexylthiophene  and 2-bromo-3-(2-(2-(2-methoxyethoxy) 

ethoxy)ethoxy)thiophene, followed by a bromination with NBS. The position of the 

monobromination of 2-bromo-3-hexyl-3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)bithiophene 

was confirmed via 2D NMR analysis and the spectra are given in (figure 4.13 and 4.14). HMBC 

correlation of hexyl α carbon with thiophene singlet proton revealed the that the monobromination 

occurred on the hexyl thiophene ring.  

McCullough method was used for polymerization of 2-bromo-3-hexyl-3-(2-(2-(2-

methoxyethoxy)ethoxy)ethoxy)bithiophene,  in which LDA was used to abstract the bithiophene 

proton at the 5'-position followed by metal exchange via the addition of ZnCl2.The polymerization 

was then catalyzed with Ni(dppp)Cl2.
28 

The polymer formation was confirmed by SEC analysis (table 4.1) and 1H-NMR analysis. The 1H-

NMR spectrum of the polymer is shown in figure 4.15. The two singlet protons around 7 ppm are 

due to the thiophene protons. The triplet around 4.3 ppm is due to the αCH2 in the alkoxy chains 

and singlet around 3.3 ppm is due to the methoxy groups. The two triplets around 2.7 ppm and 0.9 

ppm are due to the αCH2 protons in hexyl chains and terminal CH3 groups, respectively.   
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Table 4.1. Molecular weights and optoelectronic properties of the polymer 

 

Molecular weighta (g mol-1) 9332 

PDI 2.25 

λmax (CHCl3)
b (nm) 476 

λmax (film)c (nm) 549, 579, 640 

Optical Band gap (eV) 1.48 

HOMO (eV)d -4.74 

LUMO (eV)e -2.96 

Eg (eV) 1.78 

Determined by aSEC (THF eluent),bUV-Vis absorption maxima of polymer solution in 

chloroform,  cUV-Vis absorption maxima of polymer film drop-casted from chloroform solution, 
dEstimated from the onset of  oxidation peak of the cyclic voltammogram, eEstimated from the 

onset of reduction peak of the cyclic voltammogram. 

 

The HOMO and LUMO energy levels of the polymer was estimated by cyclic voltammetry from 

the onset of oxidation and reduction peaks, respectively (figure 4.16). Due to the strong electron 

donating properties of MEEE side chains, the resultant polymer showed significantly high HOMO 

levels and hence lower band gap. The values are given in table 4.1. 

 

Figure 4.16. Cyclic voltamogram of the polymer  
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The optical properties of the polymer was characterized by UV-visible spectroscopy (figure 4.17a). 

The UV-Vis spectra in chloroform solution showed one absorption maximum around 476 nm 

(table 4.1), attributed to the absorption of π-π* transition of the conjugated polymer main chain. 

In thin film the absorption maximum is red shifted by ~100 nm with shoulder peaks indicating 

increased intermolecular ordering of the polymer in solid state compared to the solution. 

Furthermore, the polymers showed solvatochromism in THF/Water solvent mixtures (figure 4. 

17b). Incremental addition of water (non-solvent for PTs) to a solution of polymers in THF, a good 

solvent for the polymer resulted in a red-shifted absorption and concentration independent vibronic 

structures. We observed the same phenomenon in our previous work of regioregular P3HT based 

block copolymers and speculate that it is due to the formation of micellar or vesicular aggregates 

formed by self-assembly to generate core-shell type structure.29-31 In this case we believe that the 

observed red-shift may be due to the aggregates that we have observed in TEM images of the 

polymer drop-casted from THF/water (3:2) solvent mixture (figure 4.17d). 

Interestingly the polymer displayed different morphologies in different solvents. The morphology 

of the polymers drop-casted from chloroform, and THF/water was studied using TEM and the 

images are shown in figure 4.17. In chloroform, the hydrophilic MEEE segments might tend to 

self-assemble so that the hydrophilic chains stay away from the solvent resulting in micellar like 

aggregates (figure 4.17c). In THF/water mixture the MEEE segments shows more favorable 

interactions with the solvent showing more linear aggregates (figure 4.17d). We further 

investigated the size distribution of the micellar aggregates using DLS analysis (figure 4.18). DLS 

analysis showed a uniform micellar distribution of 100 nm whereas TEM image shows a larger 

micellar size. We speculate that this could be due to the aggregation of micelles upon thin film 

deposition as seen in TEM image.  
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Figure 4.17. UV-vis spectra of polymer in chloroform solution (black) and in thin film (red) (b) 

solution UV-Vis spectra of the polymer in THF and THF/water mixtures. (c) TEM images of the 

polymer drop-casted from (c) chloroform (d) THF/water (3:2) solvent mixture with                          

0.30 mg mL-1. 
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Figure 4.18. DLS analysis of the polymer in chloroform 

 

Furthermore, GIWAXS data was also obtained from a film of the polymer and the data is shown 

in figure 4.19. We assigned the peak at q ~ 0.4 Å-1 to the distance between polymer backbones 

through the alkyl side-chains.  The broad peak at q of 1.53 Å-1 corresponds to a π-π stacking 

distance of 4.1 Å, which is larger than that of P3HT.32  Another peak was visible at 0.83 Å-1 in the 

in-plane data shown in figure 4.19b.  This peak suggested the crystal structure of MEEE substituted 

polythiophene may differ from that of P3HT.32,33 

Comparing the π-stacking peak of MEEE substituted polythiophene to regio-random P3HT, which 

is amorphous, the breadth and position are similar.34  The broad π stacking peak suggests weak 

coupling between chains.  As a consequence, the GIWAXS data suggests that MEEE substituted 

polythiophene will exhibit lower charge mobilities when compared to regioregular P3HT.  Figure 

4.20 shows the in-plane and out of plane intensities of GIWAXS data with GISAXS data. 
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Figure 4.19.  (a) GIWAXS data from a film of the polymer.  (b) GIWAXS intensity vs scattering 

vector q.  Both azimuthally-averaged data and in-plane line cuts are shown. 

 

Thermogravimetric analysis of the polymer showed thermal stability up to ~300 °C and showed 

5% weight loss at 340 °C (figure 4.21). According to the DSC analysis (figure 4.22), the glass 

transition temperature is observed around 90 °C,  melting of the polymer around 160-170 °C and 

the crystallization temperature around 125 °C.  
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Figure 4.20.  (a) GIWAXS data in-plane and out of plane intencities (b) GISAXS data for the 

polymer 
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Figure 4.21. TGA thermogram of the polymer 

 

 

Figure 4.22. DSC analysis of the polymer at 10 °C min-1 
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In order to study the mobility of the charge carriers, the polymer was tested in field effect 

transistors as well as in Schottky diode. Field-effect mobilities were extracted from the electrical 

characterization of thin-film transistors with the polymer as the active layer.  Devices were 

fabricated with a bottom-gate, bottom-contact configuration. Surfaces were cleaned with UV-

Ozone treatment for 10 min; no other surface treatment was applied, because self-assembled 

monolayers such as octadecyltrichlorosilane deposited on the dielectric surface led to dewetting of 

the polymer.  ID vs. VD curves are given in figure 4.23a.  The linear behavior at low source-drain 

voltages suggests a lack of significant contact barriers.  ID vs VG is shown in figure 4.23b, and the 

average threshold voltage is -30 V ( 22.2 V) and the on/off ratio is 8.8  101 ( 5.1  101).  The 

field-effect mobility was obtained from the slope of 𝐼𝐷
1/2

 vs. 𝑉𝐺 (saturation regime) using:  


𝑠𝑎𝑡

=
2𝐿

𝑊𝐶𝑖
𝑚2             (4.5) 

Where, 
𝑠𝑎𝑡

 is the field-effect mobility obtained in the saturation regime, L is the channel length, 

W is the channel width, 𝐶𝑖 is the capacitance of the dielectric and m is the slope of the plot of 𝐼𝐷
1/2

 

vs. 𝑉𝐺 at saturation. The average mobility of devices with the polymer as the active layer is 4.2    

10-4 cm2 V-1 s-1 ( 4.8  10-5 cm2 V-1 s-1  ), which is lower than that of devices with regioregular 

P3HT as the active layer, even when devices lack self-assembled monolayers at the dielectric 

surface.26 Space charge limited current model in Schottky diode revealed that the polymer has 

vertical hole mobility of 3.47 × 10-7 cm2 V-1 s-1 ( 6.67 × 10-8 cm2 V-1 s-1) (figure 4.24) 
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Figure 4.23.  (a) Output curves of the polymer at different gate voltages (ID Vs. VD curves) (b) ID 

Vs VG (c) saturation mobility 

 

 

Figure 4.24. Fitting lines of I-V2 curves for the calculation of charge mobility in pure polymer with 

the SCLC model in Schottky diodes. 
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The high conductivity upon doping with iodine vapor  and the conductivity persisting for days 

under ambient conditions is a prominent feature in MEET based polymers.13 Our polymers shows 

similar behavior when the conductivity measurements were carried out using a 4-point probe.  The 

conductivity of the polymer increases upon chemical doping with iodine, with and without thermal 

annealing. Thermally annealed polymer showed slightly lower conductivity than the non-annealed 

polymer. Conductivity did not increase with increasing time. To study the stability of the doped 

states of the polymers, polymer films doped by iodine vapor for 3 hours were kept in air and the 

conductivities were measured over time (table 4.2). Conductivities were reduced by an order of 

magnitude after a week and then remained stable for about a month, indicating that these polymers 

have stable oxidized states.  This could be due to the better stabilization of charge carriers by 

alkoxy side chains on the polymer. 

   

Table 4.2. Conductivity of the polymer upon doping with iodine vapor and stability of doped films 

on air 

Doping time/ time in open 

air 

Average conductivities (S cm-1) 

Non-annealed Annealed 

No doping 0.0828 0.0843 

30 min 36.9 31.3 

1 h 28.4 18.4 

3 h 32.8 26.8 

After doping, day 1 44.8 17.6 

1 week 2.87 2.08 

1 month 2.19 1.92 

    Film thickness: non-annealed 1.57 m, annealed 1.58 m (annealing at 100 C  

    for 5 minutes) 

 

Due to the interesting conductivity features upon doping we have investigated the applicability of 

polymer as a hole injection layer for photovoltaic applications. Different concentrations of the 

polymer were spin coated from chloroform solution on ITO substrates with different spin rates. 

The resultant polymer films were doped with iodine vapor for 30 min and their transmittance was 
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investigated (figure 4.25). 30 min was more reasonable time scale for doping in real applications 

and the conductivity does not change considerably as doping time increases (table 4.2). 

Upon doping with iodine vapors, the polymer films became more transparent (inset of figure 4.25) 

and no longer soluble in common organic solvents such as chloroform and chlorobenzene. This is 

a crucial requirement in active layer deposition in photovoltaic applications as the active layer is 

deposited on top of the hole injection layer by using a common organic solvent. Both 5 mg/mL 

samples showed similar transmittance as PEDOT: PSS in IR regions and above 80 % transmittance 

in UV and visible regions. Since both 5 mg/mL samples showed similar behavior 5 mg/mL sample 

spin coated at 3000 rpm can be considered as best conditions as this speed gives a reasonable 

average film thickness of 16 nm. This film thickness is comparable with the PEDOT:PSS film 

thickness.36 PEDOT:PSS needs an additional annealing step prior to active layer deposition and 

shows hygroscopicity and acidity. By contrast, our polymers show greater potential as a hole 

injection layer as none of the above drawbacks are associated with it.  

 

Figure 4.25. Transmittance of the polymer compared with that of PEDOT: PSS 
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4.5 Conclusion 

β-functionalized poly(alkoxythiophene)s synthesized by McCullough method displayed a range of 

promising optical, electrical, and thermal properties such as better ordering in solid state, reduced 

band gap due to the high lying HOMO level, better thermal stability up to ~300 °C and in thin-

film transistors polymer showed an average mobility of 4.2  10-4 cm2 V-1 s-1. Furthermore, 

polymer showed high conductivity upon chemical doping with iodine vapors which persisted for 

days due to the stable oxidized states. Due to the increased transparency upon doping this polymer 

revealed great potential as an alternative to commercially available PEDOT: PSS. 
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