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In this dissertation, original design rules for the synthesis of π-conjugated semiconducting 

polymers with tailored optical properties are proposed, and oriented towards producing materials 

finding applications in electrochromic and photovoltaic devices, without excluding further 

implications in organic thin-film transistors and photodetection systems. In brief, the said design 

rules encompass a strategy for controlling the concentration of electron-rich and electron-

deficient heterocycles incorporated in the polymer repeat unit, as well as some critical insights 

into the extent / position / nature of the solubilizing groups to be appended to the main-chain 

depending on the electronic / physical properties targeted. Importantly, the synthesized materials 

are systematically characterized in terms of their fundamental physical and electrochemical 

properties, with a special emphasis on elucidating their energy band structure (following frontier 

molecular orbital theory principles) when the focus is placed on photovoltaic applications. In 

addition, several approaches are investigated to produce multifunctional materials combining 

optical features commonly difficult to achieve with substantial charge transport properties as 

specifically desired in light-harvesting related processes. The relevance of the synthetic 

approaches introduced is systematically challenged by in-depth analytical studies, as well as 

prototype construction, via collaborative work with various well-established research groups. 
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In a first instance, two-band absorbing cathodically-coloring electrochromic polymers 

reflecting (or transmitting) the color green are described, along with their switching performance 

in three-electrode electrochemical cells. A second project introduces a synthetic methodology for 

manipulating this dual-band optical absorption with the goal of generating new color patterns, 

and demonstrates the synthesis of the first polymer electrochrome with an absorption spectrum 

extending homogenously over the entire visible region, hence being essentially black in the 

neutral state, while switching to a transmissive state on application of an external bias. In a third 

project, a more fundamental approach aims at probing the potential of unsaturated linkers 

(namely ethylene and ethynylene) in cathodically-coloring polymer electrochromes, with the 

perspectives of copolymerizing a multiplicity of chromophores via the said linkers to produce 

unprecedented palettes of colors. The last two projects developed in this dissertation are directed 

to the synthesis, characterization, and testing of semiconducting polymers addressing the 

requirements of organic electronics suitable for solar cell applications. The emphasis is placed on 

two-band absorbing polymers reflecting the color green, or broadly absorbing across the visible 

spectrum to be essentially black, and combining substantial charge-carrier mobilities to promote 

the charge generation / transport processes at work in photovoltaic devices. 
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CHAPTER 1 
THE DONOR-ACCEPTOR APPROACH IN π-CONJUGATED POLYMERS: ORIGIN, 

PRINCIPLES AND APPLICATIONS 

1.1 The Fundamentals of Bandgap Control in Conjugated Polymers 

Following the first reports of metallic conductivity in iodine-doped polypyrrole in 1963 by 

Weiss et al.,1-3 and in iodine-doped polyacetylene in 1977 by Alan J. Heeger, Alan MacDiarmid 

and Hideki Shirakawa,4 conjugated polymers have become a mainstay of research and 

development, finding application in field effect transistors,5 light-emitting diodes,6 chemical 

sensors,7,8 memories,9 photovoltaic cells,10,11 and electrochromic devices,12-14 for the most cited. 

In particular, the perspectives of achieving synthetic metals via the polymerization of well-

chosen unsaturated organic precursors into conjugated species in which the charge carriers are 

readily transferred from the valence to the conduction band have widely driven the research field 

during the first two decades. Considering the potential of conjugated polymers as organic metals 

and their perspectives in the various electronic and photonic devices mentioned above, the 

concept of “bandgap-engineering” has rapidly emerged and the several variables influencing the 

bandgap in semiconducting polymers have been examined. 

In fact, a primary parameter in the origin of an energy gap between valence and conduction 

bands in conjugated systems is considered to be the bond length alternation that results from the 

presence of both single and double covalent bonding between atoms (e.g. polyacetylene has bond 

lengths of ca. 1.35 and 1.45 Å). More precisely, electronic repulsions analogous to those 

observed in cyclobutadiene take place upon conjugation, creating a geometrical distortion, 

namely a Jahn-Teller distortion (or Peierls distortion in condensed matter physics), thus opening 

up the energy gap. Energy bands arise from hybridization of the π orbitals associated with the 

presence of double covalent bonding which introduce a multiplicity of new energy states in the 

energy band structure of the conjugated material (see Figure 1-1). In the ideal case, the electronic 
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delocalization of the π-system is even along the conjugated backbone, hence minimizing the 

bond length alternation, such that the different mesomeric forms of the conjugated species would 

be equivalent in energy (see Figure 1-2). While this hypothetical case would produce a “zero-

bandgap” system, it has practically never been attained to date and conjugated polymers have 

been employed for their semiconducting properties instead. 

 
 
Figure 1-1. Schematic representation of the evolution of the bandgap with the extent of 

conjugation in π-conjugated polymers 

 
 
Figure 1-2. The two mesomeric forms of polythiophene are not equivalent in energy (non-

degenerate) due to the bond length alternation that results from the presence of both 
single and double covalent bonding between atoms. In brackets, the hypothetical 
“bond-equal” situation would produce a “zero-bandgap” system with its π electrons 
evenly delocalized along the main-chain 
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In semiconductors (Eg < 3 eV), the top of the valence band corresponds to the highest 

occupied molecular orbital (HOMO) and the bottom of the conduction band to the lowest 

unoccupied molecular orbital (LUMO). Both the HOMO and the LUMO levels can be adjusted 

through synthetic modifications, although a number of parameters adding to the bond length 

criteria and influencing the width of the bandgap must be taken into account (see Figure 1-3). As 

a result, the overall energy gap of a π-conjugated system can be obtained by adding the different 

contributions described above according to the following equation:15 

Eg = EBLA + Eθ + ESub + ERes + EInt 

 

 
 

Figure 1-3. Structural factors influencing the extent of the bandgap in semiconducting polymers. 
Irregioregular poly(3-hexylthiophene) (P3HT) serves as an illustration 

1.2 High-Performance π-Conjugated Polymers for Device Applications 

In this section, a selected number of established or promising applications for organic 

electronics are presented with a stress on solution-processable π-conjugated polymers in general 

and a specific look at the perspectives of donor-acceptor systems when appropriate. 
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1.2.1 In Field Effect Transistors 

Solution-processable semiconducting π-conjugated polymers are finding application in 

field-effect transistors (FETs) for which mechanical flexibility and processing costs have become 

a sine qua non of technological development and high-throughput device production. Relying on 

the application of an electric field to control the conductivity of a channel of charge carriers in a 

semiconductor, FETs are employed in the design of logic circuits. In comparison with their 

inorganic counterparts which processing require elevated temperatures (>350oC), solution-

processable organic semiconductors can be applied onto plastic substrates (e.g. PET) using 

ambient conditions. A large number of deposition techniques have been described in this area.16-

18 Sirringhaus has detailed the device physics of solution-processed organic FETs (OFETs).19 In 

this area, polymeric systems are of particular interest owing to the possibility of producing ink 

formulations which rheological properties can be adjusted as a function of the manufacturing 

process.20 

 The top-gate and bottom-gate device architectures illustrated in Figure 1-4 have been the 

most explored configurations so far. In addition, a bottom-gate device can be constructed with 

bottom-contacts or top-contacts. While top-gate FETs have two electrodes (source and drain) 

deposited on a substrate, and are subsequently covered by a semiconductor (the polymer) and a 

dielectric layer (see Figure 1-4a), bottom-gate devices have the gate electrode deposited directly 

on the substrate (or alternatively serving as the substrate), and their dielectric layer directly 

above (see Figure 1-4b). In a bottom-gate configuration constructed with bottom-contacts, the 

source and drain are placed on top of the dielectric and covered by the semiconducting layer. In 

contrast, a bottom-gate configuration constructed with top-contacts has its semiconducting layer 

on top of the dielectric, and the source and drain deposited last (see Figure 1-4c). The power 
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channel of the FET is defined as the region comprised between source, drain and gate. The 

channel length corresponds to the distance between source and drain and its width is determined 

by the length of these two electrodes. Yang et al. and Rinzler et al. have recently independently 

introduced a vertical transistor architecture (VOFET) and demonstrated its utility for π-

conjugated semiconducting polymers (see Figure 1-4d).21-23 One clear advantage of this approach 

is represented by the ease in obtaining especially small channel lengths which, in this case, 

correspond to the thickness of the organic semiconducting thin-layer itself. 

a) b)  

c) d)  
 
Figure 1-4. Representative architectures employed in the construction of organic field-effect 

transistors (OFETs): a) top-gate, b) bottom-gate / bottom-contact, c) bottom-gate / 
top-contact, and d) vertical transistor configuration as recently independently 
proposed by Yang et al. and Rinzler et al.21-23 

Over the past few years, solution-processed OFETs with field mobilities as high as those 

obtained for amorphous silicon-based transistors (10-1-1 cm2 V-1s-1), and above, have been 

described. In this area, soluble oligoacenes (e.g. pentacene), oligothiophenes and their fused 

hybrid derivatives have shown the highest performance in devices so far, as illustrated by the 
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dithieno[2,3-d;2’,3’-d’]benzo[1,2-b;4,5-b’]dithiophenes (see Figure 1-5a) exhibiting up to 1.7 

cm2 V-1s-1 of hole mobility (on/off ratio 107) recently reported by Müllen et al.24 The same group 

has achieved soluble discotic hexa-peri-benzocoronenes which are liquid-crystalline, can 

organize into columnar superstructures and form 2D-lattices (see Figure 1-5b).25,26 When 

measured along their columnar axis, some of their structures have shown hole mobilities as high 

as 1.1 cm2 V-1s-1, which go down to 0.01 cm2 V-1s-1 (on/off ratio 104) in bottom-gate FETs likely 

due to the difficulty in controlling the macroscopic order of the columns that must be aligned in-

plane with the substrate to favor the charge transport. In parallel, when carefully designed, π-

conjugated polymers have recently revealed performances approaching, sometimes exceeding, 

those of their small molecule counterparts in FETs assembled via conventional processing 

techniques. For example, McCulloch et al. have designed and synthesized poly(quaterthiophene) 

analogues possessing thieno[3,2-b]thiophene building blocks, namely poly(2,5-bis(3-

alkylthiophen-2-yl)thieno[3,2-b]thiophenes)s (see Figure 1-5c), assembling into large crystalline 

domains upon annealing treatment and exhibiting up to 0.6 cm2 V-1s-1 (on/off ratio ~107) in top-

gate FETs.17 As a comparison, regioregular poly(3-hexylthiophene) (P3HT) has shown up to 0.1 

cm2 V-1s-1 of hole mobility in top-contact FET.27 In more disordered polythienyl systems, Marks 

et al. and McCullough et al. have demonstrated hole mobilities in the range 10-1-10-2 cm2 V-1s-1 

in bottom-gate / top-contact and bottom-gate / bottom-contact devices respectively (see Figure 1-

5d and 1-5e), hence introducing the idea that the degree of macroscopic order may not be a 

determining factor in device performance and that other variables such as close π-stacking 

interactions and polymer molecular weight can be the key-components for excellent charge 

transport. Similarly, in absence of pronounced macroscopic order, Müllen et al. have monitored 
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hole mobilities as high as 0.17 cm2 V-1s-1 in cyclopentadithiophene-based polymers which only 

correlated to a close π−π stacking (see Figure 1-5f). 

 
 

Figure 1-5. Chart of the representative semiconducting π-conjugated polymers with state-of-the-
art performance in solution-processed FET devices 

If OFETs with relatively high electron mobilities have been in general more challenging to 

achieve due to the complexity in designing semiconducting polymers with especially high 

electron affinities, Facchetti et al. have shown 0.45 – 0.85 cm2 V-1 s-1of electron mobility in a 

solution-processable naphtalenedicarboxyimide derivative (Polyera ActivInk N2200, see Figure 

1-5g) offering perspectives for polymeric complementary circuit technologies, where electron- 

and hole-transport organic thin-film transistors are combined to operate in concert.20 
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Importantly, thin film transistors can be assembled with the purpose of evaluating the 

charge-carrier mobility of a semiconducting component. This aspect will be further discussed in 

Chapter 2. 

1.2.2 In Light Emitting Diodes 

Light emission is another field of application where π-conjugated polymers are especially 

desired as both emitters and charge transport materials with the perspective of being applied in 

flexible-panel displays and lightning.6 Following the discovery of light emission in conjugated 

polymers by Tang et al.,28,29 significant research effort has been initiated with the intention of 

probing the full potential of organic materials in simple vertical device architectures (see Figure 

1-6). In parallel, designing suitable organic electronics for red, blue, green, and white light-

emitting diodes (OLEDs), has been the mainstay of research and development in this area so far. 

a) b)  

c) d)  
 
Figure 1-6. Representative architectures employed in the construction of organic light-emitting 

diodes (OLEDs): a) without carrier-transport layer, b) with hole-transport material 
(HTM), c) with electron-transport material (ETM), and d) with HTM and ETM 
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For a single layer configuration to be efficient, the emitting material should combine high 

luminescence quantum yield and substantial charge transport properties, which are two variables 

that have long been thought to be exclusive.30,31 As a result, materials enhancing the electron- 

and hole-injections are generally integrated in the device structure, resulting in reducing the non-

radiative loss mechanisms, hence improving the device efficiency, brightness and operating 

voltage. In addition, a matchup between the various constitutive components of an OLED is 

required as large injection barriers to overcome generally limit the device performance. Figure 1-

7 illustrates how the introduction of an electron- or hole-transporting layer (ETM or HTM) can 

favor the charge transport across the device by introducing intermediate energy levels aligning 

the emitter energy band structure with the work-functions (Φ) of the injection electrodes. In the 

area of OLEDs, the polymer band structure is generally defined in terms of electronic affinity 

(EA) and ionization potential (IP) instead of their frontier molecular orbitals (LUMO and 

HOMO, respectively). For example, poly[2-methoxy-5-(2'-ethyl- hexyloxy)-1,4-phenylene 

vinylene] (MEH-PPV, see Figure 1-8a) and poly(9,9-dioctylfluorene)  (PFO, see Figure 1-8b) 

have significant barriers for hole injection and particularly large ones for electron injection and 

necessitate the introduction of an ETM. It is worth noting that an ETM, for instance, does not 

only lower the barrier for electron injection (∆Ee) but also acts as a hole-blocking layer since its 

IP is commonly larger than that of the emitter. As a result, the ETM will balance the overall 

charge flow across the device by limiting the hole currents as most semiconductors suitable for 

light-emission show relatively low electron mobilities. 

In addition to the well-established PFO and MEH-PPV, π-conjugated polymers exhibiting 

higher EA have been explored in OLEDs, such as the alternating 2,1,3-benzothiadiazole / 9,9-

dioctylfluorene analogue (EA = 3.2-3.5 eV and IP = 5.9 eV) (see Figure 1-8c) demonstrating a 
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brightness of ca. 10,000 cd m-2 and an efficiency of ca. 14.6 cd A-1 when used as a green-

emitting ETM, and up to ca. 153,000 cd m-2 of brightness in blend with PFO in micro-sized 

pixels.32,33 

a) b)  
 

Figure 1-7. Schematic representations of a) single-layer OLED device energy band diagram, b) 
two-layer OLED device energy band diagram including a p-type (i.e. hole 
transporting) emitter and an electron transport material (ETM) 

 
 
Figure 1-8. Chart of commonly employed emitting π-conjugated polymers with well-behaved 

light emission in solution-processed OLED devices 

While much progress remains to be made in the field of polymer LEDs with the synthesis 

of intrinsically more efficient emitting-materials and the careful design of suitable device 
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architectures, some trends are now emerging in device optimization with the most conventional 

electroluminescent polymers as described by Jenekhe et al. for instance.6  

1.2.3 In Chemical Sensors 

With more than just promises, π-conjugated polymers have emerged as transduction 

materials for chemical sensing, whereby a chemical signal associated to the detection of an 

analyte is transformed into an electrical or optical event. For example, amplifying fluorescent 

polymers (AFPs) rely on the transport of electronic excited states as opposed to the transport of 

charges (electrons or holes) in silicon-based systems. Excited states in AFPs are also referred to 

as “excitons” owing to the quasiparticle character of the local structural change (finite in length) 

induced in the polymer backbone upon excitation/relaxation. The propagation mechanisms 

involve through-space dipolar interactions and mixing of excited states. The amplifying 

propensity of conjugated polymers arises from this efficient transport mechanism which endows 

them with high levels of sensitivity to the smallest perturbations when compared to smaller 

molecules. 

A representative approach developed by Swager et al. for metal ion sensing has been the 

design, synthesis and use of crown ether-based polymeric materials.7,8 In such systems, analyte-

induced aggregation is the driving force for important optical changes comprising shifts in 

optical absorption and fluorescence quenching. For example, the 15-crown-5-functionalized 

poly(p-phenylene ethynylene) illustrated in Figure 1-9 is prone to aggregate through 

intermolecular complexation of K+ ions.34 This process results in a bathochromic shift of the 

polymer maximum of absorption from ca. 25 nm consistent with the formation of π-stacked 

aggregates. In parallel, the emission is quenched from 82% at the polymer emission maximum. 
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While K+ produces 1:2 complexes with 15-crown-5, Li+ and Na+ can only form 1:1 complexes 

with the same complexing moiety and cannot lead to metal ion-bridged polymer aggregates. 

 
 
Figure 1-9. K+ induced aggregation of 15-crown-5-functionalized poly(p-phenylene ethynylene) 

via intermolecular complexation as K+ produces 1:2 complexes with 15-crown-5 
(Adapted with permission from Ref.34 Copyright 2000 WILEY-VCH Verlag GmbH 
& Co. KGaA, Weinheim)  

The synthetic design and mechanistic hypothesis illustrated in Figure 1-10 have been 

introduced to demonstrate how a binding event can directly affect the conformation of a 

conjugated backbone.35 In this case, the ion complexation induces the polymer backbone to twist 

out of planarity with the extent of this twist depending on the diameter of the metal ion and the 

size of the complexing macrocycle. As a result, both intrachain (conjugation length-related) and 

interchain conductivity (interchain spacing-dependent) are reduced and strong ionochromic 

effects are observed. 

In 2000, Swager et al. have described the broad topic of chemical sensing from the 

perspective of conjugated polymers in a comprehensive review article.7 The same group has 

more recently reviewed the various approaches employing fluorescent conjugated polymers that 

have been developed and investigated for chemical sensing.8  
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Figure 1-10. K+ complexation induces a polythiophene backbone to twist out of planarity with 
the extent of this twist depending on the diameter of the metal ion and the size of the 
complexing macrocycle (Adapted with permission from Ref.35 Copyright 1993 
American Chemical Society) 

1.2.4 In Photovoltaic Cells 

In contrast with OLEDs where small molecules and π-conjugated oligomers have proven 

significantly more effective so far, semiconducting polymers are presently revealing better 

results in thin film light-harvesting devices. With state-of-the-art power conversion efficiencies 

(PCEs) exceeding 5% under AM 1.5 solar illumination, polymer solar cells (PSCs), as polymer 

FETs, capitalize on low-cost solution processing techniques applicable at ambiance as well as on 

the mechanical flexibility and lightweight of the substrates from which they can be fabricated. 

First introduced by Heeger et al. in 1995,36 active layers consisting of interpenetrating 

networks of semiconducting π-conjugated materials and fullerene derivatives (e.g. [6,6]-phenyl-

C61-butyric acid methyl ester, PCBM), namely bulk heterojunctions (BHJs), have rapidly become 

the cornerstone of organic solar cell development. In comparison to their bilayer analogues (see 

Figure 1-11a), BHJs offer greater surface areas between the electron-rich (e.g. polymer) and 

electron-deficient (e.g. PCBM) components (see Figure 1-11b), thereby offering the potential for 

higher densities of photogenerated charges and more effective charge extraction. 
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a)  

b)  
 
Figure 1-11. Comparative illustration of a) a bilayer single junction polymer:PCBM – based 

device and b) a bulk-heterojunction polymer:PCBM – based device as first proposed 
by Heeger et al. in 1995.36 In comparison to their bilayer analogues, BHJs offer 
greater surface areas between the electron-rich (e.g. polymer) and electron-deficient 
(e.g. PCBM) components, thereby offering the potential for higher densities of 
photogenerated charges and more effective charge extractions 
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In conventional BHJ-type devices, the active layer across which the charge dissociation 

occurs under illumination is sandwiched between two electrodes collecting the dissociated 

charges, here Al (Φ = ca. 4.3 eV vs. vacuum) as the cathode and ITO (Φ = ca. 4.8 eV vs. 

vacuum) for the anode. At the polymer-anode interface, PEDOT:PSS (LUMO = ca. 5.0-5.1 eV 

vs. vacuum, ca. 25 nm) is commonly spin-coated from aqueous solution whereas LiF (Φ = ca. 

3.8 eV vs. vacuum, 1 nm) is employed at the cathode to facilitate the electron-extraction. It is 

worth noting that low work-function metals such as Ca (Φ = ca. 2.9 eV vs. vacuum) have shown 

excellent results in organic solar cells, although their atmospheric instability causes the 

subsequent devices to degrade in absence of encapsulation. In contrast, low work-function metals 

are well suited for electron-injection and are commonly used in OLEDs and FETs. Marks et al. 

have recently commented on the use of PEDOT:PSS which is described as a material highly 

corrosive, hence setting the progressive degradation of both the semiconducting polymer active 

layer and the ITO electrode over time. They have proposed to replace the acidic composite with 

different organic and inorganic hole-injection layers (e.g. NiO).37,38  

In spite of projected power conversion efficiencies of 10% in single layer solar cells,39 and 

15% in tandem devices,40 the highest reported values surprisingly remain in the 5-6% 

range.10,11,41 Of all the variables influencing BHJ device performance, the polymer energy band 

structure is determining as it governs the width and position of the spectral absorption, it impacts 

the device open-circuit voltage and it controls the photoinduced electron transfer to the strongly 

accepting fullerene analogue. In these conditions, the donor-acceptor (DA) approach introduced 

by Havinga et al. in macromolecular systems,42 and consisting in alternating electron-rich and -

poor building units along the conjugated backbone, has attracted a good deal of attention, and 

narrow-bandgap π-conjugated polymers absorbing at longer-wavelengths than their wider-
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bandgap all-donor parents (e.g. P3HT, MEH-PPV and MDMO-PPV) have been synthesized.43-48 

In particular, Heeger et al. have demonstrated how donor-acceptor polymer chromophores 

possessing longer-wavelengths optical transitions (where the photon flux is the most intense, see 

Figure 1-12c) can be employed as complementary light-absorbing materials in tandem solar cells 

with an all-donor analogue harvesting in the shorter-wavelength region (i.e. where the photon 

flux is the most energetic, see Figure 1-12a and 1-12b).49  

a) b)  

c)  
 
Figure 1-12. a) Solar spectral irradiance (under Air Mass 1.5 conditions) as a function of photon 

wavelength (bottom) and energy (top). This quantity defines the amount of radiation 
received by a surface at a particular wavelength (W m-2 nm-1). b) The solar spectral 
irradiance is converted into power density (W m-2). c) The photon flux (number of 
photons received per unit area and per second, m-2 s-1) is calculated by simply 
dividing the power density by the energy (in Joules as opposed to eV!) of the 
corresponding photon. Note that the maximum photon flux becomes more intense 
past 600 nm. 
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On the other hand, beside the requirement for a broad spectral absorption across the visible 

and into the near-IR, organic polymers suitable for BHJ applications with PCBM must exhibit 

balanced charge-carrier mobilities over the polymer- and PCBM-rich phases (less than two 

orders of magnitude difference) to avoid falling into a space-charge limited device performance. 

In this respect, since the electron mobility of PCBM is commonly reported in the order of 10-3 

cm2 V-1s-1,50 the polymer should not exhibit hole mobilities lower than 10-5 cm2 V-1s-1 (as 

vertically measured, i.e. direction normal to the substrate). In spite of this known requirement, it 

is well accepted that the charge transport in organic solar cells remains the limiting-factor in 

device performance. 

In general, the exciton diffusion length in conjugated polymers is low in comparison to the 

photon absorption length (ca. 100 nm), and the commonly reported values range from 50 Å to 

200 Å for the highest estimations (i.e. 5-20 nm). The mobility and lifetime of the exciton are the 

parameters that define its diffusion length. Figure 1-13 illustrates the processes at work in a 

polymer solar cell, where 1) light absorption, 2) charge generation, 3) charge diffusion, 4) charge 

dissociation, and 5) charge collection constitute the key mechanistic steps. In the favorable 

situation, charge transfer occurs within an encounter donor-acceptor complex (involving either a 

donor or an acceptor singlet exciton), hence forming a geminate electron-hole pair, which can 

dissociate and produce free charges. Alternatively, the geminate pair can recombine in a non-

radiative loss mechanism, and the exciton is lost. Geminate recombinations are especially 

prominent in low dielectric-constant media dominated by strong Coulombic binding energies 

between holes and electrons. The charge dissociation step is commonly believed to be rate-

determining, and can be enhanced with increased concentration of a higher dielectric-constant 

medium such as electron-accepting fullerenes. An example of a well-behaved donor-acceptor 
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system is P3HT/PCBM for which up to 90% of the geminate pairs undergo effective dissociation 

upon post-deposition annealing of the blend.51 In contrast, dissociation rates of less than 40% are 

commonly observed in other polymer-based solar cells. Following the dissociation process, an 

additional loss mechanism is represented by the bimolecular recombinations taking place as free 

oppositely charged species have large interface areas to meet in BHJ devices in particular. 

Bimolecular recombinations occur in high concentrations in low charge-carrier mobility media 

where the buildup of charges favors the side-processes, as well as in blends of charge transport-

balanced low charge-carrier mobility media in general. 

a)  

b)  
 
Figure 1-13. Overview mechanism illustrating the solar power-conversion taking place in 

organic solar cells. a) Photoinduced charge transfer and formation of a geminate 
electron-hole pair and b) Dissociation of the intermolecular exciton 
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In addition to the charge transport aspects developed above, optimizing the device 

performance should include minimizing the loss of energy in the mismatch between the polymer 

energy band structure and the work-functions of the various device components. Figure 1-14 

illustrates the device energy configuration when a typical polymer donor is introduced in a blend 

with a fullerene acceptor as the active layer. While the device is in the open-circuit mode (flat-

band conditions) allowing the determination of its open-circuit voltage (VOC) in Figure 1-14a 

(note the degeneracy lift in both the donor and the acceptor upon photoinduced electron transfer 

as radical ions are forming!), the bands of the semiconducting components “bend” in the short-

circuit conditions as the Fermi levels of the metal electrodes align as described in Figure 1-14b. 

a) b)  
 
Figure 1-14. Schematic representations of a) PV device energy band diagram in open-circuit 

conditions, b) PV device energy band diagram in short-circuit conditions 

Beside those well-established and simple physical aspects, a closer look at the actual 

energetics of the photoinduced energy transfer occurring within the donor-acceptor blend placed 

in those conditions has very recently been proposed by Janssen et al. in a contribution looking to 

understand the energy losses in organic solar cells.52 Figure 1-15 summarizes the important 

conclusions of their work. 
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Figure 1-15. Schematic illustration of the “loss mechanism” encountered in polymer solar cells, 
and leading to the device open-circuit voltage (VOC) being ultimately controlled by 
the optical bandgap of the smallest-gap component in the donor-acceptor blend. 
(Adapted with permission from work presented by René Janssen at University of 
Florida in March-April 2009) 

Throughout their analysis, it appears that as little 0.1 eV is sufficient to induce charge 

transfer from the donor to the acceptor, and access the charge separated state (CT) (i.e. to form 

an intermolecular charge transfer exciton). Importantly, an additional 0.3 eV was proposed to 

account for the Coulombic energy difference between the CT state and a lower energy state 

corresponding to the formation of an “intramolecular” charge transfer exciton (i.e. considering 

the donor-acceptor exciton as its own entity). With an extra 0.2 eV used in the charge transport, 

it was concluded that at least 0.6 eV is lost between the optical bandgap of the smallest-gap 

component in the blend (EgOPT, most commonly that of the polymer donor) and the actual device 

VOC, meaning that the maximum VOC attainable is ultimately set by the bandgap according to 

eVOC = EgOPT - 0.6 eV. This important remark is expected to impact the design and synthesis of 

π-conjugated semiconducting polymers with optimized energy band structure, including low-

lying HOMOs as desired for photovoltaic cells with higher VOC, and thereby possibly higher 
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power conversion efficiencies (see parameters of importance in solar cells described in Chapter 2 

of this dissertation). In addition to those essential considerations, the redox thresholds beyond 

which semiconducting polymers are susceptible to degrade (i.e. self-dope) under environmental 

conditions should be kept in mind (see Figure 1-16). 

 

Figure 1-16. Schematic illustration of the possible redox degradation mechanisms undergone by 
semiconducting polymers under environmental conditions. 1)  Polymers with a 
LUMO deeper than 3.6 eV undergo n-type doping, 2) Polymers with a HOMO higher 
than 5.2-5.3 eV undergo p-type doping (Figure created with contribution from Ken 
Graham) 

With the main focus placed in tailoring the band structure of the polymer donor , fullerene 

acceptors have received only limited attention so far,53 likely due to the complexity in 

synthesizing and isolating derivatives with tailored energy band configurations. To date, in BHJ 

solar cells, the most conventionally employed electron-accepting fullerenes remain PC60BM and 

PC70BM (see Figure 1-17) which possess the same LUMO energy levels (see Table 1-1, and see 

Chapter 2 for more details on the electrochemical measurements performed), hence the same 

electron affinity. 
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a) b)  
 
Figure 1-17. a) [6,6]-phenyl-C61-butyric acid methyl ester or PC60BM, b) [6,6]-phenyl-C71-

butyric acid methyl ester or PC70BM 

Table 1-1. Electrochemically determined HOMO and LUMO energy levels by cyclic 
voltammetry (CV) and by differential pulse voltammetry (DPV) for the fullerenes 
PC60BM and PC70BM, corresponding electrochemical bandgaps, and comparison 
with their optically estimated values (from thin films) 

Fullerene 
Eoxonset (V) HOMO (eV) Eredonset (V) LUMO (eV) Egap (V) Egap (V) 

CV DPV CV DPV CV DPV CV DPV CV DPV Optical 

PC60BM  1.22 1.10 6.32 6.20 -0.94 -0.80 4.16 4.30 2.16 1.90 1.89 

PC70BM 1.03 0.91 6.13 6.01 -0.97 -0.81 4.13 4.29 2.00 1.72 1.74 
a oxidation (Eoxonset) and reduction (Eredonset) potentials are reported vs. Fc/Fc+. HOMO and 
LUMO energy levels are derived from the electrochemical data (Eoxonset and Eredonset 
respectively) considering that the SCE is 4.7 eV vs. vacuum and Fc/Fc+ is 0.38 eV vs. SCE, i.e. 
5.1 eV relative to vacuum. 
 

As opposed to PC60BM which absorbs mainly in the UV where the photon flux is minimal 

(see Figure 1-12c), PC70BM absorbs in the blue region of the visible (peak at ca. 500 nm), and 

thereby contributes more effectively to the photogenerated current. This phenomenon is 

commonly attributed to symmetry differences inducing distinct spin-allowed and spin-forbidden 

transitions in PC60BM and in PC70BM. Then again, beside the symmetry considerations, it is 

worth noting from Table 1-1 that even though the fullerene counterparts show near-identical 

LUMOs, their respective HOMOs differ by ca. 0.2 eV, with the lower estimated bandgap value 

for PC70BM also 0.2 eV lower than that of PC60BM. Although never mentioned as a 

contributing-factor, the lower overall bandgap of PC70BM can be expected to correlate to a 

certain extent with the bathochromic shift observed. 
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1.2.5 In Electrochromic Devices (ECDs) 

1.2.5.1 Electrochromism 

Defined as an optical change operating in a material upon electron-transfer (redox), or by 

application of an external bias, the phenomenon of electrochromism was first observed by Deb et 

al. in the transition metal oxide WO3 in 1969.54 Featuring high photochemical stability and 

switching reversibly from a transparent to an intense blue color via electrochemically induced 

intervalence charge-transfer optical transitions, cathodically coloring WO3 has become the 

material of choice for smart windows.55 Since then, numerous other metal oxides have been 

studied in the context of ‘black to colorless' switching electrochromics including oxides of 

molybdenum (MoO3), iridium (Ir(OH)3) and nickel (NiO).13 In addition to being inherently 

brittle, metal oxides often exhibit long switching times of multiple seconds to minutes along with 

low coloration efficiencies and contrast ratios.13 Alternatively, by exhibiting higher contrasts, a 

variety of colors, and the capability to perform on flexible substrates, organic electrochromics 

are now being applied to numerous applications including smart windows and mirrors,12,56 

switchable displays,57 and electrochromic inks.13,57 In parallel, they could possibly meet the 

growing demand for optical modulators and shutters in message-laser communications and 

optical data storage.13  

1.2.5.2 Electrochromic polymers (ECPs) 

Of all the possible applications, light-emitting and non-emissive electrochromic devices 

(ECDs) require precise control of the colors displayed in terms of their hue, saturation, intensity 

and/or their brightness. Besides the requirements for aesthetically pleasing color patterns, 

displays, for instance, are expected to include emissive or non-emissive chromophores which can 

be brought together as pixels or superimposed to recreate several other desirable colors via the 

principles of color mixing theory. In this context, π-conjugated polymers combining mechanical 
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flexibility, and ease in bandgap/color tuning via structural control, along with the potential for 

low-cost scalability and processing, are attractive. In both light-emitting and electrochromic (EC) 

technologies, changing the composition of the polymers at the molecular level has been the most 

extensively investigated approach to color-tuning so far. Hence, a variety of synthetic strategies 

have been described over the years spanning varying the overall planarity of the backbones as a 

function of steric hindrance, changing the electron-rich and -poor character of the building 

blocks incorporated in the repeat unit, increasing the conjugation lengths via the use of fused 

heterocycles able to reduce the polymers’ bond-length alternation, copolymerizing different 

monomers randomly and in different feed ratios, and so on.14 Alternatives have consisted in 

blending different electroactive components, or creating laminates and composites with other 

types of chromophores or insulating materials.14 

In fully π-conjugated organic polymers, as the oxidation level is progressively increased, 

charged carriers balanced with counter ions are created along the backbone which have long-

wavelength optical absorptions.13 For a sufficiently low energy-gap polymer, as oxidative (p-

type) doping generates the formation of radical cations (polarons) and further dications 

(bipolarons) the absorption can be transferred into the near-IR with depletion of the ground-state 

π−π∗ transition in the visible. The ability of the backbone to assume a stable quinoidal geometry, 

as well as the position of the bipolaronic transition relative to the visible region, governs the 

transmissivity of the fully oxidized state. 

Combining high contrast ratios, fast response times, narrow potential windows of 

application with the perspective for long-term optical stability, processable electrochromic 

polymers (ECPs) are now impacting the development of both transmissive and reflective EC 

technologies. With the same ubiquitous target-applications as those described above for their 
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inorganic counterparts, ECPs have been subjected to significant synthetic effort during the last 

decade, and soluble systems with new colors, higher contrasts and improved ambient stability 

have been successively developed.12,14 In parallel, some of the most effective strategies described 

in the construction of organic electronic-based devices have been applied to polymer ECDs, 

enhancing their lifetime and performance considerably.12 Given their relative ease of synthesis in 

general, ECPs are now only a step away from being accessible for technological development 

and transferred to everyday products. The potential of ECPs for practical scalability is an 

additional major appeal when compared to their inorganic counterparts12,13,58 in applications 

comprising large-area information displays or portable devices made of finely printed pixel 

arrays. 

1.2.5.3 Electrochromic devices (ECDs) 

An electrochromic device consists of an electrochemical cell where one or several 

electroactive components undergo an optical change (occurring in the visible or not) on 

application of an external bias.13 While an ionic conducting interface allows the various 

electroactive constituents of the device to communicate, the performance of an ECD is 

commonly diffusion-limited and depends on the nature of this interface, as well as that of each 

electroactive constituent employed. For instance, liquid-crystal displays (LCDs) where the 

molecules react quasi-instantaneously to the electrical bias applied exhibit much shorter 

switching times than metal-oxide–based ECDs which commonly require multiple seconds to 

fully switch between colored states. On the other hand, unlike their LCD and LED counterparts, 

non-emissive electrochromic technologies present the advantage of being viewable from 

practically any angle or lighting conditions including direct sunlight. Considering the potential of 

π-conjugated polymers for cost-effective processing of multicolored patterns which can be 
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obtained without further addition of dyes (required in LCD technologies for example), the 

escalating research effort observed in device architecture over the last decade, enhancing 

response times and lifetimes, is impressive, yet not surprising. Being operational under a wide 

range of viewing angles and lighting conditions including direct sunlight, low voltage driven 

polymeric ECDs promise to impact the development of transmissive and reflective color-

changing systems spanning ‘smart’ polychromic glass technologies12,56 and e-papers.13,57  

1.2.5.4 Absorption/Transmission ECDs 

An absorption/transmission ECD switches reversibly between a state of high optical 

density (colored) and a more transmissive state (ideally transparent) on application of an 

electrical bias. To take advantage of the full contrast in an EC cell, the color-changing materials 

are sandwiched between two transparent substrates as illustrated in Figure 1-18a. For the same 

reason, the electrode materials must be transmissive to the wavelength range of interest. Smart 

windows, optical shutters and window-type displays are the main target applications.13 For 

reasons relating to chemical compatibility and redox stability issues, ECDs with good switching 

performances can only be obtained when using a counter electrode stable in the potential window 

of application of both the EC material deposited at the working electrode and the supporting 

electrolyte.59-61 Hence, pairs of complementary EC materials must be found to not only address 

the color requirements according to the device made but also balance the redox processes 

occurring in the cell to enhance its lifetime on repeated cycling. In most cases, the constraint for 

contrast maximization prevails and one EC constituent has to be cathodically-coloring while the 

second is anodically-coloring, thereby exhibiting simultaneous colored-to-transmissive switches 

(under opposite redox processes). Alternatively, the charge storage layer can be non-coloring, yet 

electroactive. 
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1.2.5.5 Reflective ECDs 

With most π-conjugated ECPs possessing high contrast ratios in the near-IR owing to the 

charge-carrier–associated low-energy transitions arising and depleting on doping and de-doping, 

electrochromism is not limited to the visible region of the electromagnetic spectrum. In fact, 

various reports have proposed to take advantage of these important optical changes occurring in 

the near-, mid-IR and microwave regions. For example, Reynolds et al. have incorporated high 

contrast polymeric electrochromes62,63 in reflective device architectures consisting of an outward 

facing active electrode bearing the ECP of interest,64 and originally reported by Bennett et al.65 

and Chandrasekhar et al.66 in the patent literature (as illustrated in Figure 1-18b). 

a) b)  
 
Figure 1-18. a) Schematic illustration of a conventional dual polymer transmission ECD (not to 

scale) b) Schematic illustration of a reflective-type PECD using a porous membrane 
electrode (not to scale) 

In the presented device, the electrodes were made of gold-coated Mylar, the working 

electrode was slitted to account for ion diffusion and a highly viscous polymeric electrolyte 

consisting of LiClO4, ACN, PC and PMMA was employed that further induced self-sealing of 

the structure (by evaporation of ACN). In analogy with absorption/transmission devices, a 

complementary ECP is deposited onto the counter-electrode to account for the redox balance and 
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Faradaic reversibility of the structure. Redox switchable reflectivity extending into the IR is, for 

example, desired for thermal control applications (though reflective devices are also suitable for 

displays). 

1.3 Thienylene – Benzothiadiazole Based Polymers (PTBTDs) 

As succinctly mentioned in the solar cell device section above, the donor-acceptor (DA) 

approach introduced by Havinga et al. in macromolecular systems,42 brings electron-rich and -

poor heterocycles along the same backbone, and produces semiconducting π-conjugated 

polymers with high electron affinity and low ionization potentials. Their resulting narrow 

energy-gaps allows them to absorb at longer-wavelengths than their wider-bandgap all-donor 

parents such as P3HT, MEH-PPV and MDMO-PPV.43-48 Of all DA copolymers present in the 

literature, those containing thienylene building units and 2,1,3-benzothiadiazole (PTBTDs) are 

meeting significant impact in the field of π-conjugated organic electronics for high-performance 

device applications. 

Starting with work from Yamashita et al. on the electropolymerization of narrow bandgap 

copolymers of aromatic-donors and quinonoid-acceptors,67-69 PTBTD-type semiconducting 

polymers have been used as a platform to demonstrate the relevance of the donor-acceptor 

approach in producing polymers with especially narrow bandgaps. Figure 1-19 illustrates the 

representative analogues initially developed by Yamashita and coworkers. Importantly, it was 

observed that the strength of the acceptor (i.e. its electron affinity) increases with increasing 

number of fused heterocycles and higher nitrogen content, the most electron-deficient being the 

3-ring benzobisthiadiazole fused heterocycle. For example, a difference of ca. 1eV was found in 

the reduction potentials electrochemically estimated for the benzothiadiazole- and the 

benzobisthiadiazole-containing polymer analogues whereas less than 0.3 eV separated their 
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oxidation processes. Overall, with the presence of an electron-poor substituent every two 

electron-rich heterocycles, the polymer LUMO (as reflected by the onset of reduction) is 

significantly repressed, and its bandgap reduced when compared to the all-donor parent 

polymers. As a result, the optical absorption spectrum of the subsequent polymers exceeds the 

visible and extends into the near-IR.  

 

 
 

Figure 1-19. Representative electropolymerized PTBTD-type narrow bandgap polymer 
analogues initially developed by Yamashita et al. from aromatic-donors and 
quinonoid-acceptors67-69 
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Based on this design, Krebs et al. have produced soluble PTBTD derivatives (see Figure 1-

20), and have reported on their optical and physical properties, revealing bandgaps ranging from 

1.7 to 2.1 eV for the BTD-based polymer analogues and as low as 0.7 eV for the ones containing 

the strongest acceptor (i.e. benzobisthiadiazole).47 

 
 

Figure 1-20. Representative chemically polymerized PTBTD-type narrow bandgap polymer 
analogues developed by Krebs et al. from aromatic-donors and quinonoid-acceptors47 

Employed as semiconductors in OFETs and PSCs by various research groups from both 

academia and industry,41,44,49,70-74 polymers of dialkyl-substituted cyclopentadithiophene (CPDT) 

and 2,1,3-benzothiadiazole (see Figure 1-21) are proving especially effective for their high 

charge-carrier mobilities (highly dependent on their solubilizing groups) and their long-

wavelength absorption bandwidths extending into the near-IR. Further, their energy band 

structures are particularly well suited for conventional device architectures comprising ITO, 

PEDOT:PSS, Al and PCBM in solar cells, and Au in FETs. For example, in bulk-heterojunctions 

with PCBM, CPDT-BTD – based semiconducting polymers have shown power conversion 

efficiencies as high as ca. 5.5% through controlling the thin-film blend morphology with the 

proper “additives”.71  
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Figure 1-21. Solution-processable CPDT-BTD-type narrow bandgap polymer analogues as 

developed by Brabec et al. and further investigated by various groups such as Bazan, 
Heeger, Müllen et al.41,44,49,70-74 

Alternatively, in work from Janssen et al., thienylene – diketo-pyrrolo-pyrrole copolymers 

(PTDPP, see Figure 1-22a) have appeared as excellent candidates for solar cell applications with 

PCEs as high as 4.0 % under AM 1.5 solar illumination when processed into semi-crystalline 

thin-films from a polymer dispersion.43 Further, with an analogous copolymer hybrid (see Figure 

1-22b), Winnewisser et al. have reported field-effect mobilities as high as 0.1 cm2 V-1s-1 and 0.09 

cm2 V-1s-1 for holes and electrons, respectively.75 In these cases, BTD was replaced by the 

acceptor 3,6-diaryl-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione (DPP), an electron-withdrawing  

moiety that has commonly been employed in the synthesis of high-performance dyes and 

pigments for paints, plastics and inks.76 Importantly, the photochemical, mechanical and thermal 

stability of DPP-based materials in general, along with their strongly absorbing and fluorescent 

character, make them suitable for high-performance electronic devices. For instance, a number of 

oligomers have also recently been probed in solution-processed FETs and organic solar cells by 

Nguyen et al. (see Figure 1-22c).76-78 Overall, DPP-based conjugated systems introduce new 

synthetic design to the donor-acceptor polymer toolbox with the perspectives of enhancing the 

performance of their BTD-containing counterparts in devices necessitating efficient charge 

transport.  
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Figure 1-22. Chemically polymerized PTDPP-type narrow bandgap polymer analogues 

developed by Janssen et al.43 and Winnewisser et al.75 have recently emerged as an 
alternative to the now more established PTBTDs. The well-defined DPP-based 
oligomers developed by Nguyen et al. constitute an attractive alternative to their 
relatively disordered polymer homologues76-78 

1.4 π-Conjugated Polymers in this Disssertation 

With “spectral engineering in π-conjugated organic polymers” as the main approach angle, 

the following Chapters of this dissertation encompass the synthesis and characterization of novel 

π-conjugated semiconducting polymers, all thienylene–benzothiadiazole derivatives (PTBTDs), 

exhibiting original optical properties, and intentionally designed to find applications in 

optoelectronic systems such as electrochromic and photovoltaic devices. While Chapter 2 

describes the toolbox of characterization techniques and experimental methods essential to 

understand the various directions taken throughout this dissertation work, Chapters 3 to 7 are 

dedicated to discussing the specificities and the results obtained for a number of research projects 

achieved over the years. More precisely, Chapter 3 introduces a synthetic approach to producing 
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neutral state green cathodically-coloring electrochromic polymers (possessing a dual band of 

absorption in the visible spectrum) with especially high contrast ratios and long-term stability on 

repeated electrochemical switching. Chapter 4 proposes a synthetic methodology to manipulate 

dual-band optical absorptions such as those exhibited by the polymers described in Chapter 3, 

and demonstrates its impact on the neutral state color of the resulting polymers. This approach 

involving careful structural modifications of the polymer repeat unit is further extended to the 

synthesis of the first polymer electrochrome absorbing homogenously across the visible 

spectrum, hence being essentially black in the neutral state. Importantly (when considering 

display applications), the same black electrochrome can be easily oxidized on application of an 

external bias to reveal a transmissive state with minimal residual hue. Chapter 5 investigates a 

more fundamental approach to producing new color patterns which involves probing the effect of 

incorporating unsaturated linkers (namely ethylene and ethynylene) in cathodically-coloring 

polymer electrochromes. Here, the interest lies in the perspectives of copolymerizing a 

multiplicity of chromophores via the said linkers to produce unprecedented palettes of colors. 

Based on the design rules developed in Chapter 3 and 4, Chapter 6 and 7 (respectively) propose 

synthetic methodologies directed towards producing photovoltaic materials combining: 1) either 

a two-band optical absorption with a window of transmission restricted to the green region, or a 

spectrum homogenously extended across the visible to reflect the color black, and 2) substantial 

charge-carrier mobilities in order to promote the charge generation / transport processes at work 

in organic solar cells. 

In general, the polymers are systematically characterized in terms of their fundamental 

physical and electrochemical properties, with a special emphasis on elucidating their energy 

band structure (following frontier molecular orbital theory principles) when the focus is placed 
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on light-harvesting device applications. All devices are constructed in collaborative effort with 

various well-established research groups. Finally, Chapter 8 gives an overview of the work 

achieved, and suggests further perspectives in the field. 
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CHAPTER 2 
CHARACTERIZATION TECHNIQUES AND EXPERIMENTAL METHODS 

2.1 Introduction 

In Chapter 1, the specifics of bandgap control in π-conjugated polymers including the 

fundamentals of the donor-acceptor approach as introduced in macromolecular systems by 

Havinga et al., and pursued by Yamashita et al. and others, were described with an emphasis on 

the possible device applications for the subsequent semiconducting materials. From the selected 

number of applications presented, it appears that conducting polymers have gained in visibility 

over the past few years as the level of understanding of their structure-property relationships 

improved. Considering the large number of synthetic and characterization tools which have been 

developed by chemists, physicists and material scientists among the various fields of 

investigation in order to reach or exceed the expected material performance, the useful 

approaches must be identified and appreciated in terms of the nature and accuracy of the 

information that they provide. In this section, the toolbox of characterization techniques and 

experimental methods employed during the course of this dissertation work is described. More 

details on the synthetic aspects related to the monomer production can be found in various 

dissertations from the same group including that of Benjamin D. Reeves (“Processable 

disubstituted poly(propylenedioxythiophenes”, Ph.D. Dissertation, University of Florida, 

Gainesville, FL, 2005) and Christophe R. G. Grenier (“Synthetic control of order in soluble 

dioxythiophene polymers”, Ph.D. Dissertation, University of Florida, Gainesville, FL, 2006). 

2.2 General Synthetic Methods 

The solvents were distilled and dried using known methods.79 All reactions were carried 

under argon atmosphere (using schlenk line techniques) unless otherwise mentioned.1H NMR 

and 13C NMR spectra were collected on a Mercury 300 MHz using CDCl3 and were referenced 
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to the solvent residual peak (CDCl3: 1H: δ= 7.26 ppm, 13C: δ= 77.23 ppm). Elemental analyses 

were carried out by Atlantic Microlab, Inc. High resolution mass spectrometry was performed by 

the spectroscopic services at the Department of Chemistry of the University of Florida with a 

Finnigan MAT 96Q mass spectrometer. Gel permeation chromatography (GPC) was performed 

using a Waters Associates GPCV2000 liquid chromatography system with its internal 

differential refractive index detector (DRI) at 40 oC, using two Waters Styragel HR-5E columns 

(10 μm PD, 7.8 mm i.d., 300 mm length) with HPLC grade THF as the mobile phase at a flow 

rate of 1.0 mL / min. Injections were made at 0.05 - 0.07 % w/v sample concentration using a 

220.5 μL injection volume. Retention times were calibrated against narrow molecular weight 

polystyrene standards (Polymer Laboratories; Amherst, MA). 

Important mechanistic details about some of the most representative synthetic steps 

mentioned throughout this dissertation are illustrated below: 

2.2.1 Selected Palladium-Mediated Cross-Couplings 

2.2.1.1 Stille cross-couplings 

While Eaborn et al. reported the first palladium catalyzed reaction of an organotin 

(organostannane) as early as in 1976, it was only a year later that Kosugi and Migita described 

the cross-coupling of organotins with aryl halides assisted by transition metal. During the early 

1980s, Stille et al. invested significant effort in developing mild conditions and promoting the 

yields for the Pd(0)-mediated reaction between organotins and electrophiles.  The subsequent C-C 

sigma bond formation is now commonly named “Stille cross-coupling”. The catalytic cycle for 

the cross-coupling of organotins with aryl halides is illustrated in Figure 2-1. The coupling 

consists of a three-step mechanism involving: 1) oxidative addition of the aryl halide (generally 

the most electron-deficient species) onto the Pd(0), 2) transmetallation as the organostannane 

enters the catalytic cycle (rate-determining), and 3) reductive elimination regenerating the 
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catalyst. Importantly, aryls transmetallate to the Pd(0) much faster than alkyls which accounts for 

the trialkyltin halides being the outcome of the transmetallation step. 

It is worth noting that, in contrast with conventional Suzuki conditions (see below), Stille 

cross-couplings do not necessitate the use of a Lewis base to activate the tin moiety for 

transmetallation. Further, the reaction is functional group-tolerant and can be run at ambient 

conditions without altering the reaction yields significantly. However, the toxicity of the tin 

reagents employed in the synthesis of organotins (trialkyltinchlorides are common), as well as 

that of the tin-halides produced during the transmetallation step, constitute an important obstacle 

to large scale manufacturing. The tin by-products are further often difficult to isolate from the 

final product, which often hinders the use of Stille cross-couplings in the synthesis of active 

molecules with medical applications. Finally, as organotins can undergo oxidative 

homocouplings, the tin reagent is often loaded in excess. Despite the above mentioned 

hindrances, the Stille cross-coupling approach remains one of the most effective and extensively 

used method in the C-C sigma bond formation. Figure 2-2 shows the step-growth mechanism 

commonly proposed to illustrate Stille-type polycondensations. 

Over the course of this dissertation work, several parameters were found to impact the 

outcome of palladium-mediated Stille-type polymerizations, including 1) the choice of the 

palladium catalyst, 2) the quantity of added catalyst, 3) the monomer stoichiometry, 4) the 

solvent mixture employed, 5) the reaction temperature, 6) the reaction atmosphere, and 7) the 

polymerization time. In general, 2,1,3-benzothiadiazole-containing oligomers and polymers were 

found sensitive to refluxing conditions in THF (degradation observed by sudden or progressive 

color change of the reaction mixtures, e.g. from dark blue to dark purple-red), in contrast with 

mixtures of dry and degassed toluene and DMF (8:1.5 volume ratio) which were found 
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especially suitable at reaction temperatures on the order of 85-90 oC. For the catalyst, a 

combination of Pd2dba3 (2mol% to the monomer) and the bulky ligand P(o-Tol)3 (8mol% to the 

monomer) was found especially reactive with respect to the substrates considered (see Chapters 

6 and 7), when compared to the more traditional PdIICl2(PPh3)2 and Pd0(PPh3)4. Using those 

conditions, in most instances, only 15-20 min were necessary to form the desired polymer in 

high molecular weights (with the highest molecular weight precipitating out of solution rapidly), 

whereas the more conventional conditions would usually require at least 24 hours to yield 

reasonable molecular weight (Mn > 10,000 g mol-1). This could be due to the high turn-over of 

the bulky ligand-based catalyst, further reducing the concentration of coupling by-products and 

ligand end-capping processes. Expectedly, longer reaction times were found to narrow the 

polymer polydispersity (PDI) to values on the order of 2-3 (in absence of subsequent polymer 

fractionation beyond isolation by precipitation in MeOH). As in any palladium-mediated step-

growth polymerization process, careful respect of the monomer-to-comonomer stoichiometry 

was essential, and an oxygen-free environment increased the lifetime of the catalyst. 

 
 
Figure 2-1. Catalytic cycle for the cross-coupling of organotins with aryl halides (electrophiles) 

according to the Stille cross-coupling conditions 
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Figure 2-2. Step-growth mechanism commonly proposed to illustrate Stille-type 

polycondensations 

2.2.1.2 Suzuki cross-couplings 

The palladium-mediated and stereoselective C-C bond forming reaction between an aryl 

halide and an alkenylborane was first described in 1979 by Miyaura and Suzuki. The subsequent 

sigma bond formation is now commonly named “Suzuki cross-coupling”. The catalytic cycle for 

the cross-coupling of organoboranes with aryl halides is illustrated in Figure 2-3. The coupling 

consists in a four-step mechanism involving: 1) oxidative addition of the aryl halide (generally 

the most electron-deficient species, although the swap is possible as shown below) onto the Pd(0), 

2) metathesis (anion exchange between Pd(II) and the base) 3) transmetallation as the base-

activated organoborane (organoborate) enters the catalytic cycle (rate-determining), and 4) 

reductive elimination regenerating the catalyst. Importantly, aryls transmetallate to the Pd(0) 

much faster than alkyls which accounts for the trialkyltin halides being the outcome of the 

transmetallation step. Organoboronic acids and esters do not transmetallate readily, and require 

quaternization of the boron. 
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In contrast with the Stille approach (see above), Suzuki cross-couplings which necessitate 

the use of a Lewis base are less tolerant to the presence of unprotected functional groups. 

However, organoboranes are often commercially available and are considerably less toxic than 

organotins, such that this technique is commonly employed for large scale manufacturing. The 

inorganic salts generated over the course of the reaction can be easily removed and the product 

islotated. Then again, the reaction cannot be run at ambient conditions, and has to be kept under 

inert atmosphere at all times to avoid altering the reaction yields significantly as self-coupling 

by-products arise from the presence of oxygen. The oxidative addition of aryl halides to the 

Pd(0) can be an expecially slow process, such that the cross-coupling tends to be highly substrate 

dependant. Despite the above mentioned hindrances, the Suzuki cross-coupling approach 

probably remains the most effective and extensively used method in the C-C sigma bond 

formation between aryls. Suzuki-type polycondensations are commonly described to follow a 

step-growth mechanism equivalent to that depicted in Figure 2-2, albeit following the catalytic 

cycle shown in Figure 2-3. Despite the general case, it is worth noting that Suzuki 

polycondensation have recently been shown to undergo chain-growth polycondensations on 

addition of a carefully chosen “initiator”.80 It is also worth noting that “base-free” Suzuki 

polymerization conditions have recently been developed by Brookins et al., whereby fluorine-

based nucleophilic sources can be used to activate the organoborane.81 

In analogy to the comments previously made with regard to Stille-type polycondensation 

reactions, over the course of this dissertation work, several parameters were also found to impact 

the outcome of palladium-mediated Suzuki-type polymerizations, including 1) the choice of the 

palladium catalyst, 2) the choice of the base, 3) the monomer stoichiometry, 4) the solvent 

mixture employed, and 5) the reaction atmosphere. The same combination of Pd2dba3 (2mol% to 
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the monomer) and the bulky ligand P(o-Tol)3 (8mol% to the monomer) was found especially 

reactive with respect to the substrates considered, when compared to the more traditional 

Pd0(PPh3)4, although, the best reaction solvent medium remained the biphasic toluene/water 

mixture (9:3 volume ratio) gently refluxed at 95 oC.  Expectedly, the presence of a phase transfer 

agent (Aliquat 336) was found to accelerate the polymerization process. Similarly, longer 

reaction times were found to narrow the polymer PDI to values on the order of 2-3 (in absence of 

subsequent polymer fractionation). As in any palladium-mediated step-growth polymerization 

process, careful respect of the monomer-to-comonomer stoichiometry was essential, and a 

drastic oxygen-free environment was a sine qua non condition for the reaction to occur. 

Although no synthetic example will be detailed within the next Chapters of this dissertation 

work, Figure 2-3 illustrates the initiation step (formation of AB block) for one of the most 

successful Suzuki polymerization carried out along this graduate work. The halide presented in 

Figure 2-3 was further replaced by an ester-functionalized analogue and successfully 

polymerized with the same organoborane via a “base-free” condition inspired from those 

developed by Brookins et al. (here CsF was used).81 Importantly, the residuals of palladium 

catalyst potentially remaining after precipitation of the polymers in MeOH, and subsequent 

overnight wash with MeOH in a Soxhlet extraction vessel, were removed using a palladium 

scavenger (diethylammonium diethyldithiocarbamate) in an approach similar to that previously 

described by Krebs et al.82 Traces of palladium are frequently pointed as being particularly 

difficult to remove efficiently. For instance, an investigation of several interesting methods, 

including the use of activated charcoal in reflux with the polymer, is available from the 

dissertation of Peter B. Balanda (“Synthetic of Functionnalized Poly p-Phenylenes via Palladium 
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Acetate Catalyzed Suzuki Cross-Coupling Polymerization”, Ph.D. Dissertation, University of 

Florida, Gainesville, FL, 1997). 

 
 
Figure 2-3. Catalytic cycle for the cross-coupling of organoboranes with aryl halides 

(“electrophiles”) according to the Suzuki cross-coupling conditions 

2.2.2 Oxidative Polycondensations 

The ferric chloride-mediated oxidative polymerization of thiophene monomers was 

proposed by Sugimoto in 1986.83 With the perspectives of using ambient conditions (room 

temperature, non oxygen/moisture-free atmosphere) in the synthesis of π-conjugated polymers, 

the method gained in popularity, and H.C. Starck’s, for example, is now producing conducting 

polymers such as poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT-PSS), 

namely Baytron P, based on this scalable technique. In brief, oxidative polycondensations are 

believed to occur by successive combinations of cation radicals formed at the monomer stage, 

and then at the chain-ends of the growing macromolecules in the presence of chemical oxidizing 
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agent (see Figure 2-4). The dicationic species formed shall subsequently release two molecules 

of hydrochloric acid (HCl) in order for the overall aromaticity of the system to be reestablished. 

As a result, it is worth noting that large quantities of HCl are produced during the course of a 

chemically induced oxidative polymerization, which may arguably overoxidize the growing 

polymer, introduce molecular defects (e.g. via the presence of cross-links) and alter its overall 

quality if the molecular structure of the resulting polymer is prone to undergo such irregularities, 

or if the experimental conditions are poorly designed. It is worth noting that if the polymer 

chain-ends should expectedly consist of hydrogen atoms, the chloride anions within the reaction 

mixture have been shown to constitute a source of end-capping for the growing polymer,84 hence 

potentially limiting its molecular weight. 

Over the course of this dissertation work, a large number of parameters were found to 

impact the outcome of ferric chloride-mediated oxidative polymerizations, including 1) the 

method of adding ferric chloride (add oxidizing agent to monomer vs. monomer to oxidizing 

agent, addition solvent), 2) the rate of addition of the oxidizing agent, 3) the quantity of 

oxidizing agent added, 4) the reaction temperature, 5) the reaction atmosphere, and 6) the 

reaction time. In general, longer reaction times were found to narrow the polymer polydispersity 

(PDI) to values as low as 1.5, while room temperature reaction conditions were sufficient to 

initiate and carry the polymerization to ‘completion’ (Mn > 10,000 g mol-1). In parallel, the HCl 

formed during the polymerization process was continuously removed by passing a relatively 

strong air flow through the reaction solvent during the first couple of hours, which air flow was 

then reduced to limit excessive solvent evaporation. Ferric chloride (ca. 5 equivalents), dissolved 

in nitromethane (NO2CH3), was added dropwise (over a period of 30 min to 1 hour) to the 

vigorously stirred monomer/oligomer solution. The oxidizing agent would then ‘recrystallize’ 
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throughout the addition process, hence potentially increasing the surface area of the ‘catalyst’ for 

the reaction. 

 
 
Figure 2-4. Proposed mechanism for the oxidative chemical polycondensation of easily oxidized 

monomers 

2.3 Electrochemical Methods 

The redox properties of π-conjugated polymers encompassing onsets of oxidation and 

reduction, half-wave potentials and electrochemical bandgaps, for instance, can be conveniently 

examined in simple electrochemical cells consisting of an electrolyte solution, a working 

electrode, a counter-electrode and a reference electrode. Throughout this dissertation, the three-

electrode cell is generally composed of a platinum button or an ITO (Indium Tin Oxide)-coated 

glass slide as the working electrode (7 × 50 × 0.7 mm, sheet resistance, Rs = 8-12 Ω/cm2), a 

platinum wire or flag as the counter electrode, and a silver wire pseudo-reference electrode 

calibrated vs. Fc/Fc+ or a Ag/Ag+ reference electrode. The ITO electrodes were purchased from 

Delta Technologies, Ltd. Acetonitrile (ACN, dried over CaH2) and propylene carbonate (PC) 
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were distilled prior to use. Tetra-n-butylammonium perchlorate (TBAP) was synthesized by the 

metathesis of tetra-n-butylammonium bromide (98 %, Sigma-Aldrich) and concentrated 

perchloric acid (≥ 69 %, Fluka). The prod uct was then recrystallized three times from isopropyl 

alcohol and dried in a vacuum oven for 3 days. Lithium tetrafluoroborate (LiBF4) (anhydrous, 

99.998%, Aldrich) was used as received. The electrolyte salts were stored in an argon-filled dry 

box. All other reagents and starting materials were purchased from commercial sources and used 

without further purification, unless otherwise noted. All electrochemical measurements were 

collected via a EG&G Princeton Applied Research model 273A potentiostat / galvanostat 

operated under the control of Corrware II software from Scribner and Associates. Polymer thin-

films were obtained by drop-casting a toluene solution of the polymer onto the working 

electrode. HOMO and LUMO energy levels are derived from the electrochemical data 

considering that the SCE is 4.7 eV vs. vacuum85 and Fc/Fc+ is 0.38 eV vs. SCE,86 i.e. 5.1 eV 

relative to vacuum (see Figure 2-5). 

 
Figure 2-5. Converting electrochemical potentials measured as a function of a particular 

reference electrode to a different reference electrode (left axis). HOMO and LUMO 
energy levels (relative to vacuum) can also be extrapolated from this diagram (right 
axis). The reported values were extracted from the literature85-87  



 

71 

Here, it is worth noting that this value of 5.1 eV for the energy level of Fc/Fc+ relative to 

vacuum is significantly higher than the 4.8 eV commonly used by a large number of research 

groups in the field. An extensive discussion regarding the origin of this likely underestimated 

value of 4.8 eV can be found in the dissertation of Barry C. Thompson (“Variable bandgap 

poly(3,4-alkylenedioxythiophene)-based polymers for photovoltaic and electrochromic 

applications”, Ph.D. Dissertation, University of Florida, Gainesville, FL, 2005, p.59-62). 

2.4 Spectroscopic Methods suitable for ECP Characterization 

2.4.1 Spectroelectrochemistry vs. Luminance Measurements  

Commonly reported as a percent transmittance change (∆%T) at a given wavelength, the 

electrochromic contrast is a primary tool in the overall characterization process of an 

electrochrome. While the control wavelength chosen is often the one at which the electrochrome 

exhibits its highest optical contrast, this EC contrast can practically be monitored and reported at 

any local absorption maximum, when desired. Transmittance values are generally recorded upon 

application of square-wave potential steps to the electroactive film placed in the beam of a 

spectrophotometer. 

Alternatively, spectroelectrochemical experiments monitoring the formation of ionic states, 

namely polarons (radical-cations/anions) and bipolarons (dications/dianions), upon progressive 

application of an electrical bias, can be used to evaluate the transmittance changes undergone 

over a broad range of wavelengths (see Figure 2-6). As the long-wavelength optical transitions 

associated with the charge-carrier formation arise, EC contrasts can generally be evaluated in the 

near-IR as well. In π-conjugated polymers, the extent of depletion of the neutral state 

interband(s) transition(s) greatly depends on the degree of stability attained by the polymeric 

backbone in its quinoidal geometry which relates to the formation of charge-carriers. 



 

72 

Here, the spectroelectrochemical data were obtained using a Varian Cary 500 UV-vis-NIR 

spectrophotometer. The rapid absorbance measurements performed at the polymer λmax in order 

to control the thickness of the films while spraying were carried out on a Genesys 20 

Spectrophotometer (Thermo Electron Corporation). 

 
 

Figure 2-6. Spectroelectrochemical experiments monitoring the formation of ionic states, namely 
polarons (radical-cations/anions) and bipolarons (dications/dianions), upon 
progressive application of an electrical bias, can be used to evaluate the transmittance 
changes undergone over a broad range of wavelengths 

Another practical approach to evaluate EC contrasts in the case of colored-to-transmissive 

switching electrochromes is provided by measuring the relative luminance change (∆%Y) as a 

function of redox doping (see Figure 2-7).  Relative luminance values describe the overall 

contrast of a material across the visible region of the electromagnetic spectrum taking into 

account the sensitivity of the human eye in this range and rely on a calibrated light source. ∆%Y 

values become particularly useful in the characterization of broadly absorbing materials where 

no distinct absorption maximum can be unambiguously chosen. 
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Figure 2-7. Relative luminance as a function of applied potential for various film thicknesses of a 
polymer solution-cast on ITO-coated glass (with the thickest film represented by the 
green curve). Relative luminance values describe the overall contrast of a material 
across the visible region taking into account the sensitivity of the human eye 

2.4.2 Colorimetry 

In 2000, Reynolds et al. introduced a methodology aimed at describing the different color 

states exhibited by an ECP on electrochemical switching based on the CIE (Commission 

Internationale de l’Eclairage) standards for color matching.63,88 As for a dye or pigment to be 

employed in commercial products, the potential of π-conjugated polymers for application in 

multi-chromic display devices relies on the ability to precisely define their color based on the use 

of at least one of the several color spaces available.89 Further, to avoid falling into a mode of trial 

and error when fabricating devices, it is essential to have rapid access to the color state of a 

deposited polymer film which is to an extent controlled by its thickness. Finally, since ECPs are 

primarily desirable for their color changes, it is essential to map the color path followed by the 

polymer as well as its light transmission properties as a function of the doping level attained. 

These aspects have encouraged the group to develop a protocol especially suitable for 

polymeric electrochromes and consisting in using a portable colorimeter calibrated to the 
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sensitivity of the human eye which not only accounts for the changes of color and light 

transmission observed but allows selecting and varying the illumination conditions as well. 

Further, the measurements can be subjected to practically any cell configuration, whereas 

obvious constraints and limitations arise from the use of a spectrophotometer as previously 

proposed.90,91 In particular, the use of a colorimeter allows visual tracking of the sample color 

both in a reflectance and a transmission mode depending on the considered application. The CIE-

defined L*a*b* color space introduced in 1976 is employed as a means to define the color/light 

transmission changes undergone by the ECP as a function of the external bias applied. The 

L*a*b* values associated with a colored state are calculated from the Yxy tristimulus values 

determined by the colorimeter where Y is the luminance and xy the two-dimensional set of 

coordinates defining the hue and saturation of the color state at the given Y value. Note that the 

relative lightness of a color Y is commonly described as a percentage of light transmitted with 

respect to that coming from a light source according to Equation 2-1:89  

%Y = (Y / Y0) x 100 2-1 

The proposed in situ colorimetric analysis has proven to be useful in the systematic study 

of electro-optical property relationships of π-conjugated polymers in general as well as in 

understanding the complex color changes in multilayer electrochromic devices. This method 

allows the construction of color databases from single colored polymers and their resulting hues 

when in combination in devices, hence completing the “toolbox” for polymer ECD 

characterization. 

In this dissertation work, colorimetry was carried out using a Minolta CS-100 Chroma 

Meter. The samples were illuminated from behind with a D50 (5000K) light source in a light 

booth designed to exclude external light. 
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2.4.3 Coloration Efficiency 

The proportionality factor that relates the optical absorbance change of an electrochrome at 

a given wavelength (∆A) to the density of injected/ejected electrochemical charge necessary to 

induce a full switch (Qd) is called coloration efficiency (CE). CE values are inherent to the 

electrochromic material under characterization, some being intensely colored by nature in at least 

one redox state while others display fainter tones over their doping/dedoping cycles, regardless 

of the deposited film-thickness. Derived from the Beer-Lambert law, the quantitative measure of 

the electrochromic contrast observed CE is estimated through Equation 2-2: 

CE = ∆A / Qd = log10 (Tox/Tneut) / Qd 2-2 

where Qd is in C cm-2, CE is in cm-2 C, Tox and Tneut are the doped- and dedoped-state 

transmittance values, respectively. 

Given the above equation, a parameter affecting CE values substantially is the level of 

transmissivity attained in the one extreme state of the electrochrome, such that CEs become 

especially useful for the characterization of colored-to-transmissive switching materials. Upon 

doping, the charge-carrier transitions with significant overlap in the visible region tend to lower 

the CEs of the corresponding electrochromes. However, it is worth noting that low CE values do 

not always translate into modest optical changes as in the case of colored EC species switching 

to a different color state on doping. 

In spite of their well-established utility in this field, the determination and further 

comparison of CE values between works suffer from the different methods available to measure 

them. In addition, most of the perceptible EC contrast is obtained within the first 90-95% of 

overall optical change such that smaller charge density windows could be used to calculate more 

representative CE values. One approach for the characterization of the extent of optical change 
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undergone by an electrochrome at a given wavelength consists in estimating a composite 

coloration efficiency (CCE) measured at a representative percentage (e.g. 95%) of the total 

optical change. Quantitative comparisons between electrochromes can be achieved precisely and 

reliably by tandem chronocoulometry/chronoabsorptometry during which variations of film 

transmittance and charge density are simultaneously monitored while the potential is repeatedly 

stepped from one redox state to the other.12  

Fabretto et al. have recently proposed a new approach for measuring the CEs of polymers 

in ECDs by extracting the Faradaic charge from the total charge involved during a device 

switch.92 The Faradaic corrected CEs of several control polymers were found to be significantly 

larger than the CE values commonly described for the same materials. The same group has also 

commented on the importance of precisely identifying the conditions within which CE values are 

reported (e.g. full contrast vs. portions of the full contrasts).93  

2.5 Surface Morphology Characterization Tools 

Following development of the scanning tunneling microscope (STM) by Binnig and 

Rohrer in the 1980s, atomic force microscopy (AFM) has rapidly become the imaging approach 

of choice in the resolution of nanoscale morphologies in polymer networks. As a mechanical 

probe (cantilever equipped with a nanometer-sized tip) is used to “sense” the matter by detecting 

the various forces present at the immediate proximity of the surface (mechanical contact, Van 

der Waals, capillary, chemical bonding, electrostatic, among others), a laser beam is reflected 

from the top of the probe into a photodiode array detector. In general, a piezoelectric stage holds 

the sample, maintaining a constant force (and distance) between the sample and the probe, hence 

preventing the tip from colliding with the matter. The lateral resolution of an AFM can be as 

high as 10-20Å when the sharpest tips are used, although lateral resolutions in the order of 100Å 

are common with more conventional tips. The depth resolution is always higher and commonly 
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in the order of 0.1Å. Imaging can be achieved in contact (static) mode for which the forces 

induced by the surface onto the cantilever are repulsive and kept constant, or in non-contact 

(dynamic) mode whereby the cantilever oscillates at a resonance frequency which is modified by 

the sample-probe interaction (along with the signal amplitude and phase). Alternatively, in 

tapping mode, the force between an oscillating probe (mounted on a piezoelectric component) in 

intermittent contact with the sample surface is monitored. This technique is particularly suitable 

for the characterization of soft matter such as polymer networks which can be altered by the 

AFM tip in the contact mode, thereby changing the physical significance of the data collected. 

For this particular reason, the AFM data presented in this dissertation were collected in tapping 

mode. 

In recent years, AFM imaging has been applied to the characterization of donor-acceptor 

blend morphologies in bulk-heterojunction solar cells. For instance, Heeger et al. have evidenced 

improved nanoscale morphology upon annealing devices based on the semi-crystalline 

semiconducting polymer P3HT in blend with PCBM at elevated temperatures (ca. 150oC).94 In 

this important contribution, the post-production thermal annealing step lead to a diminution of 

the series resistance across the device by enhancing the quality of the interface between active 

layer and collection electrodes. In parallel, Yang et al. have monitored the effect of growth rate 

and thermal annealing on the morphology of P3HT/PCBM composite films. The corresponding 

tapping mode AFM images are presented in Figure 2-8 where distinct blend morphologies can be 

observed, with the most effective in terms of photovoltaic performance being the ones grown at a 

slow rate and then further annealed to maximum the degree of microstructural organization 

across the active layer, and further enhance the contact interfaces.95 
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Figure 2-8. Effect of growth rate and thermal annealing on the morphology of P3HT/PCBM 

composite films (PCBM concentration = 50 wt%). The AFM height images of the 
samples are represented, showing a 5 μm x 5 μm surface area. a) Slow-grown film 
before thermal annealing. b) Slow-grown film after thermal annealing at 110oC for 10 
min, c) Fast-grown film before thermal annealing, and d) Fast-grown film after 
thermal annealing at 110 ◦C for 20 min. Note that the height scale for the films a) and 
b) is 0–100 nm, whereas that for films c) and d) it is 0–10 nm (Adapted with 
permission from Ref.95 Copyright 2005 Nature Publishing Group, a division of 
Macmillan Publishers Limited) 

In contrast with AFM, scanning electron microscopy (SEM) produces two-dimensional 

images from a high-energy electron beam directed onto samples which must be prepared by 

metal or carbon evaporation before being placed under high vacuum, an approach that can 

arguably alter the sample morphology. However, it is worth noting that SEM can scan 

millimeter-sized areas with millimeter-depths of field, whereas the maximum image sizes 

obtained by AFM don’t generally exceed 150 µm x 150 µm, with micrometer-resolution depths. 

On the other hand, transmission electron microscopy (TEM) transmits a beam of electrons 

through an ultra thin layer of matter, which beam interacts with the matter itself to generate 

patterns reflecting the thickness and composition of the material (with varying absorption of 

electrons in the material). This technique has been widely employed by Heeger et al. over the 
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past few years in the nanoscale characterization of BHJs.94 In particular, one of the most 

impressive results obtained by the group so far may have been the cross-sectional 

characterization of the P3HT/PCBM morphology in optimized PV devices, providing 

information on the charge percolation pathway in BHJs (see Figure 2-9).96 

a) b)  
 
Figure 2-9. a) Schematic of the cross-section of a P3HT/PCBM BHJ device (1:0.7) and 

photographs representing the focused (left) and defocused (right) cross-sectional 
TEM images of the corresponding device. b) TEM of a 120 nm thick slice of active 
layer with the corresponding binary image showing the continuous interpenetrating 
network favoring the assumption of a direct percolation pathway across the device 
(Adapted with permission from Ref.96 Copyright 2009 American Chemical Society) 

Probing the density of states in matter via tunneling currents, a scanning tunneling 

microscope (STM) allows surface imaging at the atomic level. In this approach, a bias is applied 

between a conducting tip held by a piezoelectric tube mounted with electrodes, and the metallic 

or semiconducting sample surface, inducing electrons to tunnel through the vacuum interspace. 

The resulting image is then reflected from the variations in current measured as the probe is 

scanning the sample surface. The resolution of an STM is meant to be in the order of 1Å in the 

lateral direction and as high as 0.1Å in depth, such that the extent of cleanliness of the substrate, 
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as well as the quality of the tip are of particular importance. High-vacuum atmospheres give the 

best results. For instance, STM imaging reveals to be especially useful in the visualization of the 

self assembly of large polycyclic aromatic hydrocarbons (PAH) including 2-dimensionnal 

graphenes as frequently demonstrated by Müllen et al.25,97-100 

2.6 Structural Analysis by 2D-WAXS 

Two-dimensional wide angle X-ray scattering experiments (2D-WAXS), whereby a fiber 

made from the π-conjugated material is placed in the field of an X-ray beam, have become a 

mainstay in the characterization of the level of organization in semiconducting polymers. 

Throughout several important contributions,73,74 Pisula et al. have demonstrated how aligned 

polymer samples can be prepared by filament extrusion using the homebuilt mini extruder 

illustrated in Figure 2-10a,101 and be further subjected to 2D-WAXS analysis. In their device, the 

π-conjugated semiconductor is heated to a state (above Tg) in which it can undergo plastic 

deformations, and is then extruded via a piston applying a constant-rate motion (ca. 5 mm s-1) 

along the cylinder-shaped inner part of the nozzle of the extruder. Several variables rule the 

extrusion process such as the rate of the piston motion, the inner-diameter and shape of the 

nozzle, as well as the shape of the die. Using their setup, Pisula et al. extrude fibers that are 0.7 

mm thick, which diameter correlates with the size of the nozzle orifice. 

When the semiconducting fiber is placed perpendicular to the X-ray beam, a scattering 

pattern is produced from which information about the microstructural organization and the 

degree of macroscopic order present in the extruded organic material can be extracted. As 

exemplified by the X-ray pattern of Figure 2-10b, the level of organization attainable by the 

semiconducting component (e.g. oligomer, polymer) subjected to the thermal treatment describe 

above is qualitatively estimated as a function of π-stacking (if any), and chain-to-chain distances 
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(also referred to as lamellar distances or d-spacing) or intercolumnar distances in the case of a 

columnar arrangement of discotic species (e.g. hexa-peri-benzocoronenes). For a π-conjugated 

polymer, the π-stacking distances (ca. 3.5 to 4.5Å) are commonly found along the equatorial axis 

of the pattern, and their intensity varies with the degree of crystallinity attained by the polymer 

for instance (although crystallinity is not a requirement for π-stacking). The chain-to-chain 

distances are also generally found in the equatorial plane of the pattern (since the chains align in 

the direction of the extrusion), and greatly depend on the length, bulkiness and concentration of 

the solubilizing side-chains along the polymer backbone. In-between, an amorphous halo 

(generally isotropic for polymers) can usually be seen which relates to the polymer side-chains. 

In contrast, in the case of columnar architectures, intercolumnar interactions are found along the 

equatorial axis whereas intracolumnar interactions (π-stacking) appear along the meridional axis, 

which corresponds to the direction of the extrusion. 

a) b)  
 
Figure 2-10. a) Schematic illustration of a semiconducting fiber as extruded by Pisula et al. 

(Adapted with permission from Ref.101 Copyright 2005 American Chemical Society) 
b) Characteristic features of a 2D-WAXS pattern for a π-conjugated polymer 
exhibiting relatively pronounced π-stacking interactions 

One common misunderstanding in our field concerns the variations in molecular 

ordering/interactions that could potentially arise as a function of the deposition/processing 

conditions employed. Here, it is essential to realize that only the macroscopic arrangement might 

be influenced by the deposition/substrate, not the molecular packing itself. 2D-WAXS 
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experiments provide additional information about the π-stacking of the polymers, as opposed to 

mono-dimensional analysis such as XRD, which can only provide indications relative to the out-

of-plane configuration in the thin film with respect to the substrate (i.e. relative to the lamellar 

spacing). In general, 2D-WAXS experiments performed from extruded filaments are also useful 

in probing the possibilities of a novel material in terms of macroscopic order, i.e. what degree of 

order can potentially be observed in devices upon controlled processing conditions. It is clear 

that only a careful processing of the polymer during the device construction can enable the same 

macroscopic order to be reproduced. 

2.7 Charge-Carrier Mobility Measurements in FETs   

The most conventional FET architectures employed with π-conjugated organic polymers 

were illustrated in Chapter 1. The next few paragraphs briefly describe the fundamentals of 

conventional FETs, their mode of operation and how charge-carrier mobilities can be calculated 

from their characteristic plots. 

As the source electrode is at ground, the gate (VG) and drain voltages (VSD) can be 

described as a function of the source. With application of a negative gate voltage, an electric 

field is generated which is perpendicular to the device constitutive layers and produces a buildup 

of positive charges at the dielectric-semiconductor interface (when semiconductor is p-type, see 

Figure 2-11). Applying a drain voltage simultaneously can induce the charge carriers to migrate 

from the source to the drain, hence setting the “on” state (as opposed to the “off” state when VG = 

0). Further, a threshold voltage (Vt) characterizes the drain voltage at which the charge carriers 

start flowing between source and drain, and gives an estimate of the concentration of traps in the 

semiconductor. The source-drain current ratio between “on” and “off” states must be as high as 

possible for the information to be easily readable from the transistor (on/off ratios of 103-106 are 
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usually desired). Associated to the device on/off ratio, the extent of voltage to be applied to 

operate the device (and its power consumption) depends on the semiconductor charge-carrier 

mobility (µFET) among other variables such as the dimensions of the device. 

 
 
Figure 2-11. Schematic illustration of p-type (left) and n-type (right) field effect transistors 

(FETs) which, in turn, can be used to determine the hole and electron mobility 
(respectively) of semiconducting polymers 

The performance of an FET is commonly illustrated by its output characteristic curves 

representing the plot of the source-drain current as a function of the drain voltage for various 

gate voltages applied (see Figure 2-12a). At low VSD values, ISD increases in a near-linear 

fashion, and then saturates at higher VSD. Equation 2-3 where L is the channel length, W the 

channel width, Ci the capacitance of the dielectric per unit area and µFET,lin the charge-carrier 

mobility in the linear regime, describes ISD in the linear region. Hence, plotting ISD as a function 

of VG at constant VSD allows the determination of µFET,lin with the slop of the resulting transfer 

characteristic curve (see Figure 2-12b) being given by Equation 2-4 (when VSD << VG - Vt). In 

the saturation regime (where VSD > VG - Vt), the charge-carrier mobility at saturation µFET,sat can 

be calculated from the slope of ISD
1/2 as a function of VG at constant VSD (using Equation 2-5). 

 
𝐼𝐼SD =

𝑊𝑊𝐶𝐶𝑖𝑖
𝐿𝐿

µFET ,lin [(𝑉𝑉G − 𝑉𝑉t)𝑉𝑉SD −
𝑉𝑉SD

2

2
] 

 2-3 
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 𝜕𝜕𝐼𝐼SD

𝜕𝜕𝑉𝑉G
=
𝑊𝑊𝐶𝐶𝑖𝑖
𝐿𝐿

µFET ,lin𝑉𝑉SD  
  2-4 

 𝐼𝐼SD =
𝑊𝑊𝐶𝐶𝑖𝑖µFET ,sat

2𝐿𝐿
(𝑉𝑉G − 𝑉𝑉t)2 

  2-5 

 
 
Figure 2-12. a) Output characteristic curves of the source-drain current (ISD) as a function of the 

drain voltage (VSD) for various gate (VG) voltages applied. b) Transfer plot (ISD as a 
function of VG) from which the charge-carrier mobility at saturation can be 
determined for the semiconducting polymer according to Equation (2) (Adapted with 
permission from Ref.102  Copyright 2009 American Chemical Society) 

2.8 Photovoltaic Devices 

Figure 2-13 illustrates the typical response of a cell under solar illumination (red curve) 

from which the short-circuit current (JSC), open-circuit voltage (VOC), and the current and voltage 

at the maximum power point (Jm and Vm), can be defined. From these parameters, the fill factor 

(FF), and the power conversion efficiency (PCE) can be calculated for the device: 

𝐹𝐹𝐹𝐹 =
𝐽𝐽m × 𝑉𝑉𝑚𝑚
𝐽𝐽SC × 𝑉𝑉OC
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𝑃𝑃𝐶𝐶𝑃𝑃 =
Pout

Pin
= 𝐹𝐹𝐹𝐹 ×

𝐽𝐽SC × 𝑉𝑉OC

Pin
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Importantly, as illustrated in Figure 2-14 the highest device fill factors (0 < FF < 100%) 

are obtained when the shunt resistance (Rshunt) in reverse bias is maximal (JSC relatively constant 

with V), whereas the series resistance (Rseries) must be as negligible as possible at higher voltages 
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(JSC goes to infinity at VOC). In this ideal situation, the maximum power point is attained by 

intersecting the straight passing by VOC with that passing by JSC. As previously stated in this 

dissertation, a low FF is an indication that the charge transport across the device is dominated by 

high concentrations of electron-hole recombinations. 

 
 

Figure 2-13. Current density response of a PV cell in the dark (blue curve) and under solar 
illumination (red curve) from which the short-circuit current (JSC), open-circuit 
voltage (VOC), and the current and voltage at the maximum power point (Jm and Vm) 
can be determined 

 
 

Figure 2-14. The highest device fill factors (0 < FF < 100%) are obtained when the shunt 
resistance (Rshunt) in reverse bias is maximal (JSC relatively constant with V), whereas 
the series resistance must be as negligible as possible at higher voltages (JSC goes to 
infinity at VOC) 
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In this dissertation work, the polymer solar cells were constructed using pre-patterned ITO-

coated glass substrates (sheet resistance: 20 Ω cm-2). First, a thin layer (ca. 30nm) of 

PEDOT:PSS (Baytron AI4083 from HC Starck) was spin-coated, followed by the mixed solution 

of polymer (4 mg mL-1) and PCBM (99% pure, Solenne BV) in chlorobenzene. Alternatively, a 

MoO3 interlayer (ca. 10 nm) was thermally evaporated on the pre-cleaned ITO substrate under a 

vacuum of 10-6 torr. After the active layer was cast, it was subjected to a thermal annealing step 

of 70 °C for 45 min. LiF (ca. 1 nm) and aluminum (ca. 100 nm) were thermally evaporated at a 

vacuum of ~10-6 mbar on top of the polymer:PCBM active layer. Each device pixel has a surface 

area of 0.04 cm2. J-V measurements were carried out using a Keithley 4200 semiconductor 

characterization system under AM1.5G, 100 mW cm-2 illumination from a 150 W ozone free 

xenon arc lamp (from Newport). A Newport 70260 radiant power meter was combined with a 

Newport 70268 probe used to measure the power densities of the white-light illumination. 

National Institute of Standards and Technology (NIST) calibrated UV-enhanced silicon and 

germanium photodetectors were used to calibrate the measurements. The device fabrication was 

performed under nitrogen atmosphere and the measurments were carried out in air (and without 

device encapsulation). 

2.9 Space Charge Limited Current (SCLC) Modeling 

A useful approach in the characterization of the charge transport taking place in 

conventional (vertically stacked) BHJ photovoltaic devices consists in assembling a hole-only 

device of the donor-acceptor blend (e.g. polymer and PCBM) along with a control device 

comprising the semiconducting material alone (see Figure 2-1). Hole-only devices rely on the 

use of a high-lying work-function cathode such as gold (~5.2 eV vs. vacuum) or palladium (~5.4 

eV vs. vacuum) to prevent the electron injection (into the polymer LUMO) while measuring the 
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concentration of holes flowing across the device. The anode is generally made of PEDOT:PSS 

(~5.1 eV vs. vacuum)-coated ITO (~5.0 eV vs. vacuum). 

 
 

Figure 2-15. Schematic configuration of a hole-only device used in the characterization of the 
hole transport taking place in the active layer of conventional vertically stacked 
devices such as BHJ solar cells (e.g. composed of polymer and PCBM) 

In conventional BHJ photovoltaic devices, the device photoresponse is primarily governed 

by the charge transport in the active layer. Depending on the generation rate of geminate 

electron-hole pairs, and on the mean carrier drift length (or diffusion length of the dissociated 

charge carriers), various densities of photocurrent can be collected. In particular, the carrier drift 

length itself depends on the charge-carrier mobility (of both electrons and holes), as well as on 

the lifetime of the dissociated carriers, to which relates the concentration in recombination of 

electron and holes representing an important non-radiative loss mechanism in BHJ solar 

cells.50,103 As previously stated (see Chapter 1), the charge transport is in fact often limited by the 

donor component (polymer) in a donor-acceptor BHJ device using PCBM, such that polymers 

with low intrinsic hole mobility commonly induce an imbalance with the higher intrinsic electron 

mobility of PCBM, hence producing a buildup of charges and increasing the electron-hole 

recombinations. By observing the space-charge limited current (SCLC) in the active layer (e.g. 

pristine polymer, polymer:PCBM blend),103 it is possible to determine the hole mobility in the 
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phase with the lowest intrinsic charge carrier mobility. From a simple J-V measurement, the hole 

mobility can be estimated using the Mott-Gurney equation (2-8) for trap-free SCLC: 

3

2

8
9

d
VJ µε=

 2-8 

where ε is the dielectric constant, µ is the charge-carrier mobility, d is the sample thickness. 

From the slop of the device J-V2 plot (see Figure 2-16 as an example), a charge-carrier 

mobility can be calculated in the vertical direction which is more representative than that given 

by a laterally-configured FET when studying the photovoltaic performance of semiconducting 

polymers as the orientation of the chains relative to the substrate can influence the efficiency of 

the charge transport with respect to the different directions considered for the measurements. In 

this example, the applied voltage V has been corrected by accounting for the built-in voltage Vbi 

resulting from the difference in the work-function between electrodes, and the current density is 

in fact plotted versus the effective electric field (Eeff) rather than the applied voltage in order to 

allow comparison of devices possessing active layers of different thicknesses. 

 
 
Figure 2-16. Current density as a function of the effective electric field in a polymer-based hole-

only device. Inset shows the quadratic dependence of the current density on applied 
bias; the red line is a fit for using the SCLC model (Adapted with permission from Dr 
Kaushik Roy Choudhury) 
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In this dissertation work, the hole-only devices were constructed using the same substrate 

preparation as that used for the solar cells, using either solutions of the pristine polymers in 

chlorobenzene (16 mg ml-1) or polymer:PCBM mixed solutions (as optimized for solar cell 

performance). Pd (as opposed to Au, for reasons related the metal work-function as outlined later 

on in this dissertation) was thermally deposited to serve as the top counter electrode. 
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CHAPTER 3 
SPRAY – PROCESSABLE GREEN TO TRANSMISSIVE SWITCHING 3,4-

DIOXYTHIOPHENE – 2,1,3-BENZOTHIADIAZOLE DONOR – ACCEPTOR 
ELECTROCHROMIC POLYMERS 

3.1 Context, Proposed Design and Rational 

The last two decades have seen much emphasis be placed on incorporating electrochromic 

polymers (ECPs) as fast and reversible color-changing materials in devices such as windows, 

mirrors and displays.13 While a number of neutral state red and blue conjugated polymers were 

synthesized and their properties investigated,14 attempts in making saturated green polymers, 

chemically or electrochemically synthesized, have met limited success104 probably due to the 

complex nature of the required absorption spectrum expected to contain at least two bands in the 

neutral state of the material with a window of transmission in the 480-560 nm region of the 

visible. 

The concept of valence and conduction band broadening based on alternating electron rich 

and poor moieties in conjugated polymers was introduced in 1993 by Havinga et al.42 In spite of 

the considerable impact of this discovery for device applications such as field-effect transistors, 

light emitting diodes and photovoltaics (see Chapter 1 of this dissertation), only recently has the 

use of donor-acceptor based conducting polymers attracted the attention of research groups with 

an interest in ECPs. For instance, in 2004, Wudl et al. reported on completing the additive 

primary color space: red, green and blue (RGB), with the first promising neutral green 

conjugated ECP, a ‘donor-acceptor’ based material which exhibited a high degree of stability 

upon electrochemical switching.104 More than just broadening the range of red and blue ECPs 

available to the color green, in 2004 Wudl et al. introduced the idea that the DA approach could 

be judiciously utilized in engineering novel EC systems exhibiting hues and saturations generally 

difficult to access. Beside its alternating DA structure, the reported electroactive polymeric 
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material was designed with two distinct chromophores in order to exhibit the two-band 

absorption in the visible essential for a system reflecting/transmitting green light. While its 

longer wavelength absorption band was found to deplete extensively upon oxidative doping, the 

optical transition associated to the smaller chromophore (the one in broken conjugation with the 

main-chain) could not be bleached effectively leaving an oxidized state with remnant color (see 

Figure 3-1). Even though a soluble version of the neutral green polymer was achieved,105 the 

persistent brown hue of its oxidized state remained an obstacle that could not be overcome, 

hence hindering the use of this polymer in colored-to-transmissive switching display 

devices.105,106 

 
 
Figure 3-1. The first promising neutral green conjugated ECP by Wudl et al., a donor-acceptor 

based material exhibiting two bands of absorption in the visible spectrum. Even 
though a soluble version of the neutral green polymer was achieved (left photograph), 
the persistent brown hue of its oxidized state (right photograph) remained an obstacle 
that could not be overcome (Adapted with permission from Ref.104 Copyright 2004 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, and from Ref.105 Copyright 
2005 American Chemical Society) 

As mentioned above, to achieve a neutral state green polymer, it is desired to have a 

material that absorbs both red and blue light. Fine tuning of the energy gap, along with 

introduction of an adequate set of absorption bands in the visible spectrum, can be obtained by 

controlling the structure of the repeat unit that composes the conjugated material. Based on the 

theoretical work of Salzner et al. in addressing the relevance of the donor-acceptor approach for 

designing organic metals,107,108 the strictly linear and alternating DA systems involving two 
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distinct energy transitions have been described in the literature, and can be rationalized by 

considering the presence of low-lying unoccupied and localized energy levels within the band 

gap of the conjugated system in its ground-state. These localized energy levels are easily 

accessed from the valence band and should have little electron density on the donor substituents 

thus forming a discrete energy “band” (whose contribution would stem from the most electron 

poor heterocycle) lying beneath the conduction band in the orbital correlation diagram of the 

conjugated polymer.108 The consequences of these assumptions on the optical spectrum of the 

undoped material described are two-fold: 1) low energy transitions from the valence band to the 

low lying unoccupied and localized energy levels result in a long wavelength absorption band 2) 

higher energy transitions from the valence band to the “true” conduction band are responsible for 

the presence of a distinct blue-shifted absorption band in the visible spectrum (see proposed 

interpretation in Figure 3-2, see Chapter 4 for a more complete discussion on how two-band 

absorption spectra may arise in DA polymers). 

 
 
Figure 3-2. Strictly linear and alternating DA systems involving two distinct energy transitions 

have been described by Salzner et al.107,108  This figure is proposed here as an 
illustration of their interpretation based on Molecular Frontier Orbital Theory 
principles (see Chapter 4 for a more complete discussion on how two-band absorption 
spectra may arise in DA polymers) 
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In addition, for a polymeric material transmitting / reflecting green light, obtaining a highly 

transmissive state upon oxidation is an additional major difficulty due to the requirement for 

simultaneous and efficient bleaching of the two absorption bands that occurs in the blue and red 

portions of the visible region. 

An excellent example of the existence of strictly linear and alternating DA polymers 

involving two distinct energy transitions can be found in work from Krebs et al. on the synthesis 

and fundamental characterization of low bandgap conjugated polymers based on thiophenes and 

2,1,3-benzothiadiazole (BTD).47 As shown in Figure 3-3, polymer 20 (so-called in the 

corresponding paper) exhibited a first band of absorption peaking in the UV, and a second one 

somewhat more intense peaking at about 540 nm in the visible, leaving a window of transmission 

in the 400 – 500 nm range. Though, it is worth noting that no particular emphasis was placed on 

the two-band spectral features of the corresponding polymer throughout this study. 

 
 
Figure 3-3. An example of the existence of strictly linear and alternating DA polymers involving 

two distinct energy transitions can be found in work from Krebs et al. on low 
bandgap conjugated polymers based on thiophenes and 2,1,3-benzothiadiazole 
(Adapted with permission from Ref.47 Copyright 2006 American Chemical Society) 

Following up on work from Wudl et al., a novel approach to solution-processable neutral 

state green conjugated polymers of tunable hues which possess highly transmissive oxidized 

states was developed in our laboratories. This approach is illustrated in Figure 3-4 and will be 

discussed below. 
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Figure 3-4. Engineering solution-processable neutral state green donor-acceptor π-conjugated 
polymers exhibiting fast switching properties and highly transmissive oxidized states. 
The polymers are synthesized on the sole basis of a specific linear alternation of 
electron-rich and electron-poor building units (Adapted with permission from Ref.109 
Copyright 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim) 

Figure 3-4 suggests the design of conjugated polymers with a two-band absorption in the 

visible so as to reflect and transmit the color green in the neutral state. In this case, the acceptor 

2,1,3-benzothiadiazole (BTD) is symmetrically functionalized with different thiophene-based 

donor heterocyclic units. While the first substitution is expected to have the largest impact on the 

energy gap of the resulting donor-acceptor polymer, a second substitution with a more electron-

rich heterocycle such as 3,4-propylenedioxythiophene (ProDOT) could be sufficient to induce 

the bathochromic shift necessary to transfer the two-band optical absorption of the polymer 

presented in Figure 3-3 from the UV-visible to the visible-NIR portion of the spectrum. This 

would also red-shift the inter-band window of transmission from the blue to the green region, 

thereby providing the resulting polymer with the desired color. In addition, as demonstrated 

earlier in our group,110 alkoxy-derivatized ProDOT-based ECPs exhibit sub-second switching 

times, high EC contrast ratios, redox switching stability, transmissivity of the oxidized state, and 
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a particular ease in synthesis which make it a logical building unit in the design of heterocyclic 

precursors for colored to transparent switching ECPs. Regiosymmetric alkoxy-substituted 

ProDOTs also possess a low oxidation potential so that mild oxidizing agents can be used for 

polymerizing the designed oligomers which limits the risks of cross-linking occuring during the 

polymerization and induces solution-processability to the subsequent polymers. 

3.2 Synthesis and Characterization of 3,4-Dioxithiophene – 2,1,3-Benzothiadiazole 
Polymers 

3.2.1 Synthesis and Physical Characterization 

Based on the considerations highlighted above, ProDOT building blocks bearing 

solubilizing side-chains aimed at imparting the subsequent polymers with adequate solution-

processability were prepared. Figure 3-5 illustrates the synthetic pathway developed to produce 

the DA copolymers PA and PB. Following Ullmann’s conditions, 3,4-dibromothiophene 1 was 

first converted to 3,4-dimethoxythiophene 2 in a refluxing mixture of sodium methoxide-

containing methanol and in the presence of a Cu(II) source (here CuO). Next, the Williamson 

transetherification conditions were employed to form the propylenedioxy bridge of the ProDOT 

intermediate 3. Octyloxy substituents were appended to 3 by nucleophilic substitution of a 

sodium octyloxy salt in DMF to yield the dioctyloxy-substituted ProDOT derivative 4 in ca. 70% 

yield. The trimethyltin derivative 5 was obtained upon reacting a mono-lithiated ProDOT 4 with 

trimethyltinchloride. The BTD-containing building blocks 6a and 6b were then symmetrically 

substituted with two electron-rich ProDOT stannane species (5) via Pd-mediated cross-coupling 

Stille conditions111 in gently refluxing THF to yield oligomers 7a and 7b, respectively. Column 

chromatography over silica using mixtures of hexanes and dichloromethane afforded 7a and 7b 

which were isolated as purple tacky solids. The DA oligomers were homopolymerized at room 

temperature using the mild oxidizing agent FeCl3 and the resulting polymers were subsequently 
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reduced with hydrazine to yield PA and PB. Both polymers were precipitated in methanol and 

purified by Soxhlet extraction with methanol before further characterization. 

 
 

Figure 3-5. Synthetic route to ProDOT-BTD – based donor-acceptor π-conjugated copolymers 
PA and PB 

The structures of the repeat unit of PA and PB were supported by 1H NMR and the quality 

of the polymers was probed by elemental analysis (see Experimental Section below). The 

polymer molecular weights were determined via polystyrene-calibrated GPC with THF as the 

mobile phase and are summarized in Table 3-1. Number average molecular weights (Mn) of 

18,900 g mol-1 (PDI=3.2) and 10,300 g mol-1 (PDI=1.7) were estimated for PA and PB, 

respectively. It is worth noting that the reported molecular weights were estimated from 

polymers non-fractionated beyond isolation by precipitation in MeOH, hence the relatively large 

molecular weight polydispersity observed for PA. The minimum average number of repeat units 

for all the polymers was found to be 8 (PB), corresponding to a main-chain of nearly 40 aromatic 

units, which is more than 2.5 times as high as the value for which the electronic properties of DA 

conjugated polymers are commonly found to saturate (~15 aromatic rings).112 On the other hand, 
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the average number of repeat units for PA was found to be 16, corresponding to a main-chain of 

nearly 80 aromatic units, which demonstrated the possibility of producing high molecular weight 

polymers from the polycondensation of relatively large functional building blocks (as opposed to 

a conventional copolymerization of single heterocycles). 

Table 3-1. Number average molecular weight (Mn, g mol-1), weight average molecular weight 
(Mw, g mol-1), polydispersity index (PDI), average number of repeat units, and 
average number of rings for the donor-acceptor copolymers PA and PB 

Polymer Mn (g mol-1) Mw (g mol-1) PDI Avg. No.  
of Repeat Units 

Avg. No. 
of Rings 

PA 18,900 60,500 3.2 16 80 
PB 10,300 17,500 1.7 8 40 
 
3.2.2 Optical Characterization 

Experimentally, it was found that symmetric addition of ProDOT on the BTD-containing 

donor-acceptor-donor precursors (highlighted orange in Figure 3-4) induces a bathochromic shift 

in the range 55 - 62 nm for the shorter wavelength absorption band and 75 - 78 nm for the longer 

wavelength absorption band (see Figure 3-6a). While the first substitution was expected to have 

the largest impact on the energy gap of the donor-acceptor system, the second substitution with 

ProDOT does account for fine energy tuning and substantial control over the two-band 

absorption spectrum of the resulting oligomers. As conveniently anticipated by results from 

various research groups,47,112-114 polymerization of the resulting heterocyclic pentamers can be 

expected to give a distinct optical (bathochromic) shift. As illustrated in Figure 3-6b, 

polymerization adds a more significant red-shift of about 80 nm to the shorter wavelength optical 

transition, while ranging from 120 to 150 nm for the longer wavelength optical transition. In 

solution, both polymers are green and show minor optical changes upon increase of the 

temperature between room temperature and 100oC indicating neither significant disruption of 

effective conjugation,115,116 nor major aggregation of the backbones once solvated.117,118 
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a) b)  
 
Figure 3-6. a) Solution optical absorption spectra (in toluene) of Pentamer A and Pentamer B 

(the oligomer precursors for polymer PA and PB) superimposed to those of their 
Trimer precursor (Trimer A and Trimer B), b) Solution optical absorption spectra (in 
toluene) of DA-copolymers PA and PB superimposed to those of their Pentamer 
precursor (Pentamer A and Pentamer B). The spectrum of each system is normalized 
at the longer wavelength absorption maximum (Adapted with permission from Ref.109 
Copyright 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim) 

Table 3-2 summarizes the local absorption maxima for PA and PB in toluene and as cast. 

It is worth noting that the window of transmission of PB is shifted towards the higher 

wavelengths (local minimum of absorption at 528 nm) when compared to that of PA (local 

minimum of absorption at 505 nm) owing to the more electron-rich character of EDOT in 

comparison with thiophene, hence the yellow hue in the green color of PB. Further, it is worth 

noting that all spectra in Figure 3-6 were normalized at the longer wavelength absorption 

maximum of the oligomers or polymers, such that the peak intensities should not be considered 

in terms of their physical significance in this Figure. As a matter of fact, it is likely that the 

second absorption band grows with increasing extent of conjugation, in the order 

Trimer>Pentamer>Polymer (see in Chapter 4 how measuring the mass absorption coefficients of 

each component could give further insight into this assumption). The key incorporation of 

regiosymmetric ProDOTs bearing two octyloxy solubilizing-chains induces sufficient solubility 
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(up to ca. 8 mg mL-1 in the case of PA) for solid thin-film processing using common organic 

solvents. While PA shows good to excellent solubility at room temperature in toluene, 

chloroform and ortho-dichlorobenzene (ODCB), PB requires hot mixtures of toluene and 

chloroform (60oC) or hot ODCB (80 - 100oC) to be efficiently dissolved in solution. 

Table 3-2. Local absorption maxima (solution in toluene and solid state), and film optical 
bandgap (Eg, eV) for the donor-acceptor copolymers PA and PB 

Polymer 
λabs (nm) In Toluene λabs (nm) Thin Film 

Eg (eV) 
1 2 1 2 

PA 449 643 458 672 1.47 
PB 464 704 467 710 1.42 
 
3.2.3 Polymer Redox and Spectroelectrochemical Characterization 

Films of PA and PB were spray-cast onto ITO-coated glass slides from organic solvents, 

and subsequently redox cycled until they reached a stable and reproducible switch prior to 

spectroelectrochemical analysis. As illustrated in Figures 3-7a and 3-7b, as the potential applied 

to the film was increased from -0.3 V (vs. Fc/Fc+) for PA, -0.6 V for PB, simultaneous bleaching 

of both the low and high energy transitions was initiated. These values are consistent with the 

low onsets of oxidation of PA and PB respectively estimated at -0.3 V and -0.55 V via 

differential-pulse voltammetry (see Figures 3-8b and 3-8d). As the short and long wavelength 

absorption bands depleted, new transitions progressively arose in the NIR indicating the 

formation of the charge carriers. Determined from the onset of their lowest energy π-π* 

transitions, PA exhibits a band gap at 1.47 eV and PB shows a more narrow value of 1.42 eV as 

expected considering that 3,4-ethylenedioxythiophene (EDOT) brings a higher energy HOMO 

than thiophene to the conjugated donor-acceptor system. When fully oxidized, both polymers 

show a high level of transparency to the human eye. Upon full oxidation the bipolaronic 

transition of PB, clearly more red-shifted in the NIR, tails less into the visible hence inducing a 
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higher electrochromic contrast. From this data and taking the longer wavelength absorption 

maximum as a reference as it interacts with the near infrared tail of the fully doped polymer,  a 

transmittance change up of about 32 % for PA versus 53% for PB was calculated, indicative of 

the higher contrast observed for the latter polymer. 

From the cyclic and differential-pulse voltammetry plots presented in Figure 3-8, two 

oxidation processes can be seen (along with their corresponding reductions on the reverse cycle). 

These two processes can be attributed to the formation of polaronic and bipolaronic species 

(respectively) on application of the external bias (see supporting EPR work from Irvin et al.119), 

and is in good agreement with the spectroelectrochemical data shown in Figure 3-7. While it is 

worth noting that the current peak associated to the first oxidation process (formation of cation 

radicals) in PB is especially sharp, the reasons inducing the observed phenomenon remain 

unclear. This phenomenon was found to be perfectly reproducible over the various thin-films 

investigated. 

 
 

Figure 3-7. Spectroelectrochemistry of a) PA and b) PB. Films were spray-cast onto ITO-coated 
glass from solution (2 mg mL-1) in toluene (PA) or a hot mixture of toluene and 
chloroform (PB). Electrochemical oxidation of the films was carried out in 0.1 M 
LiBF4/ACN supporting electrolyte using a silver wire as a quasi-reference electrode 
(calibrated against Fc/Fc+) and a platinum wire as the counter electrode. In both 
cases, the applied potential was increased in 25 mV steps from -0.4 V to +0.95 V for 
PA and from -0.65 V to +0.65 V for PB (Adapted with permission from Ref.109 
Copyright 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim) 
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a) b)  

c)  d)  

 
Figure 3-8. Cyclic voltammetry (CV) of a thin film of a) PA and c) PB drop-cast on a Pt button 

electrode (9 scans). Electrochemical oxidation of the films was carried out in 0.1 M 
LiBF4/ACN supporting electrolyte using a silver wire as a quasi-reference electrode 
(calibrated against Fc/Fc+) and a platinum flag as the counter electrode. Differential 
Pulse Voltammetry (DPV) on a thin film of b) PA and d) PB drop-cast on a Pt button 
electrode.  Electrochemical oxidation was carried out in conditions identical to CV 
(Adapted with permission from Ref.109 Copyright 2008 WILEY-VCH Verlag GmbH 
& Co. KGaA, Weinheim) 

3.2.4 Polymer Colorimetric Analysis 

As shown in Figure 3-9, the relative luminance change (estimating the brightness of the 

transmitted light as a percentage of the brightness of the light source calibrated to the sensitivity 

of the human eye), was measured as the doping level induced by electrochemical oxidation was 

progressively increased. From their neutral green to fully oxidized transmissive state, the spray-

cast polymers exhibit a relative luminance change of approximately 30 %, a promising value 

considering that the light-adapted human eye is most sensitive to forest-green, a tone that almost 



 

102 

equally stimulates two of the three kinds of cone cells in the eye and that is consequently likely 

to be perceived regardless of its intensity. It is worth noting that relative luminance can also be 

modulated and optimized as a function of deposited film thickness. The materials in their neutral 

state exhibit a saturated green, a fact supported by the very negative a* values obtained, but they 

show different hues as characterized by the significantly different b* values.12 For instance, the 

large positive b* value for PB translates the yellow tone of its green. L* values (ranging from 0 

to 100) such as those exhibited by PA (L* = 91) and PB (L* = 89) upon oxidation demonstrate 

their aptitude to nearly reach the “white point” (W) of color space. In the oxidized state, a* and 

b* drop down to orders as low as -3 (PA) and -5 (PB) yielding corresponding tints that can 

hardly be perceived by the human eye. The polymers complete their full switches in a potential 

window of less than 1.5 V, a parameter of significant interest for low-voltage device 

applications. The window necessary to achieve more than 90 % of the optical change is 

considerably narrower: as low as 1.05 V for PA and 1.15 V for PB. 

 
 

Figure 3-9. Relative Luminance (%) as a function of applied potential for both spray-coated PA 
and PB. Pictures show the hues of green perceived and give an indication of the 
degree of transmissivity obtained upon complete oxidation. For color matching, 
L*a*b* values (in the sense of the CIE 1976 L*a*b* color model) of fully neutral and 
oxidized states are reported for the films (Adapted with permission from Ref.109 
Copyright 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim) 
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3.2.5 Polymer Switching Study 

As shown in Figure 3-10a and 3-10b, the electrochromic contrasts (Δ%T) were monitored 

as a function of time at the longer wavelength absorption maximum of each material, applying 

square-wave potential steps of 10 s, 2 s and 1 s in order to characterize their respective response 

time. 

 

 
 

Figure 3-10. a) Square-wave potential step absorptometry of spray-coated PA (monitored at 672 
nm, from -0.5 V to +1.05 V vs. Fc/Fc+) and b) PB (monitored at 710 nm, from -0.7 V 
to +1 V vs. Fc/Fc+) onto ITO in 0.1 M LiBF4/ACN solution. Switch times: 10 s step 
for 40 s (2 cycles), then 2 s step for 20 s (5 cycles) and 1 s step for 20 s. (10 cycles). 
c) Square-wave potential stepping EC switching of drop-cast PA onto Pt in 0.1 M 
LiBF4/propylene carbonate solution switching between -0.4 V and +0.85 V (vs. 
Fc/Fc+) with a switch time of 4 s (Adapted with permission from Ref.109 Copyright 
2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim) 
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As predicted by the spectroelectrochemical study, the film of PB exhibited higher contrasts 

(44 – 40 %) than PA ( 39 – 36 %), although in either case a variation in EC contrast of only 3 to 

4 % was observed as the switch time is increased from 10 to 1 second. Measured at the shorter 

wavelength absorption maximum of PA and PB, Δ%T was estimated at 27% and 45% 

respectively. 

A new film of PA was spray-coated onto ITO and its stability upon square-wave potential 

stepping EC switching was investigated in 0.1 M LiBF4 / propylene carbonate solution using a 

switch time of 2 s. The corresponding data is summarized in Table 3-3.  

Table 3-3. Square-wave potential stepping EC switching of spray-cast PA onto ITO in 0.1 M 
LiBF4 / propylene carbonate solution switching between -0.5 V and +1.05 V (vs. 
Fc/Fc+) with a switch time of 2 s (Adapted with permission from Ref.109 Copyright 
2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim) 

Cycle[a] ΔT (%)[b] Q (mC/cm2)[c] CE (cm2/C)[d] %Decay[e] 
1 34.6 2.7 126 0 
100 34.1 2.77 121 1.5 
250 34 2.71 123 1.7 
500 33.8 2.64 124 2.3 
750 33.4 2.6 124 3.5 
1000 32.7 2.55 123 5.5 
[a] Complete cycle is 4 s 
[b] % Optical change in transmittance at 672 nm 
[c] Injected/ejected charge per unit area of spray-cast film 
[d] CE = ΔOD/Q = log(%Tox/%Tred)/Q 
[e] % Loss of electrochromic contrast (% decay in ΔT) 
 

At the longer wavelength absorption maximum, a loss of EC contrast of only 5.5 % was 

estimated after 1000 cycles along with no significant change in coloration efficiency (CE) which 

indicates the proper relationship between charge stored (calculated from integration of the 

current) and contrast observed. This result is significant considering the nature of the substrate 

used, and the redox induced solubility of the polymer in the electrolyte, as there is little to 

prevent the chains from slowly migrating away from the working electrode to the platinum 



 

105 

counter electrode during the experiment. In order to highlight the influence of the substrate on 

stability studies, long term switching was also investigated on a Pt button electrode, as reported 

in Figure 3-10c. While the decay in charge stored per unit area of spray-coated film of PA is in 

the order of 5.5 % onto ITO, a film drop-cast on Pt showed about 2 % loss after 1000 cycles, 

about 3 % after 2000 cycles and less than 5 % after 10 000 cycles (nearly 24 hours) which 

reinforces the potential of this ECP for commercial applications. 

3.2.6 Synthetic Details 

Compound 2-3: Details relative to the synthesis and characterization of 2-3 can be found 

in Reeves, B. D.; Grenier, C. R. G.; Argun, A. A.; Cirpan, A.; McCarley, T. D.; Reynolds, J. R. 

Macromolecules 2004, 37, 7559-7569. 

Compound 4: A 500 mL flame dried single-neck round bottom flask was filled with 250 

mL of anhydrous DMF, NaH (60% in mineral oil) (5.6 g, 140 mmol) and octan-1-ol (12.2 g, 94 

mmol). The mixture was heated at 100 °C over a period of 4 hours, then compound 3 (8 g, 23.4 

mmol) was added by portions to the hot reagent. After stirring overnight at 100 °C, the reaction 

mixture was cooled down to room temperature, added to brine (700 mL) and extracted 3 times 

with ethyl ether (500 mL). The organic phase was washed with water, dried over magnesium 

sulfate and the solvent was removed affording a dark orange oil. The resulting oil was purified 

by column chromatography on silica with hexane/dichloromethane (3:2) as eluent. The solvent 

was evaporated and compound 4 was obtained as a clear oil (7 g, 68 %). 1H NMR (300 MHz, 

CDCl3, δ): 6.44 (s,2H), 4.01 (s, 4H), 3.48 (s, 4H), 3.40 (t, J = 6.4 Hz, 4H), 1.57-1.56 (m, 4H) 

1.29-1.27 (m, 20H), 0.88 (t, J = 6.8 Hz, 6H); 13C NMR (75MHz, CDCl3, δ): 149.9, 105.2, 73.9, 

71.9, 69.8, 47.9, 32.1, 29.7, 29.6, 29.5, 26.3, 22.9, 14.3; HRMS (TOF, m/z): [M+H]+ calculated 

for C25H44O4S, 441.3033; found, 441.2992. 



 

106 

Compound 5: Compound 4 (2.12 g, 4.81 mmol) was dissolved in dry THF (17 mL) and 

cooled down to -78 °C. A solution of n-butyllithium in hexanes (2.51 mL, 6.26 mmol) was added 

over a 2 hour period and the mixture was stirred for 1 hour. Trimethyltinchloride (6.3 mL, 6.3 

mmol) was subsequently added, the mixture was allowed to warm up to room temperature and 

stirred for 16 hours. The solvent was evaporated obtaining a yellow-brown oil (2.67 g, 92 %) 

which was used for the next step without further purification. 1H NMR (300 MHz, CDCl3, δ): 

6.70 (s, 1H), 3.98 (s, 2H), 3.93 (s, 2H), 3.48 (s, 4H), 3.39 (t, J = 6.4 Hz, 4H), 1.57-1.56 (m, 4H), 

1.29-1.27 (m, 20H), 0.87 (t, J = 6.8 Hz, 6H), 0.32 (s, 9H). 

Compound 6a: Tributyl(thiophen-2-yl)stannane (7.46 g, 20 mmol), 4,7-

dibromobenzo[c][1,2,5]thiadiazole (2.45 g, 8.33 mmol) and Pd(PPh3)2Cl2 (333 mg, 4 mol %) 

were dissolved in 80 ml of THF. The mixture was stirred for 36 hours at 60 °C then the solvent 

was evaporated and the product was precipitated twice in MeOH. After filtering through a 

Büchner funnel, 4,7-di(thiophen-2yl)benzo[c] [1,2,5]thiadiazole was collected as an orange-red 

solid (1.85 g, 74 %). 1H NMR (300 MHz, CDCl3, δ): 8.12 (dd, J = 0.9, 3.7 Hz, 2H), 7.83 (s, 2H), 

7.45 (dd, J = 0.9, 4.9 Hz, 2H), 7.20 (dd, J = 0.9, 4.9 Hz, 2H); 13C NMR (75 MHz, CDCl3, δ): 

152.81, 139.57, 128.22, 127.72, 127.00, 126.15, 125.94; HRMS (TOF, m/z): [M+] calcd. for 

C14H8N2S3, 300.9922; found, 300.9936. 

4,7-di(thiophen-2yl)benzo[c] [1,2,5]thiadiazole (2.5 g, 8.32 mmol) was dissolved in 200 

ml of CHCl3 and a catalytic amount of acetic acid. Then NBS (4.44 g, 24.97 mmol) was added 

portion wise and the mixture was stirred for 36 h at room temperature under light protection. The 

precipitate was filtrated through a Büchner funnel, washed with copious amounts of water, 

methanol, acetone and compound 6a was collected as an red solid (2.75 g, 72 %).1H NMR (300 

MHz, CDCl3, δ): 7.82 (d, (t, J = 3.9 Hz, 2H), 7.79 (s, 2H), 7.16 (d, (t, J = 3.9 Hz, 2H). 13C NMR 
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could not be determined because of poor solubility; HRMS (TOF, m/z): [M+] calcd. for 

C14H6N2Br2S3, 456.8133; found, 456.8157. 

Compound 6b: (2,3-dihydro-thieno[3,4-b][1,4]dioxin-5-yl)trimethylstannane (11.58 g, 

37.93 mmol), 4,7-dibromobenzo [c][1,2,5]thiadiazole (3.99 g, 13.55 mmol) and Pd(PPh3)2Cl2 

(380 mg, 4 mol %) were dissolved in 200 ml of THF. The mixture was stirred for 72 hours at 60 

°C, the solvent was evaporated and the product was precipitated twice in MeOH. The dark-red 

solid 4,7-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)benzo[c][1,2,5]thiadiazole was filtrated 

through Büchner funnel and collected (3.63 g, 64%). 1H NMR (300 MHz, CDCl3, δ): 8.38 (s, 

2H), 6.56 (s, 2H), 4.40-4.30 (m, 8H); 13C NMR (75 MHz, CDCl3, δ): 152.58, 141.90, 140.49, 

126.86, 123.93, 113.69, 102.19, 65.23, 64.58; HRMS (TOF, m/z): [M+] calcd. for C18H12N2O4S3, 

417.0032; found, 417.0066. 

4,7-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)benzo[c][1,2,5]thiadiazole (3.49 g, 8.38 

mmol) was dissolved in 800 ml of CHCl3 and a catalytic amount of acetic acid is added. Then 

NBS (3.73 g, 20.95 mmol) was added portion wise and the mixture was stirred for 48 h at room 

temperature under light protection. The dark-red precipitate was filtrated through a Büchner 

funnel, washed with water, methanol, acetone and compound 6b was collected (4 g, 83 %).1H 

NMR (300 MHz, CDCl3, δ): 8.35 (s, 2H), 4.39 (m, 8H); 13C NMR could not be determined 

because of poor solubility; HRMS (TOF, m/z): [M+] calcd. for C18H10Br2N2O4S3, 572.8242; 

found, 572.8225. 

Compound 7a (Pentamer A): Compound 5 (4.24 g, 6.97 mmol), compound 6a (1.3 g, 

2.81 mmol) and Pd(PPh3)2Cl2 (81 mg, 4 mol %) were dissolved in 70 ml of THF. The mixture 

was stirred for 48 hours at 60 °C, the solvent was evaporated and the product was purified by 

column chromatography on silica with hexane/dichloromethane (2:1) as eluent. The solvent was 
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evaporated and compound 7a was obtained as a purple oil (2.34 g, 70 %). 1H NMR (300 MHz, 

CDCl3, δ): 8.10 (d, J = 3.8 Hz, 2H), 7.84 (s, 2H), 7.32 (d, J = 3.8 Hz, 2H), 6.40 (s, 2H), 4.23 (s, 

4H), 4.08 (s, 4H), 3.57 (s, 8H), 3.43 (t, J = 6.4 Hz, 8H), 1,55 (m, 8H), 1.30 (m, 40H), 0.87 (t, J = 

6.3 Hz 12H); 13C NMR (75MHz, CDCl3, δ): 152.85, 150.27, 145.87, 138.18, 136.60, 128.02, 

125.83, 125.33, 124.14, 117.33, 102.72, 74.32, 74.17, 72.03, 69.93, 48.11, 32.10, 29.81, 29.68, 

29.54, 26.41, 22.90, 14.32; HRMS (TOF, m/z): [M+H]+ calcd. for C64H92N2O8S5, 1177.5530; 

found, 1177.5547. Anal. calcd. for C64H92N2O8S5: C 65.27, H 7.87, N 2.38; found: C 65.78, H 

8.03, N 2.32.  

Compound 7b (Pentamer B): Compound 5 (4.28 g, 7.09 mmol), compound 6b (1.68 g, 

2.95 mmol) and Pd(PPh3)2Cl2 (85 mg, 4 mol %) were dissolved in 70 ml of THF. The mixture 

was stirred for 48 hours at 60 °C, the solvent was evaporated and the product was purified by 

column chromatography on silica with hexane/dichloromethane (2:1) as eluent. The solvent was 

evaporated and compound 7b was obtained as a dark blue tacky solid (1.08 g, 29 %). 1H NMR 

(300 MHz, CDCl3, δ): 8.34 (s, 2H), 6.45 (s, 2H), 4.41 (s, 8H) 4.25 (s, 4H), 4.08 (s, 4H), 3.60 (m, 

8H), 3.43 (t, J = 6.4 Hz, 8H), 1,55 (m, 8H), 1.30 (m, 40H), 0.87 (t, J = 6.3 Hz, 12H); 13C NMR 

(75MHz, CDCl3, δ): 152.63, 149.84, 145.49, 140.07, 137.61, 126.86, 123.65, 115.41, 113.08, 

112.54, 103.69, 74.71, 74.32, 72.04, 70.14, 65.15, 6492, 48.09, 32.08, 29.81, 29.68, 29.52, 29.40, 

22.88, 14.31; HRMS (MALDI TOF, m/z): [M+] calcd. for C68H96N2O12S5, 1292.5561; found, 

1292.5557. Anal. calcd. for C68H96N2O12S5: C 63.13, H 7.48, N 2.17; found: C 63.32, H 7.50, N 

2.14. 

Polymer PA: Compound 7a (459 mg, 0.39 mmol) was dissolved in chloroform (70 mL). 

The monomer solution was placed under air bubbling. A solution of FeCl3 (316 g, 1.95 mmol, 

5eq) in nitromethane (2 mL) was added dropwise to the stirred monomer at room temperature 
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over a 1 hour period. The dark purple monomer solution turned dark green with addition of 

oxidizing agent. The mixture was stirred 48 hours at room temperature under constant air 

bubbling. It was then precipitated into methanol (500 mL). The precipitate was filtered, 

redissolved in chloroform (300 mL) and stirred for 6 hours with hydrazine monohydrate (6 mL). 

After concentration by evaporation, the polymer solution (green) was precipitated into methanol 

(500 mL), the precipitate was filtered through a Soxhlet thimble and purified via Soxhlet 

extraction for 48h with methanol. The polymer was extracted with chloroform for 6 hours, the 

solvent was evaporated, the polymer was precipitated in methanol and collected as a black solid 

(404 mg, 88 %). 1HNMR (300 MHz, C2D2Cl4 (100 °C), δ): 8.16 (bs, 2H), 7.89 (bs, 2H), 7.43 (bs, 

2H), 4.34 (bs, 8H), 3.72-3.56 (m, 16H), 1.69 (bs, 8H), 1.38 (bs, 40H), 0.96 (bs, 12H). GPC 

analysis: See Table 3-1. Anal. calcd. for C64H90N2O8S5: C 65.38, H 7.72, N 2.38 Found: C 66.08, 

H 7.75, N 2.21. 

Polymer PB: Compound 7b (578 mg, 0.45 mmol) was dissolved in chloroform (70 mL). 

Following the procedure described for synthesizing PA, PB was obtained as a black solid (480 

mg, 83 %). 1HNMR (300 MHz, C2D2Cl4 (100 °C), δ): 8.40 (bs, 2H), 4.50 (bs, 8H), 4.28 (bs, 8H), 

3.70 (bs, 8H), 3.55 (bs, 8H), 1.55-0.93 (m, 60H). GPC analysis: See Table 3-1. Anal. calcd. for 

C68H94N2O12S5: C 63.22, H 7.33, N 2.17 Found: C 62.87, H 7.26, N 2.27. 

3.3 Conclusions and Outlook 

In summary, two symmetrical donor-acceptor heterocyclic pentamers were designed, 

synthesized and chemically polymerized affording organic soluble neutral state green conjugated 

polymers of different hues adequate for multi-colored display applications. Optical and 

electrochemical investigation of the green conjugated polymers revealed highly transmissive 

oxidized states, excellent optical contrasts both in the visible and in the NIR, small potential 

windows of operation, fast switching times and long-term stability. 
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It is worth noting that the synthesized green polyheterocyclics exhibit a repeat unit whose 

molecular structure can be synthetically adjusted in order to tailor the energy gap and control the 

green hue of the polymer, a desirable property for applications in displays. Complete 

characterization in terms of structural and physical properties, as well as practical integration of 

ECPs into devices, requires solution-processability, which is not attained with the commonly 

insoluble electropolymerized materials. Here, the reported materials can easily be processed into 

electrochromic devices using convenient deposition methods such as spin coating and spray 

casting. This combination of useful properties suggests a new avenue towards dual ECP, 

photovoltaic and near-IR device applications. 

In recent work120 from Toppare et al. published during the preparation of this dissertation 

work, the donor-acceptor 4,7-di(2,3-dihydro-thieno[3,4-b][1,4]dioxin-5-

yl)benzo[1,2,5]thiadiazole (BEDOT-BTD), the synthesis and electrochemical properties having 

previously been reported,121-123 was electropolymerized and its subsequent polymer (PBEDOT-

BTD) was re-investigated as a possible candidate for electrochromic applications. The insoluble 

polymer film was revealed to be a neutral state green material switching rapidly and reversibly to 

a transmissive light blue oxidized state,120 an experimental result strongly supporting the utility 

of the donor-acceptor theory in the design of neutral green ECPs. Hence, a number of works 

reporting on neutral state green polymer electrochromes with oxidized states of various colors 

and transmissivities are now available.104,105,109,120,124-132 
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CHAPTER 4 
SYNTHETIC CONTROL OF THE SPECTRAL ABSORPTION IN 3,4-DIOXYTHIOPHENE – 

2,1,3-BENZOTHIADIAZOLE DONOR – ACCEPTOR ELECTROCHROMIC POLYMERS: 
FROM GREEN TO BLACK 

4.1 Context and Motivations for Tailoring a Two-Band Absorption in the Visible 

Considering the fast-growing demand for innovative high-performance display 

technologies, the perspective of manufacturing low-cost functional materials that can be easily 

processed over large areas (see Figure 4-1a) or finely printed into individual pixels, while being 

mechanically deformable (see Figure 4-1b), has motivated the development of novel 

electronically active organic components fulfilling the requirements for flexible displays and 

portable applications. Among all technologies relying on a low-power stimulated optical change, 

non-emissive organic electrochromic devices (ECDs) offer the advantage of being operational 

under a wide range of viewing angles and lighting conditions spanning direct sunlight as desired 

for various applications including signage, information tags and electronic paper (see Figure 4-

1b). 

a)  

b)  
 
Figure 4-1. a) Switchable windows (courtesy of Sage Electrochromics Inc.) and b) Electronic 

paper (courtesy of Plastic Logic) 
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Combining mechanical flexibility, high contrast ratios, and fast response times, along with 

color tunability via structural control, polymeric electrochromes constitute the most attractive 

organic electronics for tomorrow’s reflective / transmissive ECDs and displays.12,104 Of the 

organic electrochromes, electroactive conducting polymers show relatively facile synthetic 

access, environmental stability and solution processability. By controlling the repeat unit 

structure, a range of colors spanning the full visible spectrum can be attained.12 For instance, 

polyaniline can attain a transmissive yellow to black switch, though it is unstable to repeated 

switching,133 hence the necessity for new polymer design. While red, blue14 and most recently 

green104,105,109,120 electrochromic polymers (including cathodically-coloring and multichromic!) 

desired for additive primary color space were investigated, attempts in making saturated black 

ECPs have not been reported, likely due to the complexity in designing materials absorbing 

effectively over the whole visible spectrum. Processable black to transmissive ECPs could 

impact the development of both reflective and transmissive ECDs by providing lower fabrication 

and processing costs via printing, spraying, and coating methods, along with good scalability 

when compared to their traditional inorganic counterparts (including WO3).12,13,58 

In spite of significant effort in the field of polymer-based solar cells towards developing 

materials absorbing homogeneously over a broad bandwidth of the UV-visible spectrum,49,134-141 

the ability to design strongly absorbing ECPs that can be switched to a highly transmissive state 

has remained a challenge due to the additional requirement for simultaneous and efficient 

electrochemical bleaching of all absorption bands over the visible region. 

In light of the results obtained throughout Chapter 3 of this dissertation, whereby neutral 

state green-to-transmissive switching polymers with a two-band spectral absorption in the visible 

were produced, a logical step forward would consist in examining carefully the parameters 
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governing the existence of both a short- and a long-wavelength transition in the optical spectrum 

of the cathodically-coloring π-conjugated polymers synthesized. As also stated in Chapter 3, the 

presence of a high energy transition in strictly linear and alternating DA systems involving two 

distinct energy transitions could be explained by the presence of low-lying unoccupied and 

localized energy levels within the band gap of the conjugated system in its ground-state.107,108 In 

the case where dual absorption bands do result from the linear π-conjugation  of electron-rich 

and electron-deficient heterocycles along the polymer backbone, one may wonder how varying 

the relative contribution of donor and acceptor units incorporated in the repeat unit of the 

corresponding polymers could impact the polymer two-band absorption. In particular, 

considering a hypothetical situation where low and high energy transitions could be controlled in 

terms of their intensity and extent of mutual overlap so as to balance the optical pattern of the 

subsequent chromophore (see Figure 4-2a), while extending it across the entire visible spectrum, 

deep-blue and black ink-like electrochromes could possibly by produced (see Figure 4-2b). 

a) b)  
 

Figure 4-2. a) Schematic representation of the optical spectrum of a two-band absorbing 
chromophore reflecting the color green (green curve). Could low and high energy 
transitions be controlled in terms of their intensity and extent of mutual overlap 
(dotted black curve) so as to balance the optical pattern of the subsequent 
chromophore? b) Schematic representation of the optical spectrum of an ink-like blue 
(blue curve) and black chromophores (black curve). Note that for a chromophore to 
be exactly black, its optical spectrum must extend homogeneously over the entire 
visible spectrum 
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4.2 Proposed Design and Polymer Optical Characterization 

4.2.1 Design and Synthesis of 3,4-Dialkoxythiophene – 2,1,3-Benzothiadiazole Polymers 

As mentioned above, in the case where dual absorption bands (such as those observed for 

the neutral state green polymer electrochromes described in Chapter 3) do result from the simple 

linear π-conjugation of electron-rich and electron-deficient heterocycles along the polymer 

backbone, varying the relative contribution of donor and acceptor units incorporated in the repeat 

unit of the corresponding polymers could significantly impact the polymer two-band absorption. 

In order to probe this assumption, a series of 3,4-dialkoxythiophene (DalkOT) and 2,1,3-

benzothiadiazole (BTD) – based polymers was designed (see Figure 4-3), whereby the acceptor 

core is increasingly substituted with a various number of donor substituents, hence producing the 

series of oligomers M1-M3, which oligomers are subsequently polymerized, hence producing 

polymers P1-P3 along which the BTDs are increasingly spaced by the DalkOTs. The control all 

DalkOT-based polymer P4 was synthesized for comparison of its optical pattern with that of the 

DA polymers P1-P3. 

 
 

Figure 4-3. Designing 3,4-dialkoxythiophene (DalkOT) and 2,1,3-benzothiadiazole (BTD) – 
based polymers (P1-P3) whereby the BTDs are increasingly spaced by the DalkOTs 
along the backbone 

As illustrated in Figure 4-4, DalkOT building blocks bearing 2-ethylhexyl solubilizing 

side-chains (3,4-bis(2-ethylhexyloxy)thiophene, DEtHxOT), and aimed at imparting the 

subsequent polymers with adequate solution-processability, were prepared. 
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Figure 4-4. Synthetic route to DalkOT-BTD – based donor-acceptor π-conjugated copolymers 
P1-P3 

Following Ullmann’s conditions, 3,4-dibromothiophene 1 was first converted to 3,4-

dimethoxythiophene 2 in a refluxing mixture of sodium methoxide-containing methanol and in 

the presence of a Cu(I) source (here CuI). Next, the Williamson transetherification conditions 

were employed to append the 2-ethylhexyl solubilizing chains of the DalkOT intermediate 3 in 

ca. 90% yield. The trimethyltin derivative 4 was obtained upon reacting a mono-lithiated 

DEtHxOT 3 with trimethyltinchloride. The halogenated BTD unit 5a was then symmetrically 

substituted with two electron-rich DEtHxOT stannane species (4) via Pd-mediated cross-

coupling Stille conditions111 in gently refluxing THF to yield oligomer 6a (M1). Column 

chromatography over silica using mixtures of hexanes and dichloromethane afforded 6a which 

was isolated as a bright orange oil. A fraction of 6a was subjected to bromination conditions at 

room temperature and via NBS to afford oligomer 5b. Pd-mediated cross-coupling and 
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bromination of the resulting oligomer were repeated to afford oligomers 6b (M2), 5c and 6c 

(M3). In other words, the soluble oligomeric analogues M1-M3 were synthesized by 

symmetrical and repeated substitution of the donor DEtHxOT onto the BTD acceptor. The DA 

oligomers were next homopolymerized at room temperature using the mild oxidizing agent FeCl3 

and the resulting macromolecules were subsequently reduced with hydrazine to yield polymers 

P1-P3. The polymers were precipitated in methanol and purified by Soxhlet extraction with 

methanol before further characterization. 

The structures of the repeat unit of P1-P3 were supported by 1H NMR and the quality of 

the polymers was probed by elemental analysis (see Experimental Section below). The polymer 

molecular weights were determined via polystyrene-calibrated GPC with THF as the mobile 

phase and are summarized in Table 4-1. Number average molecular weights (Mn) ranging from 

16,300 g mol-1 to 47,900 g mol-1 were estimated (for P1 and P3, respectively). 

Table 4-1. Number average molecular weight (Mn, g mol-1), weight average molecular weight 
(Mw, g mol-1), polydispersity index (PDI), average number of repeat units, and 
average number of rings for the donor-acceptor copolymers P1-P3 

Polymer Mn (g mol-1) Mw (g mol-1) PDI Avg. No.  
of Repeat Units 

Avg. No. 
of Rings 

P1 16,300 42,700 2.6 20 60 
P2 26,300 69,200 2.6 17 85 
P3 47,900 98,300 2.1 22 154 
 
4.2.2 3,4-Dialkoxythiophene – 2,1,3-Benzothiadiazole Polymer Optical Characterization 

Experimentally, it was confirmed that symmetric successive additions of DOTs onto BTD 

induce a progressive bathochromic shift of both the shorter wavelength absorption band and the 

longer wavelength absorption band of the growing oligomers (see Figure 4-5a). It is also clear 

that the first substitution has the largest impact on the energy gap of the donor-acceptor system, 

while the second substitution accounts for a finer energy tuning over the two-band absorption 
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spectrum of the resulting oligomers. As illustrated in Figure 4-5b, polymerization adds a more 

significant red-shift to the set of optical transitions when compared to the precursor oligomers. 

a)   

b)  
 
Figure 4-5. a) Solution optical absorption spectra (in toluene) of M1-M3 (oligomer precursors 

for polymer P1-P3), b) Solution optical absorption spectra (in toluene) of DA-
copolymers P1-P3, along with that of the control polymer P4. The spectrum of each 
system is normalized at the longer wavelength absorption maximum 
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From Figure 4-5b, it can further be seen that diminishing the concentration of the electron-

poor heterocycle along the conjugated backbone (i.e. increasing the length of the oligo-

thienylene electron-rich block) gives a simultaneous bathochromic shift of the high energy 

transition and hypsochromic shift of the low energy transition with both peaks tending towards 

the λmax of the P4 control homopolymer resulting in the merging of the two transitions. At the 

same time, the relative intensity of the low and high energy peaks evolve towards balancing each 

other. Hence P3 exhibits a broad absorption spectrum almost entirely covering the visible region 

with the exception of a dark-red portion between 625 - 700 nm and the blue-green gap located at 

450 - 550 nm; the colors of P1 through P4 in toluene solution are shown on the photographs of 

Figure 4-5b. The dark brown hue of P3 can be attributed to its overall high visible absorbance 

with minimal red-light transmission. Table 4-2 summarizes the local absorption maxima for P1-

P3 in toluene and as cast. 

In toluene solution, all polymers showed only minor optical changes upon increase of the 

temperature between room temperature and 100oC indicating neither significant disruption of 

effective conjugation115,116 nor major aggregation of the backbones once solvated.117,118 The 

incorporation of regiosymmetric DEtHxOTs bearing two ethylhexyl solubilizing-chains induces 

sufficient solubility (up to ca. 10 mg mL-1 in the case of P3) for solid thin-film processing using 

common organic solvents such as toluene. 

Table 4-2. Local absorption maxima (solution in toluene and solid state), and film optical 
bandgap (Eg, eV) for the donor-acceptor copolymers P1-P3 

Polymer 
λabs (nm) In Toluene λabs (nm) Thin Film 

Eg (eV) 
1 2 1 2 

P1 391 638 399 653 (708)a 1.6 
P2 410 591 424 612 1.69 
P3 418 568 416 567 1.77 
a Shoulder 
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4.2.3 Design and Synthesis of 3,4-Propylenedioxythiophene – 2,1,3-Benzothiadiazole 
Polymers 

With the absorption spectrum of P3 extending over the entire visible region with the 

exception of a dark-red portion between 625 - 700 nm and the blue-green gap located at 450 - 

550 nm (to a lesser extent), a polymer design that would produce materials exhibiting narrower 

bandgaps, thereby reducing the extent of red-light transmission, was envisaged. To this end, the 

DOT moieties of P1-P3 were replaced with the more strongly donating 2-ethylhexyloxy-

substituted ProDOT which possesses a higher HOMO and should substantially narrow the 

bandgap of the subsequent polymer without the need to exchange BTD for a stronger acceptor. 

Following these considerations, the series of ProDOT-BTD – based polymers presented in 

Figure 4-6 was proposed, whereby the acceptor core is increasingly substituted with a varied 

number of donor substituents, hence producing the series of oligomers M5-M7, which oligomers 

are subsequently polymerized, hence producing polymers P5-P7 where the BTDs are 

increasingly spaced by the ProDOTs. The control all ProDOT-based polymer P8 was 

synthesized for comparison of its optical pattern with that of the DA polymers P5-P7. 

 
 

Figure 4-6. Designing 3,4-propylenedioxythiophene (ProDOT) and 2,1,3-benzothiadiazole 
(BTD) – based polymers (P5-P7) whereby the BTDs are increasingly spaced by the 
ProDOTs along the backbone 
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As illustrated in Figure 4-7, ProDOT building blocks bearing 2-ethylhexyloxy solubilizing 

side-chains (DOEtHxProDOT), and aimed at imparting this analogous polymer series with 

adequate solution-processability, were prepared. The synthesis of 1-3 was described in Chapter 3 

of this dissertation. 

 
 

Figure 4-7. Synthetic route to ProDOT-BTD – based donor-acceptor π-conjugated copolymers 
P5-P7 

The halogenated BTD unit 4a was symmetrically substituted with two electron-rich 

DOEtHxProDOT stannane species (3) via Pd-mediated cross-coupling Stille conditions111 in 

gently refluxing THF to yield oligomer 5a (M5). Column chromatography over silica using 

mixtures of hexanes and dichloromethane afforded 5a which was isolated as a bright orange oil. 

A fraction of 5a was subjected to bromination conditions at room temperature and via NBS to 



 

121 

afford oligomer 4b. Pd-mediated cross-coupling and bromination of the resulting oligomer were 

repeated to afford olihgomers 5b (M6), 4c and 5c (M7). In other words, the soluble oligomeric 

analogues M5-M7 were synthesized by symmetrical and repeated substitution of the donor 

DOEtHxProDOT onto the BTD acceptor. The DA oligomers were next homopolymerized at 

room temperature using the mild oxidizing agent FeCl3 and the resulting macromolecules were 

subsequently reduced with hydrazine to yield polymers P5-P7. The polymers were precipitated 

in methanol and purified by Soxhlet extraction with methanol before further characterization. 

The structures of the repeat unit of P5-P7 were supported by 1H NMR and the quality of 

the polymers was probed by elemental analysis (see Experimental Section below). The polymer 

molecular weights were determined via polystyrene-calibrated GPC with THF as the mobile 

phase and are summarized in Table 4-3. Number average molecular weights (Mn) ranging from 

12,500 g mol-1 to 27,800 g mol-1 were estimated (for P7 and P5, respectively).  Interestingly, in 

contrast with what was observed among the DEtHxOT-based polymer series represented by P1-

P3, the GPC-estimated Mn decreased with increasing number of DOEtHxProDOT inserted in the 

backbone among the polymer series represented by P5-P7 (i.e. with diminishing number of 

acceptors). Although apparently counter-intuitive since DOEtHxProDOT bears solubilizing-

groups (not BTD), this empirical observation points toward a stiffening of the conjugated 

backbone under the influence of the oxygen-sulfur interactions between adjacent ProDOT units 

(as seen in PEDOT142), which could induce the early precipitation of the growing polymer on 

oxidative polymerization. The presence of bulky in-plane solubilizing groups in the DEtHxOT-

based polymers, effectively twisting the backbone out of planarity, is believed to be the reason 

for the difference in solubility observed (including the solubility of the growing species on 

oxidative polymerization), hence for the difference in molecular weight attained among the 
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series P1-P3. This interpretation is confirmed by the especially high solvent-solubility exhibited 

by the control polymer P4 which remains a tacky solid at room temperature while possessing a 

GPC-estimated Mn greater than 50,000 g mol-1. 

Table 4-3. Number average molecular weight (Mn, g mol-1), weight average molecular weight 
(Mw, g mol-1), polydispersity index (PDI), average number of repeat units, and 
average number of rings for the donor-acceptor copolymers P5-P7 

Polymer Mn (g mol-1) Mw (g mol-1) PDI Avg. No.  
of Repeat Units 

Avg. No. 
of Rings 

P5 27,800 59,000 2.1 27 81 
P6 16,000 40,800 2.6 8 40 
P7 12,500 23,800 1.9 4 28 
 
4.2.4 3,4-Propylenedioxythiophene – 2,1,3-Benzothiadiazole Polymer Optical 

Characterization 

Similarly, it was found that symmetric successive additions of ProDOTs onto BTD induce 

a progressive bathochromic shift of both the shorter wavelength absorption band and the longer 

wavelength absorption band of the growing oligomers (see Figure 4-8a). Likewise, the first 

substitution had the largest impact on the energy gap of the donor-acceptor system, while the 

second substitution accounted for a finer energy tuning over the two-band absorption spectrum 

of the resulting oligomers. As illustrated in Figure 4-8b, similar absorption changes and merging 

of both optical transitions take place upon increasing the length of the ProDOT electron-rich 

block. Diminishing the concentration of the electron-poor heterocycle along the conjugated 

backbone gives a simultaneous bathochromic shift of the high energy transition and 

hypsochromic shift of the low energy transition with both peaks tending towards the λmax of the 

P8 control homopolymer resulting in the merging of the two transitions. In particular, the 

polymers are now all strongly absorbing at 650nm, thus covering the targeted red portion of the 

visible. However, in the case of P7, the higher energy transition undergoes a more extensive red-

shift than that of the DalkOT-based polymer P3 thus opening a blue transmission in the 400 - 
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450 nm region and does not balance the lowest energy transition as effectively as in P3; the 

colors of P5 through P8 in toluene solution are shown on the photographs of Figure 4-8b.  Table 

4-8 summarizes the local absorption maxima for P5-P7 in toluene and as cast. 

a)  

b)  
 
Figure 4-8. a) Solution optical absorption spectra (in toluene) of M5-M7 (oligomer precursors 

for polymer P5-P7), b) Solution optical absorption spectra (in toluene) of DA-
copolymers P5-P7, along with that of the control polymer P8. The spectrum of each 
system is normalized at the longer wavelength absorption maximum (Adapted with 
permission from Ref.143 Copyright 2008 Nature Publishing Group, a division of 
Macmillan Publishers Limited) 
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In toluene solution, all polymers showed only minor optical changes upon increase of the 

temperature between room temperature and 100oC indicating neither significant disruption of 

effective conjugation115,116 nor major aggregation of the backbones once solvated.117,118 The 

incorporation of regiosymmetric DOEtHxProDOTs bearing two ethylhexyloxy solubilizing-

chains induces sufficient solubility (up to ca. 6 mg mL-1 in the case of P7) for solid thin-film 

processing using common organic solvents such as toluene. 

Table 4-4. Local absorption maxima (solution in toluene and solid state), and film optical 
bandgap (Eg, eV) for the donor-acceptor copolymers P5-P7 

Polymer 
λabs (nm) In Toluene λabs (nm) Thin Film 

Eg (eV) 
1 2 1 2 

P5 396 644 408 677 (722)a 1.47 
P6 435 619 442 642 1.62 
P7 461 607 470 644 1.63 
a Shoulder 
 

4.3 Extension of the Proposed Approach to the Synthesis of Black to Transmissive 
Switching Polymer Electrochromes 

4.3.1 Design, Synthesis and Physical Characterization 

As a method to overcome the persistent lack of coverage in the blue and green regions of 

the visible, it was reasoned that by copolymerizing M5 and M8 (monomer of the subsequent 

control polymer P8) in a random fashion but in an appropriate feed ratio, the resulting hybrid 

would exhibit the extensive absorption from 400 to 700 nm required for a black chromophore 

(see Figure 4-9a). This is indeed the case (see Figure 4-9b) and an optimal ratio was found to be 

one equivalent of M5 to four equivalents of M8 as illustrated in Figure 4-10 and corresponding 

to that of the repeat unit composing the well-defined analogue P7 in terms of electron rich to 

poor substituents incorporated. The molecular composition of the resulting polymer P9 was 

confirmed by NMR and elemental analysis (see Experimental Section below). A number average 

molecular weight of 13.6 kDa and a polydispersity of 2 were estimated by GPC. In toluene 
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solution, P9 exhibits an intense ink-like dark-blue color and shows no significant optical change 

upon increase of the temperature between room temperature and 100oC indicating neither major 

aggregation of the backbone, nor disruption of effective conjugation. 

a)  b)  
 

Figure 4-9. a) Schematic representation of the optical spectrum of the two-band absorbing 
polymer P5 reflecting the color blue-green (green curve), superimposed to that of the 
control magenta polymer P8 (pink curve), as well as the hypothetical optical 
spectrum of a polymer hybrid comprising blocks of the monomers constitutive of P5 
and P8 (M5 and M8) with various composition. The resulting hybrid (blue curve) 
would exhibit the extensive absorption from 400 to 700 nm required for a ink-like 
blue or black chromophore, b) Thin-film optical absorption of P9 resulting from the 
copolymerization of M8 and M5 (4:1 molar ratio) 

 
 
Figure 4-10. Synthetic route to ProDOT-BTD – based donor-acceptor black polymer 

electrochromes 

Table 4-5. Number average molecular weight (Mn, g mol-1), weight average molecular weight 
(Mw, g mol-1), polydispersity index (PDI), average number of repeat units, and 
average number of rings for the donor-acceptor copolymer hybrid P9 

Polymer Mn (g mol-1) Mw (g mol-1) PDI Avg. No.  
of Repeat Units 

Avg. No. 
of Rings 

P9 13,600 26,700 2 5 35 
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4.3.2 Polymer Redox and Spectroelectrochemical Characterization 

A film of P9 (Abs. Max. = 1.13 a.u.) was spray-cast onto ITO-coated glass at room 

temperature from toluene (4 mg mL-1), and redox cycled until a stable and reproducible 

electrochromic switch was reached. Electrochemical oxidation of the film was carried out in 0.1 

M LiBF4 / propylene carbonate supporting electrolyte using a silver wire as a quasi-reference 

electrode (calibrated against Fc/Fc+) and a platinum wire as the counter electrode. As shown in 

Figure 4-11, when the potential applied to the film is increased from +0.04 V, simultaneous 

bleaching of the full set of visible absorption bands’ is observed. 

 
 

Figure 4-11. Spectroelectrochemistry of P9. Film was spray-cast onto ITO-coated glass from 
solution (4 mg mL-1) in toluene. Electrochemical oxidation of the film was carried out 
in 0.1 M LiBF4/PC supporting electrolyte using a silver wire as a quasi-reference 
electrode (calibrated against Fc/Fc+) and a platinum wire as the counter electrode. The 
applied potential was increased in 25 mV steps from +0.04 V to +0.74 V (Adapted 
with permission from Ref.143 Copyright 2008 Nature Publishing Group, a division of 
Macmillan Publishers Limited) 

This onset of oxidation is consistent with the low value estimated at -0.08 V via cyclic and 

differential-pulse voltammetry (see Figures 4-12a and 4-12b). As the visible absorption bands 

are depleted, polaronic and bipolaronic transitions progressively arise in the near-IR as expected 
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for a colored-to-transmissive ECP. Determined from the onset of absorption of the solid thin 

film, the bandgap of P9 was estimated at 1.64 eV. Considering the absorption maximum at 592 

nm as a reference, a transmittance change of 51.5 % was measured upon electrochemical 

oxidation, indicative of the high degree of electrochromic contrast observed. As shown in the 

photographs of Figure 4-11, the spray-deposited thin film of P9 (Abs. Max. 1.13 a.u.) is 

essentially black in its neutral state and attains a remarkably high level of transparency to the 

human eye when fully doped. 

a) b)  
 
Figure 4-12. a) Cyclic voltammetry (CV) of a thin film of P9 drop-cast on a Pt button electrode 

(10 scans). Electrochemical oxidation of the films was carried out in 0.1 M LiBF4/PC 
supporting electrolyte using a silver wire as a quasi-reference electrode (calibrated 
against Fc/Fc+) and a platinum flag as the counter electrode. b) Differential Pulse 
Voltammetry (DPV) on a thin film of P9 drop-cast on a Pt button electrode.  
Electrochemical oxidation was carried out in conditions identical to CV (Adapted 
with permission from Ref.143 Copyright 2008 Nature Publishing Group, a division of 
Macmillan Publishers Limited) 

4.3.3 Polymer Colorimetric Analysis 

Considering the transparency observed in the doped state by spectroelectrochemical 

analysis, the colorimetrically determined relative luminance change of P9 (brightness of the 

transmitted light as a percentage of the brightness of the light source calibrated to the sensitivity 

of the human eye) was measured as a function of film thickness (Abs. Max. = 1.04, 1.14 and 2.58 



 

128 

a.u.) and doping level induced by electrochemical oxidation as shown in Figure 4-13. The 

polymer exhibits an excellent relative luminance change varying from 52 % for the thinnest to 40 

% for the thickest deposited film, indicating how these values can be modulated and optimized as 

a function of thickness as desired for a specific application (high color density vs. high 

transparency). P9 completes its full switch in a potential window of less than 0.8 V and exhibits 

L* values (ranging from 0 to 100) in the range 72 - 85 upon oxidation, demonstrative of its 

aptitude to nearly reach the “white point” (W) of color space.144 Although the residual blue hue 

of the neutral state characterized by the negative b* values also reported in Figure 4-13 is not 

readily perceived by the human eye at the considered film thicknesses, the choice of the 

monomers, as well as the feed ratios to be employed in the copolymerizations, could possibly be 

optimized in order to meet the most exactly black ECP. 

 
 

Figure 4-13. Relative luminance as a function of applied potential and film thickness for spray-
coated P9. Legend indicates the absorbance of the deposited films (estimated at the 
absorption maximum) and gives an indication of the thickness obtained upon 
spraying. For color matching, L*a*b* values (in the sense of the CIE 1976 L*a*b* 
color model) of fully neutral and oxidized states are reported for the films (Adapted 
with permission from Ref.143 Copyright 2008 Nature Publishing Group, a division of 
Macmillan Publishers Limited) 
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4.3.4 Polymer Switching Study 

The response time of the same broadly absorbing polymer P9 sprayed onto ITO (Abs. 

Max. estimated at 0.9 a.u.) was characterized throughout a series of square-wave potential 

stepping electrochromic switching experiments in a LiBF4/PC solution electrolyte as described in 

Figure 4-14. By monitoring the transmittance of the spray-cast film as a function of time at both 

the shorter (428 nm) and longer (636 nm) wavelength absorption maxima for potential steps 

ranging from 10 s to 1.5 s, contrast ratios (∆%T, where %T is the percent optical transmittance of 

the film at a given wavelength) as high as 35% (428 nm) and 40% (636 nm) were observed. 

While a variation of electrochromic contrast of about 9% was observed as the switch time was 

progressively decreased to 1.5 s, it is likely that sub-second switching times will be attained upon 

optimization of the switching conditions (nature of the electrochemical device, identity and size 

of the ionic species constitutive of the electrolyte, quality / thickness of the spray-cast film, etc.). 

a) b)  
 

Figure 4-14. Square-wave potential step absorptometry of P9 spray-coated on ITO and 
monitored a) at 636 nm and b) 428nm in 0.1 M LiBF4/PC solution, -0.6 V to +0.7 V 
vs. Fc/Fc+. Switch times (ν): 10 s step for 40 s (2 cycles), 5 s step for 30 s (3 cycles), 
2 s step for 20 s (5 cycles), then 1.75 s step for 20 s and 1.5 s step for 20 s from the 
left to the right (Adapted with permission from Ref.143 Copyright 2008 Nature 
Publishing Group, a division of Macmillan Publishers Limited) 
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As illustrated in Figure 4-15, the long-term switching stability of P9 was probed upon 

application of square-wave potential steps of 4s (complete cycle is 8s) to a film of P9 drop-cast 

on a glassy carbon button electrode (as P9 showed better adhesion properties on carbon than on 

platinum), and in 0.1 M LiBF4/PC electrolyte solution. The film of P9 was repeatedly switched 

between -0.35 V and +0.65 V (vs. Fc/Fc+) and subjected to a total of 10,000 cycles, upon which 

the film underwent less than 20% of charge density loss in atmospheric conditions. Those results 

should improve as the polymer electrochrome is integrated in an electrochromic device, as 

opposed to an electrochemical cell where there is little to prevent the chains from slowly 

migrating away from the working electrode to the platinum counter electrode given the redox 

induced solubility of the polymer in the electrolyte during the experiment. 

 
 
Figure 4-15. Long-term stability study via square-wave potential stepping electrochromic 

switching of drop-cast P9 onto glassy carbon button electrode, in 0.1 M 
LiBF4/propylene carbonate solution switching between -0.35 V and +0.65 V (vs. 
Fc/Fc+), and with a switch time of 4s (Adapted with permission from Ref.143 
Copyright 2008 Nature Publishing Group, a division of Macmillan Publishers 
Limited) 
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4.4 Electrochromic Devices 

(Experimental work was achieved and results kindly supplied by Dr Svetlana Vasilyeva) 

To demonstrate how P9 can be suitably employed in ECDs, a smart window-type device 

was made based on a dual polymer absorption/transmission architecture. The prepared ECD 

consisted of two ITO-coated glass slides, with the working electrode involving P9 spray-cast 

from toluene, and with the counter electrode consisting of a blend of poly(2,2,6,6-

tetramethylpiperidinyloxy-4-yl methacrylate) (PTMA, provided by Ciba Specialty Chemicals) 

and PMMA (1:4 wt ratio) also spray-deposited from toluene (electroactive area: 2.4 cm2). The 

working electrode bearing the cathodically-coloring polymer P9 was electrochemically oxidized 

prior to device assembly, while the counter electrode bearing PTMA/PMMA was neutralized to 

ensure the electronic balance for the redox system on repeated cycling, and increase its long-term 

stability. The gel electrolyte was highly transparent and conducting (6.8 wt% of ionic liquid 1-

ethyl-3methylimidazolium bis(trifluoromethyl sulfonylimide EMI-BTI, 8.0 wt% of PMMA, 48.0 

wt% PC and 37.2 wt% EC; 5 mg of glass beads/17.5 mL gel; conductivity: 6.8 mS cm-1), 

although not yet optimized for device performance. The device was encapsulated using a 

commercial curable epoxy. 

As illustrated in Figure 4-16, a smart-window type device made with P9 (A = 1.3) was 

found to switch from a dark, essentially black, color state to a light blue oxidized state in good 

agreement with the spectroelectrochemical data previously shown (see Figure 4-11). A relative 

luminance change of ca. 30% was estimated for a device (A = 0.6) switching between its colored 

(L* = 76, a* = 0, b* = -8) and clear states (L* = 90, a* = -2, b* = -3). As shown in Figure 4-17, 

the same device (A = 0.6) showed a transmittance change of ca. 28% at the polymer absorption 

maximum and a subsecond switching time (t0.95 = 0.67 s) at 95% of its full switch. 
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a) b)  
 
Figure 4-16. Photographs of the smart window-type device assembled at ambiance with P9 as 

the polymer electrochrome (A = 1.3). a) device in its colored state, and b) device in 
the bleached state (courtesy of Dr Svetlana Vasilyeva) 

 
 

Figure 4-17. Tandem chronoabsorptometry/chronocoulometry of a P9-based window device (A 
= 0.6) switched from -0.8 V to +1.6 V (∆ = 2.4 V). The data was measured at λmax2 = 
550 nm (courtesy of Dr Svetlana Vasilyeva) 

4.5 Further Insight into the Optical Changes Observed When Using the Donor-
Acceptor Approach to Tailor a Two-Band Absorption in the Visible 

4.5.1 Determination of the Attenuation Coefficients of P1-P8 

In Figure 4-5b and 4-8b of this Chapter 4, diminishing the concentration of the electron-

poor heterocycle along the conjugated backbone (i.e. increasing the length of the oligo-

thienylene electron-rich block) was shown to induce a simultaneous bathochromic shift of the 

short wavelength absorption band and hypsochromic shift of the long wavelength counterpart, 

with both peaks tending towards the λmax of the all-donor control homopolymer. This 

phenomenon resulted in the merging of the two optical transitions, with the relative intensity of 

the low and high energy peaks evolving towards balancing each other. 
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In an effort to reach a better understanding of the subtle spectral variations undergone 

among the two polymer series on changing the contribution of donors and acceptors along the 

main-chain, polymer P1 to P8 were investigated in terms of their mass attenuation coefficients 

(in g L-1 cm-1) in toluene, which were subsequently converted to “thin-film” attenuation 

coefficient values (in cm-1) by assuming a density of 1 g cm-3 for all polymers. Figure 4-18a and 

4-18b propose to illustrate the corresponding variations among P1-P4 and P5-P8, respectively. 

Here, it is worth noting that, in spite of the possible discrepancies found throughout the literature, 

conjugated polymers cannot be considered as small-molecule chromophores, and do not possess 

a well-defined molecular weight which could be used in the determination of molar attenuation 

coefficients (in mol L-1 cm-1). In most cases, the reported molar attenuation coefficients are 

estimated considering the molecular weight of the polymer repeat unit as the mass of the 

chromophore for the calculations. However, conjugated polymer chromophores are obviously 

not limited to the polymer repeat unit, as the electronic delocalization of the π system is known 

to extend beyond a single repeat unit. In addition, the polymers herein described possess repeat 

units of various lengths (i.e. of various masses), and the same calculations would certainly lead 

to results without physical significance. A potentially more elegant alternative would consist in 

reporting attenuation coefficients directly measured from the polymer thin-films. In this study 

involving subtle changes in the molecular structure of conjugated polymers, the subsequent 

spectral changes are expected to be relatively subtle as well, and it is likely that the error arising 

from the film-thickness measurements be sufficient to produce results without physical 

significance, here again. 

Following those considerations, the attenuation coefficients estimated for the polymers 

across the visible region, and represented in Figure 4-18, point towards a depletion of the longer 
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wavelength absorption band with diminishing the concentration of electron-accepting 

heterocycle along the polymer main-chain. This depletion seems especially sudden from P1 to 

P2, as well as from P5 to P6, which indicates an especially strong donor-acceptor interaction as 

the electron-deficient units remain in sufficiently close proximity (i.e. as the all-donor spacers 

remain sufficiently short). In parallel, the shorter-wavelength absorption bands shifts toward 

longer wavelengths (i.e. towards the optical spectrum of the all-donor control polymer) with a 

relatively constant intensity according to the same optical data presented in Figure 4-18. The 

relative leveling off of this short-wavelength optical transition is somewhat unexpected, although 

the same transition can be expected to grow as rapidly as the long-wavelength transition depleted 

on further reducing the concentration of electron-poor heterocycle along the polymer main-chain. 

The distinct optical feature observed in the 750 – 800 nm range in the case of P5 is attributed to 

an intramolecular interaction as both solvent and temperature were found to alter its intensity, 

whereas no visible aggregation was detected. 

It is worth noting that the absorption coefficients of all the polymers characterized remain 

particularly high (on the order of 10,000 to 30,000 cm-1) due to the extended electronic 

delocalization proper to conjugated in general. 

Finally, it is essential to keep in mind that the presented optical data was obtained from 

mass attenuation coefficients estimated from a given mass of material subsequently dissolved in 

a given volume of organic solvent. At the same time, all polymers do not possess the same 

concentration in solubilizing-group, and as a result, the various weighted quantities of polymers 

do not contain the same quantity of chromophore (conjugated segment ideally unsubstituted). 

For instance, a given mass of P1 should contain a larger extent of chromophores than the same 

mass of P3 since one heterocycle out of three is unsubstituted in the case of P1, whereas only 
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one heterocycle out of seven is unsubstituted in the case of P3. This important caveat may 

further be a contributing factor in the leveling off observed for the short-wavelength optical 

transition of P3 and P2 relative to P1, and of P7 and P6 relative to P5. Although the 

approximation made throughout this study are believed acceptable, hence leading to a fair 

approximation of the reality, this last observation highlights the need within the research 

community for a more accurate approach to the determination of polymer attenuation 

coefficients based on the concentration of actual chromophores (i.e. without the side-chain 

dependence). 

a)  

b)  
 
Figure 4-18. a) Attenuation coefficients as a function of wavelength among the DA-copolymer 

series P1-P3, along with those for the control polymer P4, b) Attenuation coefficients 
as a function of wavelength among the DA-copolymer series P5-P7, along with those 
for the control polymer P8. The attenuation coefficients (in cm-1) are derived from the 
mass attenuation coefficients (in g L-1 cm-1) measured in toluene solution by 
assuming a density of 1 g cm-3 for all polymers 
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4.5.2 Donor-Acceptor Conjugated Polymers Seen with ‘Distinct Chromophores along the 
Backbone’ (Model #1 and #1’) 

Following the considerations developed throughout the above sub-section, a model 

consisting in envisaging the described conjugated polymers as involving ‘two distinct 

chromophores’ can be proposed. The corresponding model is shown as Figure 4-19. In a 

simplistic approximation, the optical changes schematically described in Figure 4-19a which 

correlate to the structural modifications induced in the DA conjugated backbone (P1-P3 and P5-

P7, respectively), can be seen (Figure 4-19b) as the coexistence of an electron-rich chromophore 

(which set of energy bands is represented in blue) increasingly longer (i.e. which energy gap is 

gradually narrowed, hence red-shifting the corresponding optical transition in the spectrum), 

with a chromophore (which set of energy bands is represented in red) resulting from the donor-

acceptor interaction induced by the presence of an electron-deficient heterocycle. In this model, 

the spectral absorption relative to the chromophores produced by the DA interaction should 

remain relatively constant in terms of its position on the spectrum (as each flanked accepting unit 

should only be able to see a limited number of neighboring donors), and should deplete as the 

DA chromophores are dispersed along the main-chain (i.e. as the all-donor spacers become 

longer). The diminution of DA chromophores is schematically represented by the narrowing of 

the width of their corresponding energy band diagram (in the order case #1, to case #2, to case 

#3, Figure 4-19b), to which a diminution of the number of optical transitions occurring between 

the corresponding valence and conduction bands is expected to correlate. In parallel, an increase 

in the number of optical transitions occurring between the valence and the conduction bands of 

the growing electron-rich segments (which energy gap is gradually narrowed, hence red-shifting 

the corresponding optical transition in the spectrum) can reasonably be expected. 
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a)  

b)  
 
Figure 4-19. Proposed Model #1, a) Schematic representation of the evolution of the two-band 

spectral absorption in a series of DA conjugated polymers with varying concentration 
of electron-rich and electron-deficient substituents along the backbone, b) The DA 
conjugated polymers are seen with ‘distinct chromophores along the backbone’ 

As a close alternative to Model #1, Model #1’ proposes to see the electron-accepting 

heterocycles as ‘isolated dopants’ which can interact with the neighboring electron-donating 

heterocycles to induce the formation of low-lying charge separated energy states (CT). The 

corresponding model is shown as Figure 4-20. This would imply an effective formation of 

intramolecular charge transfer excitons stabilizing the covalently bound donor-acceptor 
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complexes along the polymer backbone. In this case, the long-wavelength absorption band can 

be seen as the result of low-energy transitions occurring from the ground state of the polymer 

(S0) to the CT. And as the concentration in ‘dopants’ decreases along the backbone, the 

concentration of accessible CTs decreases as well to the point where most transitions are 

localized on the donor segments. The diminution of ‘dopants’ is schematically represented by the 

narrowing of the width of their energy correlation diagram (in the order case #1, to case #2, to 

case #3, Figure 4-20). In parallel, an increase in the number of optical transitions occurring 

between the valence and the conduction bands of the growing electron-rich segments (which 

energy gap is gradually narrowed, hence red-shifting the corresponding optical transition in the 

spectrum) can reasonably be expected. Additionaly, higher-energy optical transitions from 

energy states localized on the ‘dopants’ could possibly arise in the UV. 

  
 
Figure 4-20. Proposed Model #1’, the electron-accepting units are seen as ‘isolated dopants’ 

which induce the formation of low-lying charge separated energy states with the 
neighboring electron-donating units 
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Such a model based on the assumption of an optical transition with charge transfer 

characteristics is routinely implied. For instance, Jenekhe et al. have strongly suggested that the 

two-band optical absorption of their DA systems is associated to a π-π* transition localized 

either on the donor or the acceptor (high-energy transition, chromophore #1), along with a 

transition arising from the intramolecular charge transfer inherent to the DA system (low-energy 

transition, chromophore #2), and identified as a spin-allowed transition from the ground state of 

the system (S0) to a charge separated state (CT).145,146 Importantly, this interpretation assumes 

that the internal electron-accepting moiety is strong enough to induce the formation of an actual 

charge separated state which further implies that a true charge transfer process is at work within 

the polymer main-chain (in analogy with that described in Chapter 1 between P3HT and PCBM 

in BHJs for example, although not inter- but rather intramolecular). In this regard, Jenekhe et al. 

have occasionally provided further experimental insight probing the existence of a true charge 

transfer using solvatochromism studies on the model oligomers correlating with the repeat of the 

parent polymers.146 Their interpretations of the presented data and compelling conclusions 

remain arguable to date. In addition, a disambiguation of “intramolecular charge-transfer” should 

be provided to indicate whether the transfer of an actual electron is involved and whether a pair 

of ion radicals is formed or not (in analogy with that described in Chapter 1 between P3HT and 

PCBM in BHJs for example). 

4.5.3 Donor-Acceptor Conjugated Polymers Seen as ‘Following Frontier Molecular 
Orbital Theory Principles’ (Model #2) 

An alternative to the model described above relies on basic ‘Frontier Molecular Orbital 

Theory’ principles. In this instance, the DA conjugated polymer is seen as an extended array of π 

orbitals delocalizing electrons along the backbone. The said orbitals are hybridized to produce a 

unique energy band diagram for the DA molecular system. The corresponding model is shown as 



 

140 

Figure 4-21. In this case, the presence of two bands of absorption in the optical spectrum of the 

corresponding polymer is tentatively explained by the introduction of a discrete energy ‘band’ 

(represented in red) in the ‘bandgap’ of the semiconducting material, easily accessed from the 

valence band (represented in blue and purple), and which can act as a ‘conduction band’ for the 

system. Here, the existence of low-lying unoccupied and localized energy levels within the 

‘bandgap’ of the conjugated system in its ground-state would stem from the incorporation of 

electron-deficient heterocycles (bringing especially low LUMOs), with a greater concentration of 

accessible energy states with increasing number of accepting moieties along the main-chain (in 

the order case #3, to case #2, to case #1, Figure 4-21b). As a result, the low-energy transitions to 

the discrete energy band can be envisaged to produce a long wavelength absorption band, 

whereas high-energy transitions arising from the valence band (which is governed by the donors, 

and represented in blue) to the electron-rich segments’ first unoccupied energy levels (also 

represented in blue) can be envisaged to produce a blue-shifted absorption band in the visible 

spectrum. In this model, the optical absorption emerging from the low-energy transitions could 

undergo a progressive hypsochromic shift in the visible spectrum, and depletion in terms of its 

intensity, with diminishing number of electron-deficient heterocycles along the main-chain (i.e. 

as the all-donor spacers become longer, the extent of hybridization between accepting units is 

reduced, and the concentration of ‘mid-gap’ energy levels accessible decreases). The diminution 

of accessible energy levels within the discrete energy ‘band’ is schematically represented by the 

narrowing of its size in the energy correlation diagram of the DA molecular system (in the order 

case #1, to case #2, to case #3, Figure 4-21b), to which a diminution of the number of related 

optical transitions is expected to correlate. In parallel, an increase in the number of optical 

transitions occurring between the valence band and the first unoccupied energy levels governed 
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by the growing electron-rich segments can reasonably be expected (with the energy gap between 

the valence band and those unoccupied energy levels being gradually narrowed, hence red-

shifting the corresponding optical transition in the spectrum). 

)  

b)   
 
Figure 4-21. Proposed Model #2, a) Schematic representation of the evolution of the two-band 

spectral absorption in a series of DA conjugated polymers with varying concentration 
of electron-rich and electron-deficient substituents along the backbone, b) The DA 
conjugated polymers are seen as ‘following Frontier Molecular Orbital Theory 
principles’ 
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This approach has been investigated by Salzner et al., for example, throughout theoretical 

work aimed at addressing the relevance of the ‘donor-acceptor’ approach for designing organic 

metals (see Chapter 3).107,108 It has been considered as the most likely approach so far throughout 

this dissertation work. 

4.5.4 In Summary 

Although distinct, neither of the two models developed above should be excluded at this 

point in the description of the empirical results obtained from the two analogous polymer series 

investigated. In fact, it is likely that the reality lies somewhere in-between those two distinct 

models, the examination of which could create an exciting challenge for the community of 

theoreticians looking to better understand the specificities of conjugated systems in 

general.107,108,147-152 

4.6 Synthetic Details 

4.6.1 Synthesis of P1-P3 

Compound 2: Sodium metal (40 g) was dissolved in anhydrous methanol (500 mL). 3, 4-

dibromothiophene 1 (102.6 g, 428 mmol) was added to the alkaline solution at room temperature. 

CuI (20.4 g, 107 mmol) was then added quickly, and the solution heated to reflux for 72 hours. 

The reaction mixture was cooled down to room temperature, added to water and extracted 

multiple times with diethyl ether. The organic phase was washed with brine, water, dried over 

magnesium sulfate and the solvent was removed affording a dark-yellow residue. The resulting 

oil was purified via distillation under reduced pressure and compound 2 was obtained as a clear 

oil (62.5 g, 68 %). 1H NMR (300 MHz, CDCl3) δ= 6.19 (s, 2H), 3.86 (s, 6H); 13C NMR (75MHz, 

CDCl3) δ= 150.78, 96.48, 57.80. 

Compound 3 (M4): Compound 2 (62.37 g, 433 mmol), 2-ethylhexan-1-ol (225.74 g, 1.73 

mol) and p-toluenesulfonic acid (8.24 g, 43.3 mmol) were charged into 500 mL of dry toluene 



 

143 

and placed under reflux. The refluxing mixture was strongly flushed with argon every 2-4 hours, 

hence evacuating the generated methanol and displacing the equilibrium to the formation of 3. 

This process was controlled by TLC and repeated until completion of the reaction. The dark 

yellow organic phase was washed with water (became dark green) and dried over anhydrous 

magnesium sulfate. Toluene was removed by rotary evaporation and the resulting dark oil was 

purified by column chromatography on silica with hexanes as eluent. The solvent was evaporated 

and compound 3 was obtained as a clear oil (90 %). 1H NMR (300 MHz, CDCl3) δ= 6.16 (s, 2H), 

3.86 (d, J = 5.9 Hz, 4H), 1.77-1.71 (m, 2H), 1.55-1.30 (m, 18H), 0.94 (m, 12H); 13C NMR 

(75MHz, CDCl3) δ= 148.25, 97.08, 73.35, 39.47, 30.81, 29.30, 24.17, 23.27, 14.30, 11.38. Anal. 

calcd. for C20H36O2S1: C 70.53, H 10.65 Found: C 70.52, H 10.76. 

Compound 4: Compound 3 (4.31 g, 12.62 mmol) was dissolved in dry THF (50 mL) and 

cooled to -78 °C. A solution of n-butyllithium in hexanes (7.12 mL, 16.12 mmol) was added 

over a 2 hour period and the mixture was stirred for 1 hour at -78 °C. Trimethyltinchloride (3.23 

g, 16.12 mmol) was subsequently added, the mixture was allowed to warm up to room 

temperature and stirred for 16 hours. The solvent was evaporated affroding a yellow-brown oil 

(6.0 g, 95 %) which was used for the next step without further purification. 1H NMR (300 MHz, 

CDCl3) δ= 6.40 (s, 1H), 3.88 (d, J = 5.92 Hz, 2H), 3.83 (d, J = 5.2 Hz, 2H), 1.77-1.30 (m, 18H), 

0.90 (t, J = 6.8 Hz, 12H), 0.32 (s, 9H). 

Compound 6a (M1): Compound 4 (4.3 g, 8.53 mmol), 4,7-

dibromobenzo[c][1,2,5]thiadiazole 5a (1.03 mg, 3.54 mmol) and Pd(PPh3)2Cl2 (100 mg, 4 mol 

%) were dissolved in 60 mL of THF. The mixture was stirred for 36 hours at 60 °C, the solvent 

was evaporated and the product was purified by column chromatography on silica with 

hexane/dichloromethane (3:2) as eluent. The solvent was evaporated and compound 6a was 
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obtained as a bright orange oil (2.53 g, 88 %). 1H NMR (300 MHz, CDCl3) δ= 8.35 (s, 2H), 6.37 

(s, 2H), 4.01 (d, J = 5.6 Hz, 4H), 3.92 (d, J = 5.5 Hz, 4H), 1.77-0.81 (m, 60H); 13C NMR 

(75MHz, CDCl3) δ= 153.11, 150.72, 145.35, 128.12, 124.80, 120.62, 98.13, 75.42, 72.46, 40.49, 

39.75, 30.88, 30.65, 29.36, 29.33, 24.19, 23.31, 23.27, 14.32, 14.27, 11.41, 11.28. HRMS (TOF) 

[MH+] m/z calcd. for C46H72N2O4S3: 813.4688 Found: 813.4675. Anal. calcd. for C46H72N2O4S3: 

C 67.93, H 8.92, N 3.44 Found: C 68.26, H 8.92, N 3.44. 

Compound 5b: Compound 6a (4.6 g, 5.66 mmol) was dissolved in 200 mL of CHCl3. 

Then NBS (2.22 g, 12.45 mmol) was added by portions and the mixture was stirred for 24 h at 

room temperature under light protection. The organic layer was washed with water, dried over 

magnesium sulfate, the solvent was evaporated and the product was purified by column 

chromatography on silica with hexane/dichloromethane (3:1) as eluent. The solvent was 

evaporated and compound 5b was obtained as a dark red oil (10.5 g, 96 %). 1H NMR (300 MHz, 

CDCl3) δ= 8.35 (s, 2H), 4.06 (d, J = 5.7 Hz, 4H), 3.97 (d, J = 5.6 Hz, 4H), 1,76-1.22 (m, 36H), 

1.20-0.81 (m, 24H); 13C NMR (75MHz, CDCl3) δ= 152.52, 148.69, 148.05, 127.61, 124.62, 

121.06, 100.35, 76.78, 76.51, 40.53, 40.49, 30.50, 30.47, 29.36, 29.30, 23.82, 23.36, 23.29, 

14.39, 14.28, 11.40, 11.26. HRMS (MMI TOF) [MH+] m/z calcd. for C46H70Br2N2O4S3: 

969.2937 Found: 969.2938. Anal. calcd. for C46H70Br2N2O4S3: C 56.90, H 7.27, N 2.91 Found: C 

57.17, H 7.20, N 2.91.  

Compound 6b (M2): Compound 4 (5.52 g, 10.96 mmol), compound 5b (4.42 g, 4.55 

mmol) and Pd(PPh3)2Cl2 (130 mg, 4 mol %) were dissolved in 60 mL of THF. The mixture was 

stirred for 36 hours at 60 °C, the solvent was evaporated and the product was purified by column 

chromatography on silica with hexane/dichloromethane (3:1) as eluent. The solvent was 

evaporated and compound 6b was obtained as a purple oil (4.16 g, 62 %). 1H NMR (300 MHz, 
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CDCl3) δ= 8.36 (s, 2H), 6.13 (s, 2H), 4.10-3.87 (m, 16H), 1.97-1.22 (m, 72H), 1.00-0.81 (m, 

48H); 13C NMR (75MHz, CDCl3) δ= 153.04, 150.21, 148.42, 145.96, 143.09, 127.64, 124.55, 

120.22, 119.14, 117.38, 95.30, 75.80, 72.40, 40.51, 39.79, 32.86, 31.82, 30.50, 30.47, 29.36, 

29.30, 23.82, 23.36, 23.29, 14.39, 14.28, 11.42, 11.41 11.23.  HRMS (MMI TOF) [MH+] m/z 

calcd. for C86H140N2O8S5: 1489.9240 Found: 1489.9191. Anal. calcd. for C86H140N2O8S5 C 

69.31, H 9.47, N 1.88 Found: C 69.68, H 9.70, N 1.92. 

Compound 5c: Compound 6b (2.22 g, 1.5 mmol) was dissolved in 150 mL of CHCl3. 

Then NBS (587 mg, 3.3 mmol) was added by portions and the mixture was stirred for 24 h at 

room temperature under light protection. The organic layer was washed with water, dried over 

magnesium sulfate, the solvent was evaporated and the product was purified by column 

chromatography on silica with hexane/dichloromethane (4:1) as eluent. The solvent was 

evaporated and compound 5c was obtained as a dark purple oil (2.1 g, 85 %). 1H NMR (300 

MHz, CDCl3) δ= 8.37 (s, 2H), 4.04-3.90 (m, 16H), 1.97-1.22 (m, 72H), 1.00-0.81 (m, 48H); 13C 

NMR (75MHz, CDCl3) δ= 152.91, 148.31, 148.12, 146.14, 145.14, 127.64, 124.42, 119.53, 

119.12, 109.87, 96.78, 40.48, 40.45, 34.89, 30.50, 30.47, 29.36, 29.30, 23.82, 23.36, 23.29, 

14.37, 14.37, 14.29, 11.42, 11.22. HRMS (MMI TOF) [MH+] m/z calcd. for C86H138N2O8S5: 

1644.7418 Found: 1644.7525. Anal. calcd. for C86H138N2O8S5: C 62.67, H 8.44, N 1.70 Found: C 

62.58, H 8.40, N 1.81.  

Compound 6c (M3): Compound 4 (400 mg, 0.79 mmol), compound 5c (512 mg, 0.31 

mmol) and Pd(PPh3)2Cl2 (10 mg, 4 mol %) were dissolved in 40 mL of THF. The mixture was 

stirred for 36 hours at 60 °C, the solvent was evaporated and the product was purified by column 

chromatography on silica with hexane/dichloromethane (4:1) as eluent. The solvent was 

evaporated and compound 6c was obtained as a dark blue tacky solid (356 mg, 53 %). 1H NMR 
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(300 MHz, CDCl3) δ= 8.40 (s, 2H), 6.10 (s, 2H), 4.01-3.86 (m, 24H), 1.91-1.23 (m, 108H), 1.30 

(m, 72H); 13C NMR (75MHz, CDCl3) δ= 152.99, 150.13, 148.43, 146.56, 146.27, 145.59, 

142.99, 127.53, 124.41, 119.59, 119.26, 117.27, 117.00, 115.31, 95.08,  76.52, 65.67, 72.40, 

40.44, 40.33, 39.72, 30.84, 29.81, 29.68, 29.54, 26.41, 22.90, 14.35, 14.32, 14.26, 11.43, 11.38, 

11.22. HRMS (MMI TOF) [M+] m/z calcd. for C126H208N2O12S7: 2165.3767 Found: 2165.3856. 

Anal. calcd. for C126H208N2O12S7: C 69.82, H 9.67, N 1.29 Found: C 70.50, H 9.78, N 1.33. 

Polymer P1 (7a): Compound 6a (445 mg, 0.64 mmol) was dissolved in chloroform (45 

mL). A solution of anhydrous FeCl3 (444 mg, 2.74 mmol, 5eq) in nitromethane was added 

dropwise over a period of 45 minutes to the stirred monomer at room temperature (the bright 

orange monomer solution turned progressively dark blue with addition of oxidizing agent). The 

mixture was stirred 48 hours at room temperature. It was then precipitated into methanol (300 

mL). The precipitate was filtered, redissolved in chloroform (300 mL) and stirred for 6 hours 

with hydrazine monohydrate (6 mL). After evaporation, the concentrate (dark blue) was 

precipitated into methanol (300 mL), the precipitate was filtered through a Soxhlet thimble and 

purified via Soxhlet extraction for 48 hours with methanol. The polymer was extracted with 

chloroform, concentrated by evaporation, the polymer was precipitated in methanol (300 mL) 

and collected as a dark blue solid (373 mg, 84 %). 1H NMR (300 MHz, CDCl3) δ= 8.47 (bs, 2H), 

4.2-3.9 (br, 8H), 2.2-1.1 (br, 36H), 1.1-0.7 (br, 24H). GPC analysis: See Table 4-1. Anal. calcd. 

for C46H70N2O4S3: C 68.10, H 8.70, N 3.35 Found: C 67.63, H 8.58, N 3.51. 

Polymer P2 (7b): Compound 6b (606 mg, 0.41 mmol) was dissolved in chloroform (60 

mL). Following the procedure described for synthesizing polymer P1 (7a) and using 

methanol/water mixtures for the successive precipitations, polymer P2 was obtained as a dark 

green tacky solid (430 mg, 71 %). 1H NMR (300 MHz, CDCl3) δ= 8.42 (bs, 2H), 4.1-3.9 (br, 
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16H), 2.1-1.1 (br, 72H), 1.1-0.7 (br, 48H). GPC analysis: See Table 4-1. Anal. calcd. for 

C86H138N2O8S5: C 69.40, H 9.35, N 1.88 Found: C 69.58, H 9.54, N 1.95. 

Polymer P3 (7c): Compound 6c (205 mg, 0.1 mmol) was dissolved in chloroform (30 

mL). Following the procedure described for synthesizing polymer P1 (7a) and using 

methanol/water mixtures for the successive precipitations, polymer P7 was obtained as a black 

tacky solid (150 mg, 73 %). 1H NMR (300 MHz, CDCl3) δ= 8.41 (bs, 2H), 4.1-3.9 (br, 24H), 

2.1-1.1 (br, 108H), 1.1-0.7 (br, 72H). GPC analysis: See Table 4-1. Anal. calcd. for 

C126H206N2O12S7: C 69.89, H 9.59, N 1.29 Found: C 69.55, H 9.60, N 1.54. 

4.6.2 Synthesis of P5-P7 

Compound 2 (M8): A 1000 mL flame dried single-neck round bottom flask was filled 

with 450 mL of anhydrous DMF, NaH (60% in mineral oil) (23.85 g, 596 mmol) and 2-

ethylhexan-1-ol (51.8 g, 398 mmol). The mixture was heated at 90 °C over a period of 3 hours, 

then 3,3-bis(bromomethyl)-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepine (1) (34 g, 99.4 mmol) 

was added by portions to the hot reagent. After stirring 24 hours at 95 °C, the reaction mixture 

was cooled down to room temperature, added to brine and extracted 4 times with diethyl ether. 

The organic phase was washed with water, dried over magnesium sulfate and the solvent was 

removed affording a brown oil. The resulting oil was purified by column chromatography on 

silica with hexane/dichloromethane (3:2) as eluent. The solvent was evaporated and compound 2 

was obtained as a clear oil (62 g, 71 %). 1H NMR (300 MHz, CDCl3) δ= 6.42 (s,2H), 4.02 (s, 

4H), 3.49 (s, 4H), 3.33 (d, J = 5.6 Hz, 4H), 1.57-1.29 (m, 18H), 0.94 (m, 12H); 13C NMR 

(75MHz, CDCl3) δ= 149.95, 105.06, 74.45, 73.91, 70.10, 48.11, 39.90, 30.97, 29.40, 24.30, 

23.36, 14.35, 11.40. HRMS [M+Na+] m/z calculated for C25H44O4S: 463.2853 Found: 463.2939. 
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Compound 3: Compound 2 (2.13 g, 4.83 mmol) was dissolved in dry THF (30 mL) and 

cooled down to -78 °C. A solution of n-butyllithium in hexanes (3.32 mL, 5.94 mmol) was added 

over a 2 hour period and the mixture was stirred for 1 hour. Trimethyltinchloride (1.2 g, 5.99 

mmol) was subsequently added, the mixture was allowed to warm up to room temperature and 

stirred for 16 hours. The solvent was evaporated affording a yellow-brown oil (2.76 g, 95 %) 

which was used for the next step without further purification. 1H NMR (300 MHz, CDCl3) δ= 

6.70 (s, 1H), 3.98 (s, 2H), 3.93 (s, 2H), 3.46 (s, 4H), 3.29 (d, J = 5.6 Hz, 4H), 1.50-1.27 (m, 

18H), 0.94 (m, 12H), 0.32 (s, 9H). 

Compound 5a (M5): Compound 10 (3.2 g, 5.31 mmol), 4,7-

dibromobenzo[c][1,2,5]thiadiazole 4a (623 mg, 2.81 mmol) and Pd(PPh3)2Cl2 (63 mg, 4 mol %) 

were dissolved in 60 mL of THF. The mixture was stirred for 36 hours at 60 °C, the solvent was 

evaporated and the product was purified by column chromatography on silica with 

hexane/dichloromethane (4:1) as eluent. The solvent was evaporated and compound 12a was 

obtained as a bright orange oil (2.27 g, 80 %). 1H NMR (300 MHz, CDCl3) δ= 8.30 (s, 2H), 6.66 

(s, 2H), 4.21 (s, 4H), 4.11 (s, 4H), 3.55 (s, 8H), 3.33 (d, J = 5.6 Hz, 8H), 1.30 (m, 36H), 0.92 (m, 

24H); 13C NMR (75MHz, CDCl3) δ= 152.88, 149.98, 148.08, 127.79, 124.44, 117.82, 106.71, 

74.56, 74.51, 74.05, 70.19, 48.14, 39.87, 30.90, 29.81, 29.35, 29.54, 24.26, 3.34, 14.35, 11.40. 

HRMS (MMI TOF) [MH+] m/z calcd. for C56H88N2O8S3: 1013.5776 Found: 1013.5745. Anal. 

calcd. for C56H88N2O8S3: C 66.36, H 8.75, N 2.76 Found: C 66.39, H 8.88, N 2.71.  

Compound 4b: Compound 5a (5.48 g, 5.4 mmol) was dissolved in 250 mL of CHCl3. 

Then NBS (2.10 g, 11.88 mmol) was added by portions and the mixture was stirred for 24 h at 

room temperature under light protection. The organic layer was washed with water, dried over 

magnesium sulfate, the solvent was evaporated and the product was purified by column 
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chromatography on silica with hexane/dichloromethane (3:1) as eluent. The solvent was 

evaporated and compound 4b was obtained as a dark red oil (5.2 g, 82 %). 1H NMR (300 MHz, 

CDCl3) δ= 8.30 (s, 2H), 4.23 (s, 4H), 4.18 (s, 4H), 3.56 (s, 8H), 3.43 (d, J = 5.5 Hz, 8H), 1.52-

1.32 (m, 36H), 0.92 (m, 24H); 13C NMR (75MHz, CDCl3) δ= 152.38, 147.81, 147.24, 127.40, 

123.70, 117.54, 96.45, 74.56, 74.51, 74.37,74.24, 70.13, 48.16, 39.88, 30.90, 29.93, 29.36,24.26, 

23.34, 14.36, 11.42. HRMS (MMI TOF) [M+Na+] m/z calcd. for C56H86Br2N2O8S3: 1191.3805 

Found: 1191.3786. Anal. calcd. for C56H86Br2N2O8S3: C 57.42, H 7.40, N 2.39 Found: C 57.86, 

H 7.40, N 2.39.  

Compound 5b (M6): Compound 3 (3.18 g, 5.26 mmol), compound 4b (2.94 mg, 2.51 

mmol) and Pd(PPh3)2Cl2 (75 mg, 4 mol %) were dissolved in 60 mL of THF. The mixture was 

stirred for 36 hours at 60 °C, the solvent was evaporated and the product was purified by column 

chromatography on silica with hexane/dichloromethane (2:1) as eluent. The solvent was 

evaporated and compound 5b was obtained as a purple oil (3.51 g, 74 %). 1H NMR (300 MHz, 

CDCl3) δ= 8.28 (s, 2H), 6.43 (s, 2H), 4.23 (s, 4H), 4.20 (s, 8), 4.05 (s, 4H), 3.58 (s, 8H), 3.55 (s, 

8H), 3.33 (m, 16H), 1.52-1.27 (m, 72H),  0.90-0.83 (m, 48H); 13C NMR (75MHz, CDCl3) δ= 

152.96, 149.65, 147.86, 145.72, 145.50, 127.74, 124.25, 117.15, 115.93, 115.47, 103.81, 74.54, 

74.30, 70.32, 48.23, 48.17, 39.89, 39.86, 34.89, 31.80, 30.92, 29.36, 25.50, 24.25, 23.34, 23.31, 

22.87, 21.37, 14.34, 14.32, 11.62, 11.40.  HRMS (MMI TOF) [M+] m/z calcd. for 

C106H172N2O16S5: 1889.1305 Found: 1889.1324. Anal. calcd. for C106H172N2O16S5: C 67.33, H 

9.17, N 1.48 Found: C 67.48, H 9.28, N 1.49. 

Compound 4c: Compound 5b (1 g, 0.53 mmol) was dissolved in 150 mL of CHCl3. Then 

NBS (207 mg, 1.16 mmol) was added by portions and the mixture was stirred for 24 h at room 

temperature under light protection. The organic layer was washed with water, dried over 
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magnesium sulfate, the solvent was evaporated and the product was purified by column 

chromatography on silica with hexane/dichloromethane (1:1) as eluent. The solvent was 

evaporated and compound 4c was obtained as a dark purple tacky solid (975 mg, 90 %). 1H 

NMR (300 MHz, CDCl3) δ= 8.28 (s, 2H), 4.22 (s, 4H), 4.20 (s, 8), 4.13 (s, 4H), 3.58 (s, 8H), 

3.56 (s, 8H), 3.32 (m, 16H), 1.52-1.27 (m, 72H),  0.90-0.83 (m, 48H); 13C NMR (75MHz, 

CDCl3) δ= 152.96, 147.86, 147.17, 145.72, 145.50, 127.64, 124.35, 116.85, 114.76, 114.27, 

92.93, 84.61, 83.00, 74.54 70.32, 48.23, 48.17, 39.89, 39.86, 34.89, 31.80, 30.92, 29.36, 25.50, 

24.25, 23.36, 23.31, 22.87,  14.63, 14.32, 11.47, 11.36. HRMS (MMI TOF) [M+] m/z calcd. for 

C106H170Br2N2O16S5: 2044.9515 Found: 2044.9443. Anal. calcd. for C106H170Br2N2O16S5: C 

62.15, H 8.36, N 1.37 Found: C 62.63, H 8.40, N 1.37.  

Compound 5c (M7): Compound 3 (404 mg, 0.67 mmol), compound 4c (370 mg, 0.18 

mmol) and Pd(PPh3)2Cl2 (8 mg, 4 mol %) were dissolved in 60 mL of THF. The mixture was 

stirred for 36 hours at 60 °C, the solvent was evaporated and the product was purified by column 

chromatography on silica with hexane/dichloromethane (2:1) as eluent. The solvent was 

evaporated and compound 5c was obtained as a dark blue-green tacky solid (324 mg, 65 %). 1H 

NMR (300 MHz, CDCl3) δ= 8.28 (s, 2H), 6.40 (s, 2H),  4.27 (s, 4H), 4.23 (s, 8H), 4.16 (s, 8), 

4.07 (s, 4H), 3.67-3.57 (m, 24H),  3.32 (m, 24H), 1.52-1.29 (m, 108H), 0.90-0.87 (m, 72H); 13C 

NMR (75MHz, CDCl3) δ= 152.97, 149.71, 148.13, 147.97, 145.79, 145.72, 145.47, 145.32, 

145.23, 127.62, 124.20, 117.52, 116.32, 115.79, 114.31, 113.55, 103.57, 74.56, 74.48, 48.24, 

48.17, 48.13, 39.84, 30.94, 30.87, 29.94, 29.38, 24.26, 23.36, 14.38, 11.43, 11.40, 11.36. HRMS 

(MMI TOF) [MH+] m/z calcd. for C156H256N2O24S7: 2766.6991 Found: 2766.7058. Anal. calcd. 

for C156H256N2O24S7: C 67.69, H 9.23, N 1.01 Found: C 68.11, H 9.66, N 1.06. 
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Polymer P5 (6a): Compound 5a (650 mg, 0.64 mmol) was dissolved in chloroform (65 

mL). A solution of anhydrous FeCl3 (519 mg, 3.2 mmol, 5eq) in nitromethane was added 

dropwise over a period of 45 minutes to the stirred monomer at room temperature (the bright 

orange monomer solution turned progressively dark blue with addition of oxidizing agent). The 

mixture was stirred 48 hours at room temperature. It was then precipitated into methanol (300 

mL). The precipitate was filtered, redissolved in chloroform (300 mL) and stirred for 6 hours 

with hydrazine monohydrate (6 mL). After evaporation, the concentrate (dark blue) was 

precipitated into methanol (300 mL), the precipitate was filtered through a Soxhlet thimble and 

purified via Soxhlet extraction for 48h with methanol. The polymer was extracted with 

chloroform, concentrated by evaporation, the polymer was precipitated in methanol (300 mL) 

and collected as a dark blue solid (475 mg, 73 %). 1HNMR (300 MHz, CDCl3) δ= 8.35 (bs, 2H), 

4.30 (bs, 8H), 3.66 (bs, 8H), 3.36 (bs, 8H), 1.31 (bs, 36H), 0.91 (bs, 24H). GPC analysis: See 

Table 4-3. Anal. calcd. for C56H86N2O8S3: C 66.50, H 8.57, N 2.77 Found: C 66.21, H 8.48, N 

2.73.  

Polymer P6 (6b): Compound 5b (465 mg, 0.25 mmol) was dissolved in chloroform (45 

mL). Following the procedure described for synthesizing polymer P5 (6a), polymer P6 was 

obtained as a dark green solid (400 mg, 86 %). 1HNMR (300 MHz, CDCl3) δ= 8.33 (bs, 2H), 

4.23 (bs, 16H), 3.63 (bs, 16H), 3.35 (bs, 16H), 1.31 (bs, 72H), 0.90 (bs, 48H). GPC analysis: See 

Table 4-3. Anal. calcd. for C106H170N2O16S5: C 67.40, H 9.07, N 1.48 Found: C 66.35, H 9.15, N 

1.57. 

Polymer P7 (6c): Compound 5c (400 mg, 0.14 mmol) was dissolved in chloroform (40 

mL). Following the procedure described for synthesizing polymer P5 (6a) and using 

methanol/water mixtures for the successive precipitations, polymer P7 was obtained as a dark 
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solid (480 mg, 83 %). 1HNMR (300 MHz, CDCl3) δ= 8.30 (bs, 2H), 4.20 (bs, 24H), 3.62 (bs, 

24H), 3.33 (bs, 24H), 1.29 (bs, 108H), 0.90 (bs, 72H). GPC analysis: See Table 4-3. Anal. calcd. 

for C156H254N2O24S7: C 67.74, H 9.26, N 1.01 Found: C 67.28, H 9.19, N 1.54. 

4.6.3 Synthesis of P9 

Polymer P9: Compound 5a (M5) (150 mg, 0.15 mmol) and compound 2 (M8) (260.9 mg, 

0.59 mmol, 4eq) were dissolved in chloroform (45 mL). A solution of anhydrous FeCl3 (600 mg, 

3.7 mmol, 5eq) in nitromethane was added dropwise over a period of 1 hour to the stirred 

monomer at room temperature (the bright orange monomer solution turned progressively opaque 

with addition of oxidizing agent). The mixture was stirred 24 hours at room temperature and 6 

additional hours at 40 °C. It was then precipitated into methanol (300 mL). The precipitate was 

filtered, redissolved in chloroform (300 mL) and stirred for 6 hours with hydrazine monohydrate 

(6 mL). After evaporation, the concentrate was precipitated into methanol (300 mL), the 

precipitate was filtered through a Soxhlet thimble and purified via Soxhlet extraction for 48 

hours with methanol. The polymer was extracted with chloroform, concentrated by evaporation, 

the polymer was precipitated in methanol (300 mL) and collected as a black solid (378 mg, 92 

%). 1HNMR (300 MHz, CDCl3) δ= 8.35 (bs, 2H), 4.17 (bs, 24H), 3.62 (bs, 24H), 3.34 (bs, 24H), 

1.29 (bs, 108H), 0.90 (bs, 72H). GPC analysis: See Table 4-5. Anal. calcd. for C156H254N2O24S7: 

C 67.74, H 9.26, N 1.01 Found: C 66.89, H 9.00, N 1.28. 

4.7 Conclusions and Outlook 

Following up on the donor-acceptor theory introduced in 1993 by Havinga et al.,42 this 

simple approach towards making easily oxidized conjugated polymers with broad and 

homogeneous absorption bandwidths extending over the entire visible spectrum which can be 

fully bleached has implications that span numerous applications including electrochromic 

windows and displays. In brief, this investigation of the use of the DA approach in designing 
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novel ECPs exhibiting a two-band absorption in the visible, so as to reflect and / or transmit 

colors commonly difficult to achieve such as saturated greens, has led to the conclusion that low 

and high energy transitions can be controlled in a substantial and interconnected fashion by 

varying the relative contribution of electron rich and poor moieties incorporated in the repeat 

unit. In addition, a merging of the bands was observed that offers the potential for the synthesis 

of neutral state colored materials possessing either highly saturated or darker colors. The solution 

processability of all of the polymers prepared is important when considering ultimate utility 

relative to the often studied electropolymerized systems.104  

Taking advantage of these empirical considerations, a copolymer possessing an absorption 

spectrum extended over the entire visible region (400 - 700nm) was synthesized and its redox 

properties investigated. It was found that the copolymer achieves reversible EC switching from a 

strong opaque neutral black color state to a highly transmissive oxidized state over a potential 

window of less than 1 V, a desirable parameter for low-voltage device applications. The first 

neutral state black polymeric electrochrome with potential applications in e-papers and smart 

windows was thereby demonstrated. Finally, the ‘band-merging’ effect outlined above impacts 

other potential uses, such as the development of solution-processable and narrow band-gap 

precursors absorbing throughout the visible and into the near-IR for organic polymer solar cells. 
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CHAPTER 5 
FINE BANDGAP TUNING IN 3,4-DIOXYTHIOPHENE – 2,1,3-BENZOTHIADIAZOLE 

DONOR – ACCEPTOR ELECTROCHROMIC POLYMERS VIA THE USE OF 
UNSATURATED LINNKAGES: FROM BLUE TO GREEN 

5.1 Motivations for Simplifying the Access to Colors Difficult to Achieve and Proposed 
Design 

As described in Chapter 3 of this dissertation, the perspective of generating new colors 

commonly difficult to attain such as cyan blue and greens of various tones and saturations 

constitutes a motivation for designing conjugated polymers finely tuned in their molecular 

structure to reassemble the optical features desired in the context of non-emissive ECD 

applications. While Chapter 3 set the context and introduced a method to overcome the 

technological obstacles hindering the synthesis of neutral state green polymer electrochromes 

with highly transmissive oxidized states, efforts to simplify the synthetic access to those colors 

should be envisaged. 

At this point, it is also worth noting that neutral state deep-blue PEDOT which switches to 

a transmissive sky-blue color state is not a solution-processable ECP, and is commonly 

electropolymerized in-situ (in contrast with its doped aqueous dispersion153). In addition, its 

near-IR optical transitions overlap with the visible, decreasing the transmissivity of the p-doped 

state considerably in devices. Here, an alternative blue-to-colorless and solution-processable 

ECP candidate (see work initiated by Thompson et al.112) could be optimized to anticipate the 

path to commercialization. 

In the following Chapter 5, a series of soluble DA conjugated polymers involving 3,4-

dioxythiophenes (DOTs) and 2,1,3-benzothiadiazole (BTD) constructed in combination with 

unsaturated linkages, namely ethynylene and trans-ethylene (see Figure 5-1), will be presented 

and compared to their fully polyheterocyclic DA control analogues with careful emphasis on 

optical, electrochemical, and electrochromic properties. In parallel, this systematic study should 
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give further insight into the effect of introducing unsaturated linkers in the backbone of 

cathodically-coloring ECPs. In particular, the presence of a spacer relaxing the extent of steric 

hindrance along the polyheterocyclic backbone while retaining its conjugation could offer an 

alternative pathway to narrowing bandgaps in polymer electrochromes, in the situation where the 

said spacer does not impede the polymer EC performance. Importantly, more than just finely 

tuning the optical properties of fully polyheterocyclic DA polymers, incorporation of the 

unsaturated-linker could open a pathway toward the synthesis of ECPs made of multiple 

chromophores randomly copolymerized to give access to any possible hue, including the color 

black such as desired for electronic ink-based applications. 

 
 

Figure 5-1. Designing 3,4-dioxythiophene (DOT) and 2,1,3-benzothiadiazole (BTD) – based 
polymers (P1-P6) whereby the DOTs are spaced by an unsaturated spacer to limit the 
extent of steric hindrance along the polyheterocyclic backbone and offer an 
alternative pathway to narrowing bandgaps in ECPs (Adapted with permission from 
Ref.128 Copyright 2009 American Chemical Society) 

5.2 Synthesis and Characterization of 3,4-Dioxythiophene – 2,1,3-Benzothiadiazole 
Polymers Containing Unsaturated Linkages 

5.2.1 Synthesis and Physical Characterization 

(Experimental work on MALDI-MS was achieved and results kindly supplied by Dr Tracy 

McCarley) 
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The fully heterocyclic model polymers P1, P4a and P4b were synthesized from the 

oxidative polymerization of macromonomers M1 and M2 (respectively), using the mild 

oxidizing agent FeCl3, before being subsequently reduced with hydrazine (See Figure 5-2). The 

details concerning the experimental conditions employed in the synthesis of M1, M2, P1, P4a 

and P4b can be found in Chapter 4 of this dissertation. 

The unsaturated spacer-containing polymers P2, P3, P5 and P6 were accessed from the 

halogenated analogues of M1 and M2, namely M1’ and M2’, using traditional Stille cross-

coupling polymerization conditions111 between the stannane derivatives of ethynylene and trans-

ethylene and the macromonomers (See Figure 5-2). Refluxing mixtures of toluene and 

dimethylformamide (DMF) were found suitable in the case of these condensations between the 

bulky, sterically hindered heterocyclic macromonomers and their ethylenic/ethynylenic 

comonomers, conversely small in size, hence relatively prone to transmetallation mechanisms.  

 
 
Figure 5-2. a) Synthetic route to DalkOT-BTD – based DA π-conjugated copolymers P1-P3 

containing unsaturated linkers (P2 and P3) or not (P1) b) Synthetic route to ProDOT-
BTD – based DA π-conjugated copolymers P4-P6 containing unsaturated linkers (P5 
and P6) or not (P4a, P4b) (Adapted with permission from Ref.128 Copyright 2009 
American Chemical Society) 
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The repeat unit structures of all polymers are supported by 1H NMR (see Experimental 

Section) and matrix-assisted laser desorption / ionization mass spectrometry (MALDI-MS). 

Figure 5-3 shows the MALDI mass spectra of P1, P4a, P3 and P6 as representative examples. 

Using terthiophene84,154 or trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-

propenylidene]malononitrile (DCTB)155 as the matrix, ions with masses up to nearly 9,000 amu, 

12,000 amu and 20,000 amu were respectively detected for the  control polymers P1, P4a and 

P4b. As illustrated in Figure 5-3a, the mass spectrum of P1 shows an ion series with a spacing of 

~1,622 amu between each ion, corresponding to the calculated mass of two repeat units (i.e. one 

oxidative condensation). Each major ion detected consists of an odd number of repeat units 

(n=3,5,7,9) terminated by two chlorines (Note that the reasons for the detection of an odd 

number of repeat units only are not clear to date, and a rationale is currently being explored by 

our collaborator Dr Tracy McCarley). End-capping via chlorine atoms is not unusual during 

FeCl3 assisted oxidative polymerizations and has been demonstrated in previous work from 

McCarley et al.84 In Figure 5-3b, P4a is represented by very intense peaks at m/z 3,037 and m/z 

3,107 which correspond respectively to trimeric chains possessing H/H and Cl/Cl end-groups. 

The peak at m/z 3,107 is part of an ion series with intervals matching the mass of the polymer 

repeat unit (~1011 amu).  This series ranges from m/z 3,000 up to m/z 12,000 (n=3-12), thereby 

supporting the presence of a higher molecular weight fraction. In the case of P4b, at least two 

ion series spanning from m/z 3,000 to 20,000 (n=3-19) with ions separated by the mass of the 

polymer repeat unit (~1,011 amu) were identified. Similarly to P1 and P4a, the dominant series 

is consistent with oligomers end-capped by chlorine atoms. 

The unsaturated linker-containing DA polymers P2, P3, P5 and P6 were investigated 

employing DCTB as a matrix. Both the structures of ethynylene-linked P2 and P5 were 
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supported by series of ions (n=1-5 and n=1-2) with spacing matching the mass of the repeat unit 

of the polymers, ~835 amu and ~1,036 amu respectively. The residual masses of these series 

indicate that the endgroups consist of a hydrogen and an additional monomer unit M1 (in the 

case of P2) or M2 (in the case of P5) (see Figure 5-2) which can be end-capped with a 

phenylphosphine derivatized moiety  as reported in several other studies.156  In addition, both of 

these series have related, lower-intensity series in which a bromine is substituted for the 

hydrogen end group. 

 
 

 
 

Figure 5-3. MALDI-MS of DA-copolymers a) P1, b) P4a, c) P3 and d) P6. DCTB was used as 
the matrix in each case (Adapted with permission from Ref.128 Copyright 2009 
American Chemical Society) 
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A large number of ion series were detected in the range m/z 1,000-9,000 for both P3 and 

P6 as illustrated in Figure 5-3c and 5-3d. Each series exhibited a spacing of ~837 amu for P3 and 

~1,038 amu in the case of P6 matching the masses of the expected repeat units. Residual masses 

of some of the ion series suggest endgroups of hydrogen and phenyl or phenyl and styryl, an 

experimental observation supported by work from Janssen et al. for instance.157  Other ion series 

appear to have endgroups of hydrogen and phenylphosphine analogue moieties or hydrogen and 

an extra aromatic building block M1 (in the case of P3) or M2 (in the case of P6) (See Figure 5-

2). 

It is worth noting that ion series detected in MALDI-MS analyses of polymers commonly 

occur at much lower masses than those estimated employing conventional gel permeation 

chromatography (GPC). In fact, discrimination of the higher mass ions take place both during 

ionization and detection and the phenomenon is amplified with increasing polymer 

polydispersity.158-160  

Molecular weights were further investigated via polystyrene-calibrated GPC employing 

tetrahydrofuran (THF) as the mobile phase. As illustrated in Table 5-1, polymers with weight 

average molecular weight (Mw) ranging from 11,000 to 60,000 g mol-1 with relatively narrow 

PDIs (1.7-2.6) and number average molecular weight (Mn) values up to 28,000 g mol-1 for the 

oxidatively polymerized analogues were estimated. Importantly, all polymers had a minimum 

average number of repeat units of 7 corresponding to a backbone of about 28 unsaturated 

building units (including heterocycles and unsaturated linkages) which is nearly twice as much 

as the value at which the electronic properties of conjugated polymers commonly saturate (~15 

aromatic rings).112 The highest average numbers of unsaturated building units incorporated into a 



 

160 

single polymer chain (~45, 60 and 81) were obtained upon using oxidative polymerization 

conditions (in synthesizing P4b, P1 and P4a, respectively). 

Thermogravimetric analysis in a nitrogen atmosphere of the all-heterocyclic analogues P1, 

P4a and P4b revealed only negligible weight loss below 320 oC, demonstrating their high 

thermal stability. On the other hand, the polymers containing unsaturated linkages exhibited only 

limited thermal stability in general with clear signs of degradation starting at 200 oC in the case 

of P5 and P6 for instance. 

Table 5-1. Weight average molecular weight (Mw, g mol-1), polydispersity index (PDI), average 
number of repeat units, average number of rings, and Onset of decomposition 
temperature (as measured by TGA under nitrogen atmosphere) for the donor-acceptor 
copolymers P1-P6 

Polymer Mw (g mol-1) PDI Avg. No.  
of Repeat Units 

Avg. No. 
of Rings Td (oC)a 

P1 42,700 2.6 20 60 321 
P2 11,800 1.8 7 21 213 
P3 13,000 1.7 9 27 265 
P4a 59,000 2.1 27 81 350 
P4b 32,100 2.2 15 45 348 
P5 16,800 1.9 8 24 201 
P6 15,500 1.8 9 27 200 
a Onset decomposition temperature measured by TGA under nitrogen. 
 
5.2.2 Polymer Optical Characterization 

All polymers exhibit a two-band absorption in the UV-visible spectral range with a peak-

to-peak distance larger than 190 nm opening a gap of low optical density in the blue, blue-green 

or green region. While the lower energy transition can be attributed to the intramolecular donor-

acceptor interaction arising from the bonding of electron rich (DOTs and unsaturated linkages) 

and electron deficient (BTDs) building units, the higher energy transition can be assigned to the 

electron-rich portion of the alternating polymer backbone (see Chapter 4 for a more complete 

discussion on how two-band absorption spectra may arise in DA polymers).143 As can be seen 
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from the higher energy absorption maxima of P3 and P6 relative to P1 and P4a in Figure 5-4, 

the insertion of an ethylenic spacer between the two electron-donating substituents of these 

donor-acceptor systems induces a bathochromic shift which also moves the absorption gap from 

the blue or blue-green to the blue-green or green regions of the visible, hence predicting some 

significant differences in neutral state colors. To a lesser extent, the high wavelength optical 

transitions also shift towards longer wavelengths although the onsets of absorption remain nearly 

identical here in solution and in spite of the spacer insertion. It is expected to see a further 

bathochromic shift as we examine thin-films where the degree of coplanarity of the polymer 

main-chains influences the optical bandgap. We attribute the shoulders tailing between 750 and 

800 nm in the case of P4a and P6 to the aggregation of the highest molecular weight fraction of 

the polymers in solution (although no visible aggregation could be perceived) as elevating the 

temperature of the polymer/toluene solutions had the effect of reducing their intensity. The 

polymers’ maxima of optical absorption are reported in Table 5-2. 

 
 

Figure 5-4. Normalized solution optical absorption (in Toluene) for the trans-ethylene 
unsaturated DA-copolymers P3 and P6 compared to their ethylhexyl-substituted 
parent copolymers P1 and P4a (respectively) (Adapted with permission from Ref.128 
Copyright 2009 American Chemical Society) 
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Table 5-2. Local absorption maxima (solution in toluene and solid state), and film optical 
bandgap (Eg, eV) for the donor-acceptor copolymers P1-P6 (Adapted with permission 
from Ref.128 Copyright 2009 American Chemical Society) 

Polymer 
λabs (nm) In Toluene λabs (nm) Thin Film 

Eg (eV) 
1 2 1 2 

P1 391 638 399 653 (708)a 1.6 
P2 362 553 373 577 1.75 
P3 401 625 416 648 (706)a 1.6 
P4a 402 674 408 677 (722)a 1.54 
P4b 405 678 407 685 1.52 
P5 346 578 357 578 1.65 
P6 419 677 433 685 (745)a 1.5 
a Shoulder 
 
5.2.3 Polymer Redox Properties 

(Experimental work was achieved and results kindly supplied by Dr Svetlana Vasilyeva) 

The redox properties of all polymers were investigated via cyclic voltammetry (CV) and 

differential pulse voltammetry (DPV) with the goal of determining how polymer 

oxidation/reduction potentials, associated HOMO/LUMO energy levels, and relative 

electrochemical bandgaps vary as a function of the structural modifications. In Table 5-13, the 

corresponding polymer energy levels (HOMO and LUMO) are given relative to the vacuum 

level, considering that the SCE is 4.7 eV vs. vacuum and Fc/Fc+ is 0.38 eV vs. SCE, i.e. ~5.1 eV 

relative to vacuum. In comparison to CV, DPV offers a higher sensitivity and sharper redox 

onsets throughout the electrochemical process owing to a reduced contribution of the charging 

background currents which, in turn, enhances the accuracy and reliability of the bandgaps 

estimated electrochemically. Thin films of the polymers were drop-cast onto platinum disk 

electrodes from toluene solutions (6 mg mL-1) for characterization in an argon-filled dry box. A 

platinum flag was used as the counter electrode in combination with a Ag/Ag+ reference 
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electrode and all results were subsequently calibrated to Fc/Fc+ (for consistency with the rest of 

this Chapter).  

Prior to characterization, the polymer films were cycled at a scan rate of 50 mV s-1 

between -0.2 and 0.9 V until they reached a stable and reproducible electrochemical response.3 

The polymer films were found stable to p-type doping during extensive cycling from -0.2 to 0.9 

V retaining 90% of their peak currents after 100 switches with the exception of polymers P2 and 

P5. We attribute the more rapid loss of electroactivity of P2 and P5 to the sensitivity of the 

ethynylene spacers to overoxidation side-reactions. In general, the polymers were found to be 

less stable to n-doping processes. 

In 0.1M LiBF4/propylene carbonate (PC) and 0.1M TBAP/PC electrolyte solutions, both 

CV and DPV experiments show similar and reproducible redox behavior for each polymer upon 

oxidation and subsequent neutralization. However, we found that upon reduction of the polymer 

films the current responses could only be observed when using TBAP supporting electrolyte. It is 

worth noting that such specificity to the positively-charged balancing counter-ion has already 

been reported in the case of various conjugated polymers.161,162 In fact, during the reduction 

process, hard electrophilic cations such as lithium induce only minimal conductivity due to 

“pinning” of the doped state and insufficient delocalization of the charge carrier along the 

polymer main-chain.163,164  

For consistency, the electrochemical results summarized in Table 5-3 refer to 

measurements collected in 0.1M TBAP/PC solution electrolyte. Careful examination of the data 

presented in this table highlights the correlations between polymer architecture and 

electrochemical properties. 
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For example, the CVs of polymer P4b (possessing linear octyl solubilizing side-chains) 

and its branched analogue P4a (possessing 2-ethylhexyl substitutents instead) illustrated in 

Figure 5-5a show a more reversible redox process with potential peak difference (∆Ep) of 150 

mV in the case of P4a while P4b has a significantly broader current response of ca. 260 mV. 

The increase of interchain spacing resulting from the branched nature of the alkyl chains of P4a 

could promote the insertion of charge compensating-ion and lead to a faster redox response (this 

hypothesis will also be backed up throughout the next sections of this Chapter). However, P4b 

shows a lower electrochemical bandgap as compared to P4a probably due to its more extended 

conjugation in the solid state when compared to that of the branched derivative which is also 

likely more disordered.110 

 
 

Figure 5-5. a) Cyclic voltammograms of P4a, P4b and P6 drop-cast onto platinum disk 
electrodes (0.02 cm2) in 0.1M TBAP/PC electrolyte solution, using a scan rate of 50 
mV/s, b) Differential pulse voltammetry of P1, P4a and P6 drop-cast onto platinum 
disk electrodes (0.02 cm2) in 0.1M TBAP/PC electrolyte solution using a step time of 
0.1 s, a step size of 2 mV, and an amplitude of 100 mV (Adapted with permission 
from Ref.128 Copyright 2009 American Chemical Society) 

When comparing the dialkoxythiophene (DalkOT) derivatized polymers P1, P2 and P3 

with their propylenedioxythiophene (ProDOT) analogues P4a, P5 and P6 respectively, a clear 

trend is observed in terms of oxidation potential. Upon replacing the DalkOT units with the more 
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electron-rich ProDOTs, lower onsets of oxidation are obtained which result in higher HOMO 

level estimated values and lower electrochemical bandgaps. Figure 5-5b shows the DPVs of P1 

(a DalkOT-based derivative) and P4a (ProDOT-based) using a step time of 0.1 s, a step size of 2 

mV, and an amplitude of 100 mV. P4a has an oxidation onset 350 mV less positive and a 

reduction onset only 120 mV more negative, than P1. Such a drastic increase of the HOMO 

energy in the case of P4a leads to a lower magnitude of the DPV estimated band gap (1.54 eV 

compared to 1.77 eV for P1). 

P2 and P5 contain ethynylene linkages which reduce the degree of conjugation of the 

subsequent donor-acceptor systems. This effect appears to be the most significant in the case of 

the less electron-rich DalkOT derivatized polymer P2. Thus after only several cycles, P2 loses its 

electroactivity as CV and DPV current responses become indiscernible from background 

currents, though a visible thin polymer film (now insulating) is still present at the electrode 

surface. 

The DPV of P6 is also shown in Figure 5-5b in order to be compared to that of P4a. The 

observed differences that relate to the electrochemical properties of these polymers, such as a 

decreased amplitude of the bandgap and a more reversible redox switching in the case of P6 (∆Ep 

(P6) = 70 mV and ∆Ep (P4a) = 150 mV) can be rationalized by considering the enhanced 

planarity and extended conjugation length of the P6 backbone in which a trans-ethylene linkage 

was inserted between the donor-acceptor building blocks. P1 and P3 exhibit similar variations in 

their redox properties, though the differences appear less pronounced. 

In general, the electrochemically determined bandgaps were found to be slightly larger 

than the optically estimated values, but remain in good agreement. 
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Table 5-3. Electrochemically determined HOMO and LUMO energy levels (by CV and by 
DPV), Corresponding electrochemical bandgaps, and Comparison with their optically 
estimated values for the copolymers P1-P6 (Adapted with permission from Ref.128 
Copyright 2009 American Chemical Society) 

Polymer 
Eoxonset (V) HOMO (eV) Eredonset (V) LUMO (eV) Egap (V) Egap (V) 

CV DPV CV DPV CV DPV CV DPV CV DPV Optical 

P1  0.25 0.25 5.35 5.35 -1.57 -1.52 3.53 3.59 1.82 1.77 1.6 

P2  0.51 0.4 5.61 5.5 -1.33 -1.38 3.77 3.72 1.84 1.78 1.75 

P3 0.12 0.14 5.22 5.24 -1.46 -1.51 3.54 3.59 1.58 1.65 1.6 

P4a  -0.06 -0.1 5.04 5.0 -1.7 -1.64 3.4 3.46 1.64 1.54 1.54 

P4b  0.0 0.02 5.1 5.12 -1.6 -1.57 3.48 3.49 1.6 1.59 1.52 

P5  0.21 0.24 5.31 5.34 -1.48 -1.47 3.62 3.63 1.69 1.71 1.65 

P6  0.07 0.0 5.17 5.1 -1.56 -1.5 3.54 3.6 1.63 1.5 1.5 
a oxidation (Eoxonset) and reduction (Eredonset) potentials are reported vs Fc/Fc+. HOMO and LUMO 
energy levels are derived from the electrochemical data (Eoxonset and Eredonset respectively) considering 
that the SCE is 4.7 eV vs. vacuum and Fc/Fc+ is 0.38 eV vs. SCE, i.e. 5.1 eV relative to vacuum. 
 
5.2.4 Polymer Spectroelectrochemical Characterization 

Figure 5-6 uses spectroelectrochemistry to illustrate the propensity of each of the DA 

polymers to form positively-charged carriers upon electrochemical oxidation (p-type doping). 

All DA-polymers were spray-cast from toluene (4-6 mg mL-1) onto indium tin oxide (ITO)-

coated glass slides at room temperature. Electrochemical oxidation of the films was carried out 

in 0.1 M LiBF4/propylene carbonate supporting electrolyte using a silver wire as a quasi-

reference electrode (calibrated against Fc/Fc+) and a platinum wire as the counter electrode. 

Figures 5-6a and 5-6b show the spectral changes occurring in the 300 – 1600 nm range 

upon electrochemical oxidation of P1 and P4a which both exhibit a two-band absorption in the 

visible spectrum with a major contribution from the lower energy transition attributed to the 

intramolecular donor-acceptor electronic interaction. With an open gap in light absorption in the 

range 455 – 470 nm, coupled to a moderate absorption between 350 and 450 nm and a broad 

coverage of the red portion of the visible, these polymers exhibit different hues of blue. While P1 

shows a deep cyan blue neutral state, P4a is blue-green due to the more red-shifted low energy 
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transition allowing a minor green transmission. The spectral differences observed in their neutral 

state, along with the estimated variation of 0.06 eV in optical bandgaps (calculated from the 

onset of their longer wavelength absorption band) relate to the difference in molecular orbital 

energy levels with ProDOT bringing a higher energy HOMO to the donor-acceptor conjugated 

system. Oxidation of the films induces simultaneous and extensive bleaching of both the short 

and long wavelength absorption bands. Taking the two local absorption maxima as references, 

P1 shows a transmittance change (∆%T) of 41.7% (λabs1) and 50.3% (λabs2) compared to 49.6% 

(λabs1) and 56.1% (λabs2) for P4a, indicative of the superior electrochromic contrast observed in 

the case where DalkOTs are substituted with ProDOTs. When fully oxidized, bipolaronic states 

peaking beyond 1600 nm in the infrared with almost no visible absorption govern their optical 

spectra and as a result, both polymers show a remarkably high level of transparency to the 

human eye. 

Figures 5-6c and 5-6d show the spectroelectrochemical behavior of polymers P2 and P5, 

the ethynylene-linked derivatives of P1 and P4a. P2 and P5 exhibit similar solid-state absorption 

spectra involving a relatively intense absorption in the UV region and a broad band spanning 450 

- 700 nm due to the dioxythienyl-BTD DA chromophore. Their open gap at about 440 and 450 

nm (blue transmission), along with the red transmission between 700 and 800 nm (note 

especially for P2) gives a deep purple hue to these polymers. The overall hypsochromic shift 

observed when compared to P1 and P4a is a consequence of the insertion of sp-type unsaturated 

spacers along the DA backbone. However, more significant spectral changes relative to P1 and 

P4a are evident during oxidation. Examining the depletion of the two absorption maxima, P2 

and P5 show smaller transmittance changes of 14.3% (λabs1), 23.3% (λabs2) and 3.8% (λabs1), 

11.8% (λabs2) respectively, indicating a limited electrochromic performance. In the case of P2, 
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the transition arising in the near-IR (~850 nm) supports the formation of radical cation states 

which do not ultimately convert into dicationic species and the long wavelength absorbance 

beyond 1400 nm is low. Upon further increase of applied potential, P2 loses its reversible redox 

activity and the film breaks down. Similarly, P5 shows a broadly defined pattern in the near-IR 

involving a polaronic transition and does not result in a well-defined or intense generation of 

bipolarons. In both cases, the lack of stable bipolaronic states forming on electrochemical 

oxidation prevents effective bleaching of the UV-visible absorption bands and hinders access to 

a transmissive doped state. As such, the ethynylene-containing P2 and P5 do not address the 

requirements of a useful system for electrochromic device applications. 

 Figures 5-6e and 5-6f illustrate the effect of trans-ethylene spacers incorporated between 

the DAD macromonomers on the electrochromicity of the subsequent polymers P3 and P6. As 

for P1 and P4a, P3 and P6 feature a two-band absorption in the visible with a main contribution 

from the ‘donor-acceptor’ transition. However, in these instances the two transitions have 

broadened and merged together and now possess a more significant overlap, thus predicting two 

neutral state polymers of darker tone. While P3 features a dark blue-green hue in the neutral 

state, the gradual application of potential first induces the growth of charge-carriers in the near-

IR with simultaneous depletion of the visible absorption. Considering the two local absorption 

maxima, P3 shows substantial transmittance changes of 24.3% (λabs1) and 50.3% (λabs2) leading 

to a clear-grey state upon oxidation. Nonetheless, the redox process is hampered by an 

irreversible degradation of the active layer as illustrated in Figure 5-6e (see the final blue curve). 

From this experimental result, a small potential window of reversible operation is anticipated for 

this polymer which is undesirable for EC materials (such that further work with this polymer will 

not be pursued).  
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As a consequence of the significant bathochromic shift (about 25 nm) and broadening 

undergone by its short wavelength absorption band, the open gap of polymer P6 exhibits a local 

minimum of absorption shifted from 36 nm compared to its parent P4a. Likewise, its long 

wavelength absorption band shifted towards the lower energy region and covers a more 

extensive bandwidth of the optical spectrum. As a result, P6 exhibits a saturated green color 

which is particularly useful in the construction of EC displays. The optically determined energy-

gap of P6 (1.50 eV) is slightly narrower than that for P4a (1.54 eV). The spectral differences 

observed between P6 and P4a in their neutral state along with the estimated variation of 0.04 eV 

in optical bandgaps can be rationalized considering an increase in planarity of the polymer 

backbone triggered by the introduction of the ethylenic conjugated spacers which minimize the 

steric interactions between the propylenedioxy bridges of the electron-rich ProDOT units. Upon 

electrochemical oxidation, P6 shows excellent transmittance changes of 29.7% (λabs1) and 37.9% 

(λabs2) and switches to a light-grey transmissive doped state. While the transmittance ratios 

observed are notably lower than the ones measured for P4a (49.6% (λabs1), 56.1% (λabs2)), the 

relatively uniform bleaching observed across the visible region, along with the formation of 

stable polaronic and bipolaronic states in the near-IR, projects the potential of this green 

cathodically-coloring polymer for EC applications. 

Finally, Figure 5-6g gives insight into the extent to which the nature of the solubilizing 

side-chains can affect the spectroelectrochemical performance of otherwise identical polymers. 

In this study, P4b, the linear alkyl-substituted DA analogue of P4a shows a transmittance change 

of 40.3% in the blue region (λabs1) that is lower by about 9% in comparison with P4a. The 

transmittance change for the long-wavelength absorbance remains high (48.9% (λabs2) versus 

56.1%) in correlation with the near-IR charge-carrier transitions. This variation in contrast can be 
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tentatively rationalized considering an increase of interchain spacing in the case of the branched 

ethylhexyl-substituted polymer P4a as respect to the linearly octyl-substituted polymer P4b that 

allows improved ion diffusion and dopant insertion. Overall, P4a appears more transmissive than 

P4b in its fully doped state. 

  

 
 

Figure 5-6. Spectroelectrochemistry of DA-copolymer a) P1, b) P4a, c) P2, d) P5, e) P3, f) P6 
and g) P4b (Spectra a), b), e), f) and g) are normalized at the polymer longer 
wavelength absorption maximum). Films were spray-cast onto ITO-coated glass from 
toluene solutions (~4 mg mL-1). Electrochemical oxidation of the films was carried 
out in 0.1 M LiBF4/PC supporting electrolyte using a silver wire as a quasi-reference 
electrode (calibrated against Fc/Fc+) and a platinum wire as the counter electrode. The 
applied potential was increased a) in 25 mV steps from +0.3 V to +0.5 V and in 10 
mV steps from +0.5 V to +0.76 V b) in 25 mV steps from -0.05 V to +0.7 V c) in 50 
mV steps from -0.17 V to +0.23 V and in 25 mV steps from +0.23 V to +0.8 V d) in 
25 mV steps from +0.23 V to +0.7 V.e) in 25 mV steps from +0.33 V to +0.73 V f) in 
25 mV steps from +0.2 V to +0.83 V g) in 25 mV steps from +0.17 V to +0.72 V 
(Adapted with permission from Ref.128 Copyright 2009 American Chemical Society) 
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5.2.5 Polymer Colorimetric Analysis 

Films of polymer P1, P4a, P3 and P6 were spray-cast onto ITO-coated glass, and the color 

changes occurring on redox switching were characterized based on the ‘Commission 

Internationale de l'Eclairage’ 1976 L*a*b* color standards. Each film was redox-cycled several 

times and, as shown in Figure 5-7, the colorimetrically determined relative luminance change, 

estimating the brightness of the transmitted light as a percentage of the brightness of the light 

source calibrated to the sensitivity of the human eye, was measured as a function of the doping 

level induced by electrochemical oxidation (the corresponding absorbance of the films at λabs2 is 

reported in the legends). Generated using the L*a*b* color coordinates estimated under constant 

illumination of the polymer thin-films, the color swatches shown in Figure 5-8 give insight into 

how the structural modifications induced in the DA backbones influence their color states on p-
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doping. For consistency in comparing the various polymers, the film depositions were here 

followed by coarse luminance measurements allowing to approximately match the polymer 

optical transmission over the visible. 

 

 
 

Figure 5-7. Relative luminance as a function of applied potential and film thickness for spray-
coated DA polymers a) P1, b) P4a, c) P3 and P6, d) P4a and P4b. The legends 
indicate the absorbance of the deposited films (estimated at the longer wavelength 
absorption maximum) and give an indication of the thickness obtained on spraying. 
For color matching, L*a*b* values (in the sense of the Commission Internationale de 
l'Eclairage 1976 L*a*b* color model) of fully neutral and oxidized states are reported 
for the films (Adapted with permission from Ref.128 Copyright 2009 American 
Chemical Society) 

Figure 5-7a and 5-7b compare films of about the same neutral state luminance values of 

polymer P1 and P4a respectively. Interestingly, while the monochromatic transmittance ratios 
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estimated by spectroelectrochemical analysis at the local absorption maxima of P1 and P4a 

predicted slightly higher contrasts in the case of P4a, here the colorimetric measures lie in favor 

of P1 which, based on the perception of the broad visible region, exhibits luminance-change 

values as high as ca. 50% and L* values (ranging from 0 to 100) up to 94, indicative of its 

aptitude to nearly reach the ‘white point’ of color space. Nonetheless, the contrast ratios and 

transmissivities of P4a upon full oxidation remain outstanding as illustrated in Figure 5-7b. In 

particular, the luminance change of ca. 45% observed for the thicker deposited film of polymer 

P4a (A(λabs2) = 2.4 a.u.) demonstrates exceptional switching characteristics, suggesting good 

diffusion of the electrolyte through the active layer. Overall, both P1 and P4a attain remarkable 

transparencies with almost no residual hue in their fully oxidized state as indicated by the 

estimated a* and b* values close to those of the clear state of coordinates a*=0 and b*=0 (See 

Figure 5-8a and 5-8b). The large b* values observed in the neutral state of P1 account for its 

deep blue saturation whereas the stronger a* values obtained for P4a justify the green tone of its 

blue-green neutral state. These two polymers complete their full switch in a potential window of 

less than 0.4 V. 

Figure 5-7c evaluates how the incorporation of a trans-ethylene spacer affects the 

colorimetric properties of the fully heterocyclic control polymers P1 and P4a. P3 and P6 were 

spray-cast at thicknesses representative of their optimal colorimetric performance. Accordingly, 

a luminance change of 26% was observed along with little residual hue in the oxidized state as 

attested by the low a* and b* values. Although this luminance change is lower than those 

observed for the control polymers, such contrasts remain adequate for electrochromic polymers 

with application in window devices.  
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A direct effect of the presence of unsaturated spacers regularly inserted in the polymer 

backbones is the lower b* values of neutral state P3 (b*=-11) and P6 (b*=-1) in comparison with 

P1 (b*=-41) and P4a (b*=-31) which translates to a progressive loss of blue in their tone with P6 

exhibiting a near-perfect green saturation (See Figure 5-8c). Similar to P1 and P4a, these two 

polymers complete their full switch in a potential window of less than 0.4 V. 

Figure 5-8d suggests a slightly sharper color change when branched alkyl solubilizing 

groups replace the linear ones. At the deposited film thickness (A(λabs2) of ca. 0.6 a.u.), the 

colorimetrically estimated contrasts are near-identical (about 28%), as are the color coordinates 

of both the neutral and the oxidized states (See Figure 5-8d). Only a modest improvement in 

transparency can be observed for P4a as predicted by the spectroelectrochemical study. The ease 

in solution-processing of P4a makes this polymer electrochrome stand out when compared to 

P4b and adds advantageously to the moderate optical enhancement observed here. 

 
Figure 5-8. Color matching corresponding to the plots of relative luminance as a function of 

applied potential and film thickness described in Figure 5-7 for spray-coated DA 
polymers a) P1, b) P4a, c) P3 and P6, d) P4a and P4b. The associated L*a*b* values 
(in the sense of the Commission Internationale de l'Eclairage 1976 L*a*b* color 
model) of fully neutral and oxidized states are reported for the films (Adapted with 
permission from Ref.128 Copyright 2009 American Chemical Society) 
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5.2.6 Polymer Switching Studies 

New films of polymer P1, P4a, P3 and P6 were carefully spray-coated onto ITO and their 

deposition simultaneously monitored by transmittance measurements at their long wavelength 

absorption maximum (λabs2). Taking the optical density as representative of the thickness of 

active layer deposited, polymer thin-films of near-identical consistencies were obtained 

(%T(λabs2) = 17-20%), allowing reliable comparison of their electrochromic performance. Each 

film was redox-cycled until a stable and reproducible switch was reached prior to data collection 

and comparison. 

Figure 5-9 shows the transmittance change (or EC contrast, ∆%T) attained as a function of 

time and at the longer wavelength absorption maximum of each material applying square-wave 

potential steps in the range 10 s to 1 s (ν). In general, square-wave potential stepping 

experiments are preferred over potential cycling when characterizing the response time of a thin-

film electrochrome as significant optical change occurs in less than 0.1 s. In this study, the lower 

energy transition was chosen to be monitored due to its more intense absorption in the visible 

region, and it is, in turn, expected that its contrast ratio and rate of depletion will be 

representative of the polymer’s overall EC switching ability. 

Figures 5-9a and 5-9b compare the response of polymer P1 and P4a respectively. As 

predicted by the spectroelectrochemical study, P4a exhibits a higher EC contrast (50.6%) at the 

longer wavelength absorption maximum than that of P1 (41.8%) on slow electrochemical 

switching (ν = 10 s). As the switch time is decreased from 10 s to 2 s, a difference of 29% in the 

contrast estimated is noted in the case of P1, whereas P4a undergoes a contrast change of less 

than 4.5%. It is only by changing the switch time from 10 s to 1 s that P4a showed a significant 

loss of contrast, 19% lower in value. Given the similar oxidation potentials, such a notable 
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variation in switching performance between the two polymers can be attributed to the differences 

in ease of attaining the planar quinoidal geometry characteristic of the oxidized state. With its 

solubilizing side-chains in the plane of the conjugated main-chain generally inducing a relative 

twisting of the polymer backbone, it is likely that P1 does not possess the same extent of 

conjugation than P4a and is, in turn, not as prone to radical cation (polaron) coupling into stable 

dications (bipolarons). On the contrary, the ProDOT units of P4a exhibit a ‘spiro-like’ center 

which maintains the branched solubilizing pendant groups out of the plane of the main-chain and 

increases the interchain spacing allowing ions to penetrate into and out of the film more freely. 

Figures 5-9c and 5-9d report the response of the two trans-ethylene substituted analogues 

of P1 and P4a, respectively P3 and P6, to square-wave signals of 10 s, 5 s and 2 s. The EC 

contrasts of ca. 34% obtained at the longer wavelength absorption maximum on slow switching 

(ν = 10 s) are in agreement with the spectroelectrochemical estimated values ranging from 35 to 

50%. Similar to the parent polymers (P1 and P4a), as the switch time is increased from 10 s to 2 

s, a decrease of about 42% in the contrasts is noted in the case of P3 whereas P6 undergoes a 2% 

contrast change from 10 s to 5 s and 24% from 5 s to 2 s. Overall, in analogy with its control 

polymer P4a, P6 exhibits higher EC contrasts than P3 as well as shorter response times. It is 

worth noting that P3 was also more sensitive to high oxidation potentials than P6 and lost its 

redox reversibility rather rapidly. The difference in switching speed between P6 and the fully 

heterocyclic parent P4a is tentatively attributed to the decrease of interchain spacing arising from 

an increase of planarity of the polymer backbone upon insertion of ethylene substituents between 

the electron-donating building units. It is possible that the reduced interchain spacing hinders the 

diffusion of the counter-balancing ions from the electrolyte to the active layer. An additional 
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reason could lie in the rotational freedom of the double bond which would inhibit the 

combination of the radical cationic species. 

 
 

 
 

Figure 5-9. Square-wave potential step absorptometry of spray-coated a) P1 (monitored at 653 
nm, - 0.6 V → + 0.65 V versus Fc/Fc+), b) P4a (monitored at 677 nm, - 0.6 V → + 
0.6 V versus Fc/Fc+),  c) P3 (monitored at 648 nm, - 0.6 V → + 0.6 V versus Fc/Fc+) 
and d) P6 (monitored at 685 nm, - 0.6 V → + 0.6 V versus Fc/Fc+), onto ITO in 0.1 
M LiBF4/propylene carbonate solution. Switch times chosen among: 10 s step for 40 s 
(2 cycles), 5 s step for 20 s (2 cycles), 2 s step for 20 s (5 cycles) and/or 1s step for 20 
s (10 cycles) (Adapted with permission from Ref.128 Copyright 2009 American 
Chemical Society) 

Of all the candidates for EC applications synthesized in this study, P1, P4a and P6 stand 

out in terms of color contrasts, switching-times and short-term redox reversibility as 
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demonstrated throughout the previous sections. To reinforce the potential of these ECPs for 

integration into ECDs and commercial applications, their long-term switching was investigated 

on ITO-coated glass applying square-wave potential steps of a duration adapted to the polymers 

individual response-time. Figure 5-10 demonstrates the performance of the selected polymers as 

the spray-deposited thin-films are subjected to 3,000 redox cycles in 0.1 M LiBF4/propylene 

carbonate solution and under atmospheric conditions. 

Measured at its longer wavelength absorption maximum (λabs2= 653 nm) and using a 

switching step of 6s, a transmittance change similar to that previously monitored (∆%T(λabs2) ~ 

40) extends with consistency over the first 2,000 redox cycles (6h 40min) for P1 as described in 

Figure 5-10a. Between 2,000 and 2,500 cycles, a progressive loss of transparency is observed on 

doping whereas the film in its neutral state sees only little change in coloration. Such a sudden 

loss of electrochromicity is a common indication that the contact between the ITO-coated 

working electrode and the polymer thin-film is altered. In fact, a major difficulty in the synthesis 

of solution-processable ECPs lies in the tradeoff that must be found in the choice of the 

solubilizing groups considering that the subsequent electroactive polymer thin-film should be 

sufficiently ‘insoluble’ and compact to remain strongly adhered to the working electrode while 

being able to swell effectively and allow rapid diffusion of the charge balancing counter-ions 

throughout the polymeric network. In the case of P1, the combination of the branched nature of 

the substituents with their in-plane configuration induces an excess of solubility in the context of 

long-term EC switching. Nonetheless, in devices where gel electrolytes are used, the extent of 

delamination or dissolution is generally reduced in comparison with a conventional solution 

electrochemical cell such that it is not always necessary to re-synthesize a polymer analogue with 

shorter solubilizing side-chains. 



 

179 

In contrast, P4a exhibits a remarkably stable switch over 3,000 cycles (10h based on a 4s 

switching step, one cycle is 8s) as demonstrated in Figure 5-10b. Measured at its longer 

wavelength absorption maximum (λabs2= 677 nm), a variation in electrochromic contrast of only 

1% is observed along with no significant lose of transparency in the doped state or color in the 

neutral state. This outstanding enhancement when compared to P1 can be attributed to the 

reduced solubility of P4a in solid thin-films. The out-of-plane configuration of the solubilizing 

side-chains of P4a accounts for an increase of planarity of the conjugated backbone which in 

turn affects both inter- and intra-chain interactions. This last consideration becomes especially 

obvious as the somewhat reduced solubility of P4a necessitated the use of elevated temperatures 

to dissolve the polymer rapidly in the casting solvent (toluene) while P1 dissolves 

instantaneously at room temperature using the same solvent. 

The same long-term stability study (using a 6s switching step, one cycle is 12s) performed 

on the ethylene-unsaturated polymer P6 revealed a more conventional behavior for an ECP. 

Thus, as depicted in Figure 5-10c, a slow but constant variation of transparency in the oxidized 

state (∆%T(DS)= 7.9 after 3,000 cycles) and color in the neutral state (∆%T(NS)= 9.1 after 3,000 

cycles) was monitored with increasing number of cycles, whereas the overall transmittance ratio 

(%T(DS)-%T(NS)) remains relatively constant during the experiment (∆%T= 1.2 after 3,000 

cycles). As stated previously, this result remains significant considering the nature of the 

substrate used and the redox induced solubility of the polymer in the solution electrochemical 

cell as there is little to prevent the chains from slowly migrating towards the platinum counter 

electrode during the experiment. Nonetheless, this phenomenon could be overcome (at least 

greatly minimized) by casting the higher molecular weight fraction of P6, hence improving both 

film quality and resistance of the polymer network to repeated switching. 
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Figure 5-10. Long-term switching of spray-cast a) P1 (monitored at 653 nm, - 0.4 V → + 0.65 V 
versus Fc/Fc+, square-wave potential steps of 4s, complete cycle is 8s), b) P4a 
(monitored at 677 nm, - 0.4 V → + 0.65 V versus Fc/Fc+, square-wave potential steps 
of 6s, complete cycle is 12s), and c) P6 (monitored at 685 nm, - 0.4 V → + 0.6 V 
versus Fc/Fc+, square-wave potential steps of 6s, full cycle is 12s), on ITO in 0.1 M 
LiBF4/propylene carbonate solution (Adapted with permission from Ref.128 Copyright 
2009 American Chemical Society) 

5.2.7 Synthetic Details 

Synthesis of Macromonomers M1, M1’, M2, M2’, Polymers P1, P4a and P4b: Refer 

to Chapter 4 of this dissertation. P4b was synthesized using conditions analogous to those 

described for P4a. 1HNMR (300 MHz, CDCl3) δ= 8.34 (bs, 2H), 4.29 (bs, 8H), 3.67 (bs, 8H), 

3.47 (bs, 8H), 1.27 (bs, 36H), 0.86 (bs, 24H). 

Polymer P2: Macromonomer M1’ (245 mg, 0.252 mmol), 1,2-

bis(trimethylstannyl)ethyne (88.7 mg, 0.252 mmol) and tetrakis(triphenylphosphine)palladium (4 
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mol%) were cycled (argon/vacuum, 3x) and subsequently dissolved in a mixture of dry toluene 

(8 mL) and deoxygenated dimethylformamide (1.5 mL). The solution was heated to 100oC. After 

72 hours, the reaction mixture was cooled to room temperature and poured into methanol-

deionized water (2:1, 200 mL). The precipitate was filtered through a Soxhlet thimble, purified 

via Soxhlet extraction for 12 h with methanol, and extracted for 2 hours with chloroform. The 

chloroform fraction was concentrated by evaporation and the polymer was precipitated into 

deionized water, collected as a dark solid and dried under vacuum overnight (81 %). 1H NMR 

(300 MHz, CDCl3) δ= 8.47 (bs, 2H), 7.72 (m, chain-ends), 7.41 (m, chain-ends), 4.1-3.9 (br, 

8H), 1.8-1.2 (br, 36H), 1.1-0.6 (br, 24H). 

Polymer P5: Macromonomer M2’ (245 mg, 0.209 mmol), 1,2-

bis(trimethylstannyl)ethyne (73.5 mg, 0.209 mmol) and tetrakis(triphenylphosphine)palladium (4 

mol%) were cycled (argon/vacuum, 3x) and subsequently dissolved in a mixture of dry toluene 

(8 mL) and degassed dimethylformamide (1.5 mL). The solution was heated to 100oC. After 72 

hours, the reaction mixture was cooled to room temperature and poured into methanol-deionized 

water (2:1, 200 mL). The precipitate was filtered through a Soxhlet thimble, purified via Soxhlet 

extraction for 12 h with methanol, and extracted for 2 hours with chloroform. The chloroform 

fraction was concentrated by evaporation and the polymer was precipitated into deionized water, 

collected as a dark solid and dried under vacuum overnight (72 %). 1HNMR (300 MHz, CDCl3) 

δ= 8.29 (bs, 2H), 7.72 (m, chain-ends), 7.41 (m, chain-ends), 4.20 (bs, 8H), 3.58 (bs, 8H), 3.32 

(bs, 8H), 1.28 (bs, 36H), 0.89 (bs, 24H). 

Polymer P3: Macromonomer M1’ (315 mg, 0.324 mmol), 1,2-bis(tributylstannyl)ethene 

(196.6 mg, 0.324 mmol) and tetrakis(triphenylphosphine)palladium (4 mol%) were cycled 

(argon/vacuum, 3x) and subsequently dissolved in a mixture of dry toluene (15 mL) and 
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degassed dimethylformamide (3 mL). The solution was heated to 100oC. After 72 hours, the 

reaction mixture was cooled to room temperature and poured into methanol-deionized water 

(2:1, 200 mL). The precipitate was filtered through a Soxhlet thimble, purified via Soxhlet 

extraction for 12 h with methanol, and extracted for 2 hours with chloroform. The chloroform 

fraction was concentrated by evaporation and the polymer was precipitated into methanol-

deionized water (1:1, 100 mL), collected as a dark solid and dried under vacuum overnight (70 

%). 1H NMR (300 MHz, CDCl3) δ= 8.41 (bs, 2H), 7.72 (m, chain-ends), 7.41 (m, chain-ends), 

4.1-3.9 (br, 8H), 1.8-1.2 (br, 36H), 1.1-0.6 (br, 24H). 

Polymer P6: Macromonomer M2’ (300 mg, 0.256 mmol), 1,2-bis(tributylstannyl)ethene 

(155.2 mg, 0.256 mmol) and tetrakis(triphenylphosphine)palladium (4 mol%) were cycled 

(argon/vacuum, 3x) and subsequently dissolved in a mixture of dry toluene (15 mL) and 

degassed dimethylformamide (3 mL). The solution was heated to 100oC. After 72 hours, the 

reaction mixture was cooled to room temperature and poured into methanol-deionized water 

(2:1, 200 mL). The precipitate was filtered through a Soxhlet thimble, purified via Soxhlet 

extraction for 12 h with methanol, and extracted for 2 hours with chloroform. The chloroform 

fraction was concentrated by evaporation and the polymer was precipitated into methanol-

deionized water (1:1, 100 mL), collected as a dark solid and dried under vacuum overnight (78 

%). 1HNMR (300 MHz, CDCl3) δ= 8.42 (bs, 2H), 7.72 (m, chain-ends), 7.41 (m, chain-ends), 

4.25 (bs, 8H), 3.60 (bs, 8H), 3.35 (bs, 8H), 1.31 (bs, 36H), 0.91 (bs, 24H). 

5.3 Conclusions and Outlook 

A series of alternating conjugated DA polymeric hybrids containing 3,4-dioxythiophenes, 

2,1,3-benzothiadiazole and unsaturated spacers (either ethynylene or trans-ethylene) were 

synthesized (P2, P3, P5 and P6), electrochemically characterized and their electrochromic 
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performance evaluated with the goal of attaining a better understanding of the structural 

requirements to achieving reversibly switching cathodically-coloring ECPs of high contrasts and 

tunable optical performance. As demonstrated by spectroelectrochemical analysis, ethynylene 

linkers hindered the formation of a defined bipolaronic transition in the near-IR and were thus 

found disruptive with respect to the EC potential of their subsequent alternating copolymers (P2 

and P5). In contrast, the presence of trans-ethylene spacers regularly inserted to enhance the 

coplanarity of the DA polymeric backbones induced narrowing of the energy-gaps, affording 

new colors (P3 and P6) distinct from that exhibited by the control polymers (P1, P4a and P4b), 

including saturated green, a complementary color in the realization of polymeric EC displays 

(see Figure 5-11). The increased degree of conformational freedom provided allowed stable 

quinoidal geometries to be formed upon doping and a transmissive oxidized state to be reversibly 

attained. Further, the more saturated green analogue (P6) showed excellent optical and redox 

stabilities to repeated switching (over 3000 cycles onto ITO) in comparison to its control parent, 

hence demonstrating the potential of this ECP for device applications. Figure 5-11 overviews the 

color palette attained throughout this study involving simple structural modifications, and 

spanning cyan blue, intermediate blue-greens and saturated green. 

Beside the fine tuning of optical properties afforded by the simple structural modifications 

described in this study, trans-ethylene linkers-containing ECPs open an obvious pathway toward 

the synthesis of polymeric electrochromes synthesized via the copolymerization of multiple 

chromophores. Our group is currently investigating this promising access to new color palettes, 

including the color black such as desired for electronic ink-based applications. 
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Figure 5-11. Overview representation of the color states attained among the 3,4-dioxythiophene 

(DOT) and 2,1,3-benzothiadiazole (BTD) – based polymer series (P1-P6) 
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CHAPTER 6 
STRUCTURE–PROPERTY RELATIONSHIPS AND DESIGN RULES IN 3,4-

DIOXYTHIOPHENE – 2,1,3-BENZOTHIADIAZOLE DONOR – ACCEPTOR GREEN 
POLYMERS FOR PHOTOVOLTAIC APPLICATIONS 

6.1 Motivations for a Structure-Relationship Study of 3,4-Dioxythiophene – 2,1,3-
Benzothiadiazole Polymers 

With the perspectives of producing power-generating displays taking advantage of the 

variety of colors accessible through π-conjugated semiconducting polymers, the synthetic design 

of polymeric systems based on the donor-acceptor approach should take into account multiple 

requirements including 1) a wide-ranging optical spectrum reflecting the desired shade while 

maintaining large absorption coefficients, and 2) adequate charge-carrier mobilities in thin-film 

devices. As discussed throughout the previous Chapters of this dissertation, green is a color 

difficult to achieve in π-conjugated polymers, and green-colored high-performance 

semiconducting materials addressing the requirements for use in photovoltaic devices could be 

especially useful in aesthetically-pleasing light-harvesting technologies spanning “photovoltaic 

trees” (see Figure 6-1a), and “photovoltaic turfs” (see Figure 6-1b) whereby each “leaf-like” or 

“grass-like” light-harvesting pixel would act as an individual solar cell for instance. Importantly, 

each individual solar cell could be either a polymer solar cell, or a dye sensitized solar cell, and 

could be made from plastic substrates to be mechanically flexible as desired for applications 

associated with physical movements and mechanical constraints. The access to this technology is 

currently being explored by Sestar Technologies, LLC who is supporting our research effort in 

this direction. In a different context, the utility of green-colored solar cells combined into an 

earth-toned and lightweight photovoltaic device, potentially flexible, which could subsequently 

be incorporated in military gears, chameleonic fabrics, and other camouflage-related applications 
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(see Figure 6-2a and Figure 6-2b), can be envisaged to limit the use of conventional batteries, 

over the course of military operations for instance. 

a)  b)  
 
Figure 6-1. Green-colored semiconducting materials addressing the requirements for use in 

photovoltaic devices could be especially useful in aesthetically-pleasing light-
harvesting technologies spanning a) “photovoltaic trees” (photograph shows one of 
the photovoltaic trees standing in Styria, Austria), and b) “photovoltaic turfs”, where 
each “leaf-like” or “grass-like” light-harvesting pixel would act as an individual solar 
cell 

a)  b)  
 

Figure 6-2. Green-colored solar cells combined into an earth-toned and lightweight flexible 
photovoltaic device, for example, could find potential utility in military gears, 
chameleonic fabrics, and other camouflage-related applications, and can be envisaged 
to limit the use of conventional batteries, over the course of military operations for 
instance 
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While  dye-sensitized solar cells of practically any color can be made based on the use of 

small molecules,165-167 the most established photovoltaic polymers can only yield red (e.g. 

P3HT),168 orange (e.g. MDMO- or MEH-PPV),40 or blue (e.g. PCPDTBT)44 light-harvesting 

modules. Though structure-property correlation studies can help establish parallels and trends 

between molecular structure, color, charge transport and PV performance, the number of works 

describing a specific polymer design and the rationale that led to it remains limited. 

As described throughout Chapters 3-5 of this dissertation, solution-processable neutral 

state green π-conjugated polymers can be produced based on electron-rich 3,4-dioxythiophenes 

(DOTs) and the electron-deficient 2,1,3-benzothiadiazole (BTD). However, to date, 

semiconducting polymers employing DOTs and BTD have shown limited performance in 

photovoltaic devices likely due to a combination of unbalanced charge-carrier mobilities, and 

unfavorable morphology when blended with the strong electron acceptor PCBM 

(interpenetrating network not forming).169 Further, it can be argued that the presence of a high 

concentration of aliphatic solubilizing side-groups in the proposed conjugated backbones, 

inducing steric hindrance and forcing the main-chain out of planarity, may have been a 

contributing factor in their moderate photovoltaic efficiencies. Following these consideration, 

careful design of DOT-BTD based semiconducting polymers suitable in the context of solar cell 

applications is desired and should be pursued with the goal of producing neutral state green 

photovoltaic polymers, for example. 

6.2 Proposed Design and Rational 

Interpenetrating and bicontinuous networks of semiconducting polymers and fullerene 

derivatives, namely bulk heterojunctions (BHJs), have rapidly become the mainstay of research 

in the area of organic solar cell after their first description by Heeger et al. in 1995,36 promising 
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higher densities of photogenerated charges, improved charge extractions and low cost solution 

processing. While power conversion efficiencies as high as 10% in solar cells made of a single 

active layer39 and 15% in tandem devices40 have been anticipated, the highest reported values 

surprisingly remain in the 5-6% range.41 As described earlier in this dissertation (see Chapter 1), 

of all the parameters governing BHJ device performance, the polymer energy band structure 

prevails as it sets the breadth and location of the spectral absorption (via the bandgap), directly 

relates to the device open-circuit voltage (VOC, via the HOMO) and imparts the photoinduced 

electron transfer to the strongly accepting fullerene analogue. 

In 2006, Janssen et al. reported on the performance of a branched dialkyl-substituted 3,4-

dioxythiophene- and 2,1,3-benzothiadiazole-containing copolymer in BHJ solar cells with 

PC60BM as the fullerene electron-acceptor.169 The low bandgap DA hybrid (~1.55 eV) was 

found to exhibit a spectral response extending from 350 to 800 nm (with a main optical transition 

located in the 500 to 800 nm range of the visible), along with a FF of 42% and an overall PCE of 

0.9% under AM 1.5 solar illumination at optimized polymer:PCBM blend composition. 

Importantly, the DOT-BTD derivative described allowed the construction of cells exhibiting a 

relatively high VOC of 0.77 V, but the device EQE remained low (maxima of 20% at ~450 nm 

and 13% at ~630 nm), therefore suggesting a performance limited by the charge transport. 

With this important contribution169 in mind, a series of DOT-BTD copolymers could be 

envisaged and designed to provide insight into how careful structural modifications can be 

achieved to enhance the charge transport properties and photovoltaic response of DA π-

conjugated polymers. The polymer series illustrated in Figure 6-3 was developed considering the 

DOT-BTD polymer analogue independently developed by Janssen et al. for solar cells and by 

our group for electrochromic applications (see Chapter 4) as a platform for new synthetic design. 
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This proposed design is envisioned to demonstrate how the polymer optical absorption can be 

fully transferred into the visible (hence reflecting the color green) according to the principles 

previously described in the manuscript (see Chapters 3), and its charge transport properties 

simultaneously optimized to improve the polymer EQE in devices and, in turn, the device PCE 

owing to the increase in photogenerated current. 

 
 
Figure 6-3. Schematic illustration of the proposed design for the synthesis of dioxythiophene-

benzothiadiazole (DOT-BTD) DA copolymers with tunable absorption spectra and 
variable charge transport properties (Adapted with permission from Ref.170 Copyright 
2009 American Chemical Society) 

6.3 Synthesis and Characterization of the 3,4-Dioxythiophene – 2,1,3-Benzothiadiazole 
Polymer Hybrids 

6.3.1 Design, Synthesis and Physical Characterization 

The utility of the donor-acceptor approach in the design of solution-processable polymer 

electrochromes has been examined throughout the previous Chapters of this dissertation (see 

Chapters 3-5), demonstrating color states commonly difficult to achieve in π-conjugated 

polymers, such as greens of tunable hues. While neutral state green polymers were achieved 
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relying on a two-band absorption in the visible attainable on the sole basis of a linear 

combination of well chosen electron-rich and -poor building units,109 the molecular structure of 

the resulting polymers was not optimized to provide the materials with substantial thin-film 

charge transport properties as desired for photovoltaic devices. For example, since soluble 

polymers intentionally designed for electrochromic device applications generally incorporate a 

large number of appended aliphatic side-chains (insulating), they do not commonly show a 

pronounced degree of microstructural order (including π-stacking) when cast and their hole 

mobilities remain modest in general.171-173  

Given that pendant-groups alter the backbone planarity,173-175 the macroscopic 

organization,176 and governs the intermolecular distances30 in π-conjugated polymers, two repeat 

units with limited extent in aliphatic solubilizing chains, namely M2 and M3 in Figure 6-4, were 

designed. The same scheme illustrates the synthetic access to the copolymers P1-P3. Here, the 

electron-accepting building unit BTD was first symmetrically substituted with two electron-rich 

3,4-dialkoxythiophenes comprising 2-ethylhexyl pendant solubilzing groups to yield the 

intermediate M1 (as a bright orange oil). M2 and M3 were subsequently obtained in a Stille-type 

palladium-mediated cross coupling111 in gently refluxing THF between the halogenated 

precursor M1’ and either (3,4-dimethoxythiophen-2-yl)trimethylstannane (M2) or 

tributyl(thiophen-2-yl)stannane (M3). Column chromatography over silica using mixtures of 

hexanes and dichloromethane afforded M2 and M3 which were isolated as tacky solids. P2 and 

P3 were produced by room temperature oxidative polymerization of the easily oxidized 

macromonomers M2 and M3 using the mild oxidizing agent FeCl3 and were subsequently 

reduced with hydrazine. P2 and P3 were precipitated in methanol and purified by Soxhlet 

extraction with methanol before further characterization and device fabrication. It is worth noting 
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that while P1 was first produced by Janssen et al. via a nickel-catalyzed Yamamoto 

polycondensation approach to be investigated as a photovoltaic semiconducting polymer,169 

nickel-mediated polymerizations require elevated temperatures and oxygen-free environments. 

Here, oxidative polymerizations at ambiance proved to be an effective alternative. 

In the resulting copolymers P2 and P3, the DOTs symmetrically functionalized onto BTD 

and bearing the solubilizing side-chains are spaced by a small conjugated block composed of two 

thienylene heterocycles possessing either short pendant-groups (P2) or no substituent (P3). The 

presence of said conjugated spacers is expecting to increase the backbone planarity appreciably 

in comparison with the control polymer P1 (directly obtained from the self-condensation of M1, 

as described in Chapter 4). In particular, it can be anticipated that the steric hindrance related to 

the in-plane branched alkoxy substituents as in P1 forces two adjacent DOT building units out of 

planarity, therefore minimizing the overall polymer conjugation length. In contrast, reducing the 

concentration of aliphatic side-groups along the main-chain to the necessary extent, as in P2 and 

P3, should reduce the chain-to-chain distances, favor the π-stacking interactions and, in turn, 

improve the charge transport properties of the corresponding materials.177-179  

Importantly, the electron-rich character of M2 and M3 was anticipated to enable the 

polymer two-band absorption in the visible suitable to set the color green previously observed for 

the neutral state green-to-transmissive swicthing polymer electrochromes discussed throughout 

Chapters 3 and 4 of this dissertation. 

The structures of the repeat unit of P1-P3 were supported by 1H NMR and the quality of 

the polymers was probed by elemental analysis (see Experimental section below). The polymer 

molecular weights were determined via polystyrene-calibrated GPC with THF as the mobile 

phase and are summarized in Table 6-1. Number average molecular weights (Mn) ranging from 
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16,300 g mol-1 (P1) to 69,300 g mol-1 (P3) and relatively narrow PDIs (1.6-2.6) were estimated 

for the polymers. It is worth noting that the reported molecular weights were estimated from 

polymers non-fractionated beyond isolation by precipitation in MeOH, hence demonstrating the 

effectiveness of the proposed synthetic route involving long oligomers which can be easily 

oxidized as the precursors for polymerization. This last comment is especially relevant given that 

no consideration of the monomer-to-comonomer stoichiometry is to be taken into account 

following this polymerization pathway. Importantly, the minimum average number of repeat 

units for all the polymers was found to be 20 (P1), corresponding to a main-chain of nearly 60 

aromatic units, which is 4 times as high as the value for which the electronic properties of DA 

conjugated polymers are commonly found to saturate (~15 aromatic rings).112 However, it is also 

worth noting that the polymerization degrees calculated for P2 and P3 appear especially large 

considering the conventional polymerization techniques used in this work, which may point 

towards an overestimation inherent to the instrument/method employed in the determination of 

the corresponding molecular weights. Thermogravimetric analysis of P1-P3 showed only 

negligible weight loss below ~320oC (under nitrogen atmosphere), hence demonstrating their 

excellent thermal stability. 

 
 

Figure 6-4. Synthetic route to the dioxythiophene-benzothiadiazole (DOT-BTD) DA copolymers 
P1-P3 (Adapted with permission from Ref.170 Copyright 2009 American Chemical 
Society) 
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Table 6-1. Number average molecular weight (Mn, g mol-1), Weight average molecular weight 
(Mw, g mol-1), Polydispersity index (PDI), Average number of repeat units, Average 
number of rings, and Onset of decomposition temperature (as measured by TGA 
under nitrogen atmosphere) for the donor-acceptor copolymers P1-P3 (Adapted with 
permission from Ref.170 Copyright 2009 American Chemical Society) 

Polymer Mn (g mol-1) Mw (g mol-1) PDI Avg. No.  
of Repeat Units 

Avg. No. 
of Rings Td (oC)a 

P1 16,300 42,400 2.6 20 60 321 
P2 43,000 90,300 2.1 39 195 322 
P3 69,300 110,900 1.6 71 355 321 
a Onset decomposition temperature measured by TGA under nitrogen. 
 
6.3.2 Polymer Optical Characterization 

As illustrated in Figure 6-5, while P1-P3 all exhibit a two-band absorption in the UV-

visible spectrum, their short-wavelength transition differs in relative intensity and position in the 

spectrum with respect to the long-wavelength transition among the polymer series. In toluene 

solution, P1 shows a first local absorption maximum in the UV (391 nm) and at a distance of 

~250 nm from the second absorption maximum (638 nm). In contrast, in the case of P2 and P3, 

the first local absorption maximum has been shifted to the visible (430 and 422 nm, respectively) 

and is separated by less than 190 nm from the second absorption maximum (613 and 591 nm, 

respectively), hence producing a significant overlap between the corresponding optical 

transitions, along with shifting the window of transmission towards the higher wavelengths (484 

and 475 nm, respectively). In the solid state, the inter-band windows of transmission are further 

transferred in the green region of the visible (480 – 550 nm), which is sufficient to provide P2 

and P3 with a neutral state green color. In comparison, the shorter wavelength absorption band 

of P1 remains less intense and less shifted than that of P2 and P3, and accordingly, P1 shows a 

more conventional saturated blue color in its neutral state. Table 6-2 summarizes the local 

absorption maxima for P1-P3 in toluene and as cast. 
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While the low energy transition in these spectra can be attributed to the intramolecular 

donor-acceptor interaction arising from the covalent bonding of electron-donating (DOTs) and 

electron-accepting (BTDs) aromatic units, the higher energy transition can be assigned to the 

electron-donating contribution of the alternating polymer backbone (i.e. the all-thienylene 

segments) as described earlier in this dissertation (see Chapters 3 and 4). 

   

 
 

Figure 6-5. Solution (in toluene) and thin film optical absorption spectra of DA-copolymers a) 
P1, b) P2 and c) P3. The spectra of each system are normalized at the longer 
wavelength absorption maximum (Adapted with permission from Ref.170 Copyright 
2009 American Chemical Society) 
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Table 6-2. Local absorption maxima (solution in toluene and solid state), and film optical 
bandgap (Eg, eV) for the donor-acceptor copolymers P1-P3 (Adapted with permission 
from Ref.170 Copyright 2009 American Chemical Society) 

Polymer 
λabs (nm) In Toluene λabs (nm) Thin Film 

Eg (eV) 
1 2 1 2 

P1 391 638 399 653 (708)a 1.6 
P2 430 613 446 651 1.55 
P3 422 591 448 636 1.65 
a Shoulder 
 
6.3.3 Polymer Electrochemistry 

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were used to 

investigate the redox properties of P1-P3, including determining how polymer oxidation and 

reduction potentials, associated HOMO and LUMO energy levels, and electrochemical bandgaps 

vary with presence/absence of the bithienyl conjugated spacer. Table 6-3 summarizes these 

results, along with the optical bandgap of the polymers as estimated from the onset of their low 

energy transition. Polymer thin films were drop-cast from toluene solutions (6 mg mL-1) onto 

platinum button electrodes and characterized in an electrochemical cell comprising a platinum 

counter-electrode and a silver wire as the reference electrode, with the said electrochemical cell 

set in an argon-filled dry box. All estimated potentials were subsequently calibrated versus 

Fc/Fc+. The polymer films were systematically cycled prior to characterization, until a stable and 

reproducible redox response was reached. 

The redox characteristics of P1 have been described earlier in this dissertation (see Chapter 

5). In brief, P1 revealed a low oxidation potential of +0.25 V by CV (and supported by DPV) 

which corresponded to a relatively high HOMO energy level of 5.35 eV relative to vacuum. The 

onset of reduction was found at -1.57 V by CV and -1.52 V by DPV, which corresponded to a 

LUMO of 3.53 eV by CV and 3.59 eV by DPV, respectively, and to electrochemical bandgaps of 

1.82 and 1.77 eV. 
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Figure 6-6a shows the CV and DPV traces of P2. P2 revealed a lower oxidation potential 

than that of P1, +0.18 V by CV and +0.14 V by DPV, and thus a higher-lying HOMO, 5.28 eV 

from CV and 5.24 eV from DPV, in agreement with the introduction of the 3,4-

dimethoxythiophene – based conjugated spacer increasing the electron-rich contribution in the 

DA backbone. It is worth noting that the signal corresponding to the first reduction process 

observed was relatively weak in comparison to that of the second reduction seen by CV, the 

second one inducing rapid degradation of the polymer on repeated cycling. The onset estimated 

from the first reductive process, -1.63 V by CV and -1.48 V by DPV, was consistent with the 

existing literature relating to BTD-containing DA copolymers.44,45,180 From the associated 

LUMOs, 3.47 eV by CV and 3.62 eV by DPV, energy gaps of 1.81 and 1.62 eV, respectively, 

were determined in agreement with those found for P1. 

a)  b)  
 

Figure 6-6. a) Cyclic (scan rate of 50 mV/s) and differential pulse voltammograms (step time of 
0.1 s) of P2 drop-cast onto a platinum button electrode (0.02 cm2) in 0.1M TBAP/PC 
electrolyte solution b) Differential pulse voltammogram (step time of 0.1 s) of P3 
drop-cast onto a platinum button electrode (0.02 cm2) in 0.1M TBAP/PC electrolyte 
solution (Adapted with permission from Ref.170 Copyright 2009 American Chemical 
Society) 

In contrast with P2, the incorporation of a bithiophene conjugated spacer in P3 repressed 

the polymer HOMO by ca. 0.3 eV (5.60 eV by CV and 5.53 eV by DPV). This important result 

can be attributed to the less pronounced electron-rich character of thiophene when compared to 
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that of 3,4-dimethoxythiophene. In comparison with P1 and P2, polymer P3 revealed a higher 

oxidation potential (+0.50 V by CV and +0.43 V by DPV), while retaining a near-identical onset 

of reduction (-1.6 V by CV and -1.47 V by DPV). As illustarted in Figure 6-6b, and in analogy 

with P2, the signal corresponding to the first reduction process observed was weaker than that of 

the second reduction which induced rapid degradation of the polymer on repeated cycling. 

In general, the electrochemical bandgaps were found to be slightly smaller when estimated 

by DPV (by up to 0.2 eV lower than those determined by CV). As previously mentioned in this 

dissertation (see Chapter 5), DPV tends to provide more accurate estimates when evaluating the 

redox potentials of π-conjugated polymers 1) by reducing the contribution of the charging 

background currents, and 2) by inducing sharper redox onsets than CV.128,181 Although the 

electrochemically determined bandgaps were systematically larger than the optically estimated 

values, this experimental observation is in good agreement with work on DA polymers from 

various groups.46,112,182 For instance, the bandgap of P2 estimated by CV (1.81 eV) differs from 

its optically determined analogue (1.55 eV) from 0.26 eV. Similarly, the CV estimated gap of P3 

(2.1 eV) differs significantly from its optically determined analogue (1.55 eV), though the gap 

estimated by DPV (1.9 eV) only differs from 0.35 eV from the optical analogue. 

Table 6-3. Electrochemically determined HOMO and LUMO energy levels (by CV and by 
DPV), Corresponding electrochemical bandgaps, and Comparison with their optically 
estimated values for the copolymers P1-P3 (Adapted with permission from Ref.183 
Copyright 2009 American Chemical Society) 

Polymer 
Eoxonset (V) HOMO (eV) Eredonset (V) LUMO (eV) Egap (V) Egap (V) 

CV DPV CV DPV CV DPV CV DPV CV DPV Optical 

P1  0.25 0.25 5.35 5.35 -1.57 -1.52 3.53 3.59 1.82 1.77 1.60 

P2  0.18 0.14 5.28 5.24 -1.63 -1.48 3.47 3.62 1.81 1.62 1.55 

P3 0.50 0.43 5.60 5.53 -1.60 -1.47 3.50 3.63  2.10 1.90 1.65 
a oxidation (Eoxonset) and reduction (Eredonset) potentials are reported vs Fc/Fc+. HOMO and LUMO 
energy levels are derived from the electrochemical data (Eoxonset and Eredonset respectively) considering 
that the SCE is 4.7 eV vs. vacuum and Fc/Fc+ is 0.38 eV vs. SCE, i.e. 5.1 eV relative to vacuum. 
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Given the above discussion, the energy diagram presented as Figure 6-7 was constructed 

by employing the DPV estimated energy levels of the polymers. In short, Figure 6-7 highlights 

the appropriate match between the energy band structure of the designed polymers and the key 

energy levels of the various components commonly utilized in the fabrication of BHJ 

photovoltaic test-devices (e.g. ITO, PEDOT:PSS, PCBM and Al).44,95 Importantly, the rather 

low-lying HOMO of P3 (when compared to that of P1 and P2) is expected to have a favorable 

impact on the open-circuit voltage of the solar cells made thereof, which could ultimately 

enhance the overall power conversion efficiency of the corresponding devices.10,11 

 
 

Figure 6-7. Schematic representation of the energy-band structure of P1-P3 showing the polymer 
HOMO and LUMO energies as estimated by DPV (green filled rectangles) with 
respect to those of an “ideal polymer” (i.e. designed to be integrated in BHJ solar 
cells employing PC60BM and PEDOT-PSS). The optically determined bandgaps of 
P1-P3 were placed at the baricenter of the DPV estimated bandgaps, and a second 
approximated set of HOMO and LUMO levels could be defined assuming the energy 
levels equidistant from the baricenter (in green dotted rectangle) (Adapted with 
permission from Ref.170 Copyright 2009 American Chemical Society) 



 

199 

6.3.4 Photvoltaic Device Performance 

(Experimental work was achieved and results kindly supplied by Dr Jegadesan Subbiah) 

The PV performance of P1-P3 in donor-acceptor BHJ photovoltaic devices employing 

PC60BM as the acceptor were investigated under simulated AM 1.5 G solar illumination 

(irradiation intensity: 100 mW cm-2). At first, an optimization study of the polymer:PCBM blend 

composition was carried out with P1-P3, whereby the active layer was spin-cast from 

chlorobenzene in devices using PEDOT-PSS (~30 nm) –coated ITO. Figure 6-8 overlays the 

current density-voltage (J-V) responses of devices employing P1 (blue curve), P2 (green curve) 

and P3 (red curve) at optimized polymer:PCBM composition. 

Table 6-4 summarizes the PV data for devices based on the neutral state blue DA polymer 

P1. Devices were made with a polymer:PC60BM ratio of 1:4 (by weight), with the goal of 

reproducing the results attained by Janssen et al. in an earlier work.169 In our laboratories, the 1:4 

polymer:PC60BM device revealed near-identical PV characteristics, with a JSC of 2.92 mA cm-2, 

a VOC of 0.80 V and a moderate FF of 38%. The same device exhibited an overall PCE of 0.88 % 

which is in excellent agreement with the PCE of 0.9% reported by Janssen et al. Importantly, the 

proximity of our results in device performance also confirmed the quality of our polymer P1, 

although prepared under the relatively harsh oxidative polymerization conditions (due to the 

large quantities of HCl generated and the possibility for cross-links to be produced, as opposed to 

a Ni-catalyzed polycondensation following Yamamoto conditions, whereby the polymer grows 

in its neutral form) and subsequently reduced with hydrazine, before being purified according to 

different methods (see Experimental below). Nevertheless, in spite of the relatively high VOC 

measured, the performance of the low-bandgap polymer P1 remains moderate at the best 

polymer:PCBM blend composition (1:4), which could be the result of the formation of an 

unfavorable blend morphology (e.g. poor interpenetrating network, pronounced phase 
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segregation between the polymer and PC60BM), or the consequence of a charge transport-

limitation across the thin-film devices, or possibly the combination of both. 

 
 

Figure 6-8. I-V curves for BHJ solar cells made of P1-P3 (at best polymer:PC60BM composition) 
in the dark (black curve, only P1 is represented) and under AM 1.5 solar illumination, 
100 mW cm-2 (blue, green and red curves). The photograph illustrates the green color 
attained in the case of P3 at the polymer:PCBM ratio of 1:8 (device is backlit and the 
Al contacts appear black). Devices with post-polymer processing thermal treatment at 
70oC (30 min). The device structure is ITO/PEDOT/PX:PC60BM/LiF/Al with PX = 
P1, P2 or P3 (Adapted with permission from Ref.170 Copyright 2009 American 
Chemical Society) 

Table 6-4. Solar cell device performance for P1 (under AM 1.5 illumination at an irradiation 
intensity of 100 mW cm-2) as a function of polymer:PC60BM blend composition. 
Devices with post-polymer processing thermal treatment at 70oC (30 min). The 
device structure is ITO/PEDOT/P1:PC60BM/LiF/Al (Adapted with permission from 
Ref.170 Copyright 2009 American Chemical Society) 

P1:PC60BM (w/w) Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 
1:4 2.92 0.80 0.38 0.88 
1:6 2.15 0.80 0.42 0.73 
 

Table 6-5 summarizes the PV data for devices based on the neutral state green DA polymer 

P2, comprising a bidioxythienyl spacer with short pendant-groups (methoxy). The best P2-based 

device was reached with a polymer:PCBM ratio of 1:5 (by weight). This P2-based device 

revealed a higher JSC of 3.56 mA cm-2, but a markedly lower VOC of 0.62 V which likely 

contributed to the drop of 6% in FF (32%) when compared to the best device made with P1 (FF 

= 38%). The lower VOC observed in all P2-based devices is in agreement with the high-lying 
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HOMO of the polymer estimated electrochemically (5.24 eV relative to vacuum by DPV). The 

PCE reached 0.70% under AM 1.5 at the best device composition, which was by ca. 0.2 eV 

lower than that calculated for the best P1-based device. Here, in spite of its two-band absorption 

extended across the visible spectrum and its reduced insulating character (limited number of 

solubilizing groups along the backbone), P2 did not imply an overall improvement over P1. This 

result was supported by the relatively low EQE of ca. 24% obtained at 480 nm (see Figure 6-9a). 

Here again, the performance limitation could result from a high concentration of charge-

recombinations due to the buildup of space charges throughout the active layer, a poor 

interpenetrating network, or the combination of both. 

Table 6-5. Solar cell device performance for P2 (under AM 1.5 illumination at an irradiation 
intensity of 100 mW cm-2) as a function of polymer:PC60BM blend composition. 
Devices with post-polymer processing thermal treatment at 70oC (30 min). The 
device structure is ITO/PEDOT/P2:PC60BM/LiF/Al (Adapted with permission from 
Ref.170 Copyright 2009 American Chemical Society) 

P2:PC60BM (w/w) Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 
1:4 1.90 0.58 33 0.37 
1:5 3.56 0.62 32 0.70 
1:6 3.08 0.58 33 0.58 
1:8 2.60 0.58 36 0.54 
 

Following those results, the copolymer analogue comprising an unsubstituted bithiophene 

spacer P3 was investigated as an alternative to P2 with the hope that it would retain the targeted 

neutral green color state. Table 6-6 summarizes the PV data for devices based on P3. The 

corresponding BHJ  devices proved to be especially sensitive to the PC60BM loading, and at the 

best polymer:PC60BM composition (1:8), a JSC as high as 5.56 mA cm-2, a large VOC of 0.77 V 

near-equal to that of P1, and an improved FF of 44% were estimated. The VOC observed in all 

P3-based devices, similar to that observed in the P1-based devices, is in excellent agreement 

with the low-lying HOMO of the polymer estimated electrochemically (5.53 eV relative to 
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vacuum by DPV). The PCE reached up to 1.90% under AM 1.5. The EQE data of P3 is 

compared to that of P2 in Figure 6-9, and consists of a two-band response with the long-

wavelength local maximum of the photocurrent corresponding to the absorption maximum of the 

long-wavelength absorption band of P3. The short-wavelength maximum of the photocurrent is 

dominated by the absorption of PC60BM added to that of the short-wavelength absorption band 

of P3. The onset of photocurrent at 750 nm was in agreement with the polymer optical 

absorption data (overlaid in Figure 6-9). Importantly, the EQE response of the P3-based device 

containing 80% PC60BM (blend ratio of 1:4) presented a maximum of 28% at 460 nm, whereas 

that of the device containing 88.9% PC60BM (blend ratio of 1:8) showed a maximum of 54% at 

the same wavelength, hence confirming the device sensitivity to the PC60BM loading in the 

blend that was observed throughout the polymer:PC60BM device optimization study. 

 
 
Figure 6-9. Superimposed EQE (blue curves) and polymer:PC60BM blend absoprtion (red 

curves) for  P2 (filled squares) and P3 (empty circles) – based BHJ solar cells (at best 
polymer:PCBM composition) and under AM 1.5 solar illumination, 100 mW cm-2 

(Adapted with permission from Ref.170 Copyright 2009 American Chemical Society) 

When comparing the EQE data to the optical absorption spectra of the 1:4, 1:6 and 1: 

polymer:PC60BM blends (measured from the actual solar cells), the minimal differences between 

absorption spectra of all the blends did not correlate to the large enhancements observed in EQE 

from one device to the next, such that an increase in charge-carrier mobility, similar to that 

observed in MDMO-PPV:PC60BM systems, could explain this important result. 
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In order to probe the effect of a significant raise in PC60BM loading on the PV properties 

of P1, a test-device was constructed employing a polymer:PC60BM ratio of 1:6 (see Table 6-3). 

In this case, the increase of fullerene in the blend (from 80% to 85.7%) did not increase the PCE 

(0.73 %), in contrast with the results obtained for P3. In parallel, JSC decreased to an average of 

2.15 mA cm-2, hence confirming the blend composition (1:4) initially proposed by Janssen et al. 

to be optimum in the PV performance of P1. 

Table 6-6. Solar cell device performance for P3 (under AM 1.5 illumination at an irradiation 
intensity of 100 mW cm-2) as a function of polymer:PC60BM blend composition. 
Devices with post-polymer processing thermal treatment at 70oC (30 min). The 
device structure is ITO/PEDOT/P3:PC60BM/LiF/Al (Adapted with permission from 
Ref.170 Copyright 2009 American Chemical Society) 

P3:PC60BM (w/w) Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 
1:4 1.99 0.78 41 0.64 
1:6 3.93 0.77 46 1.39 
1:7 4.79 0.76 46 1.68 
1:8 5.56 0.77 44 1.90 
1:9 3.97 0.73 35 1.00 
1:10 2.10 0.71 40 0.60 
 

Beside the effect of the polymer:fullerene blend composition on the charge-transport 

properties and nanoscale morphology of the subsequent active layer, the efficiency of the hole 

extraction process depends on the nature (and work-function) of the interface material employed 

between the conducting metal oxide electrode (anode) and the organic active layer. For example, 

as recently demonstrated by various groups, metal oxides including NiOX, MoO3 and V2O5 can 

be used as the hole-transporting interface layer (replacing the often used PEDOT-PSS) to 

enhance the performance of polymer solar cells significantly.37,95 Here, we have investigated the 

benefit of incorporating MoO3 as an interface layer between ITO and the polymer:PC60BM 

active layer in devices made with P3, and the results are presented in Table 6-7. As PEDOT-PSS 

(~25 nm) was replaced by MoO3 (~10 nm) in a device made with the best polymer:PC60BM 
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blend composition (1:8), the FF increased from 46 % to 51 % and the device PCE was, in turn, 

raised from 1.90 % to 2.12 %. Since low FFs are commonly explained by a relatively high 

concentration in electron-hole recombinations across the active layer where the excitons only 

have limited lifetimes,11 it is essential to facilitate the extraction of the charge-carrier by 

enhancing the quality of the polymer-electrode interface. Considering the work-function of 

MoO3 at about 5.3 eV (relative to vacuum) as often stated in the literature, the favorable 

alignment in energy levels between ITO, MoO3 and P3 (see Figure 6-10) could account for the 

reduced series resistance and the FF improvement. Expectedly, in this device configuration, JSC 

(5.38 mA cm-2) and VOC (0.77 V) remained near-identical to the values obtained for the PEDOT-

based device configuration. 

 
 
Figure 6-10. Energy-level diagram correlating the energy band structure of P3 and the work-

function of MoO3 (here replacing PEDOT-PSS as the hole-transporting interface 
layer) and PC70BM (here replacing PC60BM). When P3 was blended with PC70BM 
and the blend was cast onto MoO3, the JSC increased again to an average of 5.96 mA 
cm-2 (owing to PC70BM) and the VOC remained the same (0.80 V). Importantly, the 
corresponding FF increased from 48% to 57% (owing to MoO3), which significantly 
enhanced the PCE to 2.71% (Adapted with permission from Ref.170 Copyright 2009 
American Chemical Society) 
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As illustrated in Figure 6-11 and summarized in Table 6-7, the use of PC70BM as the 

electron transport material along with either PEDOT-PSS or MoO3 as the hole-transporting 

interface layer was further investigated in the P3-based solar cell. In comparison with PC60BM, 

PC70BM possesses a visible absorption (due to symmetry differences accounting for distinct sets 

of spin-allowed and spin-forbidden transitions) which is often referred to in order to explain the 

performance enhancements typically monitored in BHJ devices employing donor-acceptor 

semiconducting polymers.43,46 When a blend of P3 and PC70BM (1:8) was cast onto PEDOT-

PSS, JSC reached an average of 5.90 mA cm-2, and a somewhat higher VOC of 0.80 V was 

measured, possibly due to PC70BM having a slightly higher LUMO in comparison to that of 

PC60BM (by ca. 0.1-0.2 eV).184 The corresponding FF remained high (48%) and the PCE 

increased to 2.31%. When a blend of P3 and PC70BM (1:8) was cast onto MoO3, JSC increased 

even more to reach 5.96 mA cm-2 and the VOC remained the same (0.80 V). Importantly, the 

corresponding FF increased from 48% to 57%, which significantly enhanced the PCE to a value 

of 2.71%. 

Table 6-7. Optimization of the solar cell device performance for P3 (under AM 1.5 illumination 
at an irradiation intensity 100 mW cm-2) by varying the hole-transporting interface 
layer (PEDOT or MoO3) and the type of PCBM used (PC60BM or PC70BM). Devices 
with post-fabrication thermal treatment at 70oC (30 min) (Adapted with permission 
from Ref.170 Copyright 2009 American Chemical Society) 

P3 Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 
MoO3/PC60BM 5.38 0.77 51 2.12 
PEDOT/PC70BM 5.90 0.80 48 2.31 
MoO3/PC70BM 5.96 0.80 57 2.71 
 

Figure 6-12 compares the EQE responses of P3:PC70BM and P3:PC60BM –based devices. 

Interestingly, a broad-band response reaching ca. 60% at 480 nm was observed when the active 

layer consisted of a blend of P3 and PC70BM, as the optical absorption spectrum of PC70BM 
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complemented that of P3 in the 410-620 nm range (the device took a brown hue). The onset of 

photocurrent at 750 nm was also in agreement with the blend optical absorption (overlaid in 

Figure 6-12). Here, the notable EQE enhancement can reasonably be attributed to the improved 

spectral absorption in the visible owing to the use of PC70BM. 

 
 
Figure 6-11. I-V curves for BHJ solar cells made of  P3 (at best polymer:PCBM composition, i.e 

1:8) in the dark (black curve) and under AM 1.5 solar illumination, 100 mW cm-2, for 
different device configurations. The device structures are 
ITO/MoO3/P3:PC60BM/LiF/Al (blue curve), ITO/PEDOT/P3:PC70BM/LiF/Al (green 
curve), and ITO/MoO3/P3:PC70BM/LiF/Al (red curve). Devices with post-polymer 
processing thermal treatment at 70oC (30 min) (Adapted with permission from Ref.170 
Copyright 2009 American Chemical Society) 

 
 
Figure 6-12. Superimposed EQE (blue curves) and polymer:PCBM blend absoprtion (red curves) 

for BHJ solar cells made of P3 (at best polymer:PCBM composition) with the 
architecture ITO/PEDOT/P3:PC60BM/LiF/Al (empty circles) and 
ITO/MoO3/P3:PC70BM/LiF/Al (filled circles), under AM 1.5 solar illumination, 100 
mW cm-2 (Adapted with permission from Ref.170 Copyright 2009 American Chemical 
Society) 
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6.3.5 Device Morphology Study 

(Experimental work was achieved and results kindly supplied by Dr Jegadesan Subbiah) 

The active layer of the PV devices at their optimum blend composition was characterized 

by AFM (tapping-mode) with the purpose of understanding how the blend morphology changes 

as a function of the copolymer employed in the donor-acceptor bulk-heterojunction. Each device 

was subjected to a mild thermal treatment (70oC, 30 min) prior to Al contact deposition. PC60BM 

was employed to produce the photovoltaic blends. 

Figure 6-13a and 6-13b show the 3D- and 2D-images, respectively, of the P1-based device 

surface. The coarse morphology revealed in the presented patterns could result from a rather 

pronounced phase segregation (demixing) between PCBM and the polymer, as described in 

existing literature on the topic.72,185,186 Assuming a demixing of the polymer and the fullerene, 

the lack of interpenetrating network would validate the performance limitation seen for devices 

involving P1. Based on earlier work from various groups,187,188 the domains of higher heights (up 

to 60 nm) can be attributed to the formation of PCBM clusters excluding the presence a large 

concentration of mixed polymer. Figure 6-13c shows the 3D-image of the P2-based device 

surface. In this pattern, a significantly more homogeneous film morphology can be seen where 

the heights are limited to ca. 6 nm, thereby pointing towards a lack of phase separation across the 

active layer (in contrast with the lack of phase mixing between P1 and PCBM). As previously 

mentioned in this dissertation (see Chapter 1), a certain extent of phase separation between donor 

and acceptor in the BHJ remains a necessary condition in the formation of the bicontinuous 

network desired to attain efficient PV devices.72 In contrast, Figure 6-13d and 6-13e showing the 

3D- and 2D-images, respectively, of the P3-based device surface suggest a more heterogeneous 

morphology where relatively large domains of higher heights (ca. 6 nm, outlined in black in the 

2D-AFM image) are dispersed across the active layer. Considering the consequent PCBM 
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loading (~88.9%) of the P3-based device at best composition (1:8 by weight, polymer:PCBM), it 

is reasonable to assign these domains to a PCBM-rich phase, where “overgrown” PCBM-clusters 

are not produced. Additional information on the variations observed in the PV performance of 

P1-P3 in BHJ could be revealed by further characterization of the charge-transport properties of 

the active layer composing the devices at best composition. 

 
 

Figure 6-13. AFM tapping-mode images of P1-P3 in blend with PC60BM (best polymer:PC60BM 
compositions are represented). Film surfaces from devices with post-polymer 
processing thermal treatment at 70oC (30 min). a) and b) P1:PC60BM, c) P2:PC60BM, 
d) and e) P3:PC60BM. All images are 2 x 2 µm (Adapted with permission from 
Ref.170 Copyright 2009 American Chemical Society) 
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6.3.6 Charge Transport in Devices 

(Experimental work was achieved and results kindly supplied by Dr Kaushik Roy 

Choudhury) 

As previously mentioned in this manuscript (see Chapter 1), for semiconducting polymers 

with relatively low charge-carrier mobilities, whereby the dark current in devices is space charge 

limited (restricted by the buildup of charges), the hole mobility can be estimated from simple I-V 

measurements using the Mott-Gurney equation for trap-free SCLC. For this purpose, hole-only 

devices were fabricated for the polymers based on the following architecture: ITO/PEDOT-

PSS/Polymer(or Polymer:PCBM)/Pd, where Pd (ca. 5.4 eV) has a higher-lying work-function 

than Au (ca. 5.2 eV), hence blocking the electron injection into the PCBM-rich phase more 

effectively. 

Figure 6-14 shows the dark current densities measured from the hole-only devices made 

with the pristine polymers P1-P3 (see Figure 6-14a) and from those made with the 

polymer:PCBM blends (see Figure 6-14b) optimized for the best device performance. The 

applied voltage V is corrected by accounting for the built-in voltage Vbi resulting from the 

difference in the work-function between electrodes, and the current density is plotted versus the 

effective electric field (Eeff) rather than the applied voltage in order to allow comparison of 

devices possessing active layers of different thicknesses. As seen in Figure 6-14a, the current 

densities measured at any given electric field increase from P1 to P2 to P3, including at low 

device bias. This result is in good agreement with the favorable changes anticipated in charge 

transport throughout the polymer series as reducing the concentration of solubilizing side-chains 

along the polymer main-chain via the introduction of short conjugated spacers should 

simultaneously increase the backbone planarity from  P1 to P2 to P3. In parallel, it cannot be 

excluded that such conjugated spacers reduce the chain-to-chain spacing, and enhance the π-
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stacking, although this should be confirmed by X-ray scattering experiments (not in the scope of 

this study). The inset of Figure 6-14a shows the quadratic variation of the current densities as a 

function of the applied voltage, from which the hole mobility of the polymers can be estimated 

according to SCLC modeling. Table 6-8 summarizes the room temperature zero-field hole 

mobility values along the polymer series, which increase by almost two orders of magnitude 

going from P1 to P3. 

As illustrated in Figure 6-14b, the dark current densities of hole-only devices for the 

optimized polymer:PCBM blend composition are significantly higher in comparison to the 

devices with the pristine polymers. The resulting hole mobility in the corresponding polymers is 

raised by an order of magnitude or more in comparison to the values obtained from the PCBM-

free devices (see Table 6-8). While this result may seem somewhat surprising considering that 

the hole percolation pathway of the polymer network could be unfavorably altered by the 

presence of high concentrations in PCBM, such enhancements in hole mobility for polymers 

blended with PCBM has been described before.189 In particular, it has been suggested that a 

favorable morphology change occurring upon mixing the polymer and the fullerene can result in 

a situation where the polymer intermolecular interactions are promoted, hence facilitating the 

charge transport in the polymer-rich phase.189 Here, it is worth noting that the zero-field hole 

mobility of P3 reaches 10-5 cm2 V-1s-1 when blended with PC60BM (1:8) which is only one to 

two orders of magnitude lower from that of PC60BM alone or in a blend with low polymer 

content (10-4-10-3 cm2 V-1s-1).190 This improved balance between electron and hole mobilities in 

the P3-based devices suggest an additional explanation in the PV device performance 

enhancement seen with P3. As P3 is mixed with PC70BM (1:8), the zero-field hole mobility in 

the polymer phase increases by about an order of magnitude (when compared to that in the 
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polymer:PC60BM blend), and reaches 9×10-5 cm2V-1s-1, such that the 28% improvement of 

overall PCE in the devices employing PC70BM and MoO3 likely results from the combination of 

an adequate device energy band diagram, a favorable morphology, an improved visible 

absorption (owing to the presence of PC70BM), along with a higher hole mobility. 

a) b)  
 
Figure 6-14. a) Current densities for hole-only devices of copolymers P1-P3 as a function of the 

effective electric field. Inset shows the quadratic dependence of the current density on 
applied bias; the red line is a fit for using the single-carrier SCLC model. b) J-V 
characteristics of hole-only devices at best polymer:PCBM blend composition. The 
legends show the thickness of the respective active layers (Adapted with permission 
from Ref.170 Copyright 2009 American Chemical Society) 

Table 6-8. Zero-field hole mobility in the pristine copolymers P1-P3 and in the polymer phase of 
the optimized blends, derived from fitting the J-V data to trap-free single-carrier 
SCLC model (Adapted with permission from Ref.170 Copyright 2009 American 
Chemical Society) 

Device Composition P1 P1:PC60BM P2 P2:PC60BM P3 P3:PC60BM 
Zero-Field 
Hole Mobility 
(cm2 V-1s-1) 

5.4 x 10-8 2 x 10-6 6.9 x 10-7 5 x 10-6 3.9 x 10-6 1 x 10-5 

 
6.3.7 Synthetic Details 

Synthesis of Macromonomers M1, M1’, and Polymer P1: Refer to Chapter 5 of this 

dissertation. 

Compound M2: Macromonomer M1’ (1.3 g, 1.08 mmol), 3,4-dimethoxythiophen-2-yl)-

trimethylstannane (1.55 g, 5.04 mmol) and Pd(PPh3)2Cl2 (4 mol %) were cycled (argon/vacuum, 
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3x) and subsequently dissolved in 30 mL of THF. The mixture was stirred for 24 hours at 60 °C, 

the solvent was evaporated and the product was purified by column chromatography on silica 

with hexane/dichloromethane (1:1) as the eluent. The solvent was evaporated and M2 was 

obtained as a purple-blue tacky solid (0.97 g, 43 %). 1H NMR (300 MHz, CDCl3) δ= 8.30 (s, 

2H), 6.18 (s, 2H), 4.06 (d, J = 6.6 Hz, 4H), 3.98 (s, 6H), 3.93 (m, 4H), 3.87 (s, 6H), 2.00-1.10 

(m, 36H), 1.00-0.79 (m, 24H); 13C NMR (75MHz, CDCl3) δ= 153.07, 150.60, 148.39, 146.36, 

143.46, 128.02, 124.65, 119.48, 117.70, 95.43, 76.61, 60.40, 57.46, 40.54, 40.48, 34.89, 31.82, 

30.51, 29.30, 25.51, 23.86, 23.77, 23.40, 23.30, 22.88, 20.92, 14.37, 14.35, 14.27, 11.36, 11.23. 

HRMS (TOF) [MH+] m/z calcd. for C58H84N2O8S5: 1097.4904 Found: 1097.4948. Anal. calcd. 

for C58H84N2O8S5: C 63.47, H 7.71, N 2.55 Found: C 64.03, H 7.89, N 2.56. 

Compound M3: Macromonomer M1’ (1.4 g, 1.44 mmol), tributyl(thiophen-2-yl)stannane 

(1.61 g, 4.32 mmol) and Pd(PPh3)2Cl2 (4 mol %) were cycled (argon/vacuum, 3x) and 

subsequently dissolved in 30 mL of THF. The mixture was stirred for 24 hours at 60 °C, the 

solvent was evaporated and the product was purified by column chromatography on silica with 

hexane/dichloromethane (3:1) as the eluent. The solvent was evaporated and M3 was obtained as 

a purple tacky solid (0.72 g, 51 %). 1H NMR (300 MHz, CDCl3) δ= 8.41 (s, 2H), 7.39 (dd, J = 

1.2, 2.4 Hz, 2H), 7.31 (dd, J = 1.2, 3.9 Hz, 2H), 7.07 (dd, J = 3.6, 1.5 Hz, 2H), 4.05-3.97 (m, 

8H), 1.91-1.22 (m, 36H), 1.00-0.81 (m, 24H); 13C NMR (75MHz, CDCl3) δ= 152.85, 149.23, 

145.99, 134.81, 127.74, 127.17, 125.29, 124.23, 123.98, 122.21, 118.45, 76.66, 40.61, 40.55, 

30.52, 29.33, 23.86, 23.37, 23.31, 14.35, 14.28, 11.36, 11.27. HRMS (TOF) [MH+] m/z calcd. for 

C54H76N2O4S5: 977.4481 Found: 977.4456. Anal. calcd. for C54H76N2O4S5: C 66.35, H 7.84, N 

2.87 Found: C 67.10, H 7.93, N 2.94. 
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Polymer P2: Macromonomer M2 (260 mg, 0.24 mmol) was dissolved in chloroform (25 

mL). A solution of anhydrous FeCl3 (195 mg, 1.2 mmol, 5eq) in nitromethane was added 

dropwise over a period of 45 minutes to the stirred monomer at room temperature (the dark 

purple monomer solution turned progressively dark blue-green with addition of oxidizing agent). 

The mixture was stirred 24 hours at room temperature. It was then precipitated into methanol 

(200 mL). The precipitate was filtered, redissolved in chloroform (200 mL) and stirred for 3 

hours with hydrazine monohydrate (6 mL). After evaporation, the concentrate (dark blue-green) 

was precipitated into methanol (200 mL), the precipitate was filtered through a Soxhlet thimble 

and purified via Soxhlet extraction for 24 hours with methanol. The polymer was extracted with 

chloroform, concentrated by evaporation, the polymer was precipitated in methanol (200 mL) 

and collected as a dark solid (145 mg, 48 %). 1H NMR (300 MHz, CDCl3) δ= 8.33 (bs, 2H), 4.2-

3.8 (br, 20H), 2.0-1.1 (br, 36H), 1.1-0.7 (br, 24H). GPC analysis: Mn = 43 000 g mol-1, Mw = 88 

600 g mol-1, PDI = 2.1. Anal. calcd. for C54H72N2O4S5 C 63.58, H 7.54, N 2.56 Found: C 64.68, 

H 7.69, N 2.53. 

Polymer P3:  Macromonomer M3 (300 mg, 0.307 mmol) was dissolved in chloroform (50 

mL). A solution of anhydrous FeCl3 (248 mg, 1.53 mmol, 5eq) in nitromethane was added 

dropwise over a period of 45 minutes to the stirred monomer at room temperature (the dark 

purple monomer solution turned progressively dark blue-green with addition of oxidizing agent). 

The mixture was stirred 24 hours at room temperature. It was then precipitated into methanol 

(200 mL). The precipitate was filtered, redissolved in chloroform (200 mL) and stirred for 3 

hours with hydrazine monohydrate (6 mL). After evaporation, the concentrate (dark blue-green) 

was precipitated into methanol (200 mL), the precipitate was filtered through a Soxhlet thimble 

and purified via Soxhlet extraction for 24 hours with methanol. The polymer was extracted with 
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chloroform, concentrated by evaporation, the polymer was precipitated in methanol (200 mL) 

and collected as a dark solid (145 mg, 48 %). 1H NMR (300 MHz, CDCl3) δ= 8.44 (bs, 2H), 7.5-

7.0 (br, 4H), 4.3-3.8 (br, 8H), 2.0-1.1 (br, 36H), 1.1-0.7 (br, 24H). GPC analysis: Mn = 69 300 g 

mol-1, Mw = 111 600 g mol-1, PDI = 1.6. Anal. calcd. for C54H74N2O4S5 C 66.49, H 7.65, N 2.87 

Found: C 66.69, H 7.67, N 2.77. 

6.4 Conclusions and Outlook 

With solution-processable organic electronics suitable for combined photovoltaic/display 

devices, power-generating ornaments (such as photovoltaic plants and trees) or light-harvesting 

window applications, now emerging, a necessary step forward in this area consists in developing 

new synthetic strategies taking bandgap/color-engineering along with charge transport into 

account. Here, we have carefully investigated the structure-performance relationships in PV 

devices of a series of soluble donor-acceptor π-conjugated polymers (P1-P3) comprising 

electron-rich 3,4-dioxythiophenes (DOTs) and the electron-deficient 2,1,3-benzothiadiazole 

(BTD), with an emphasis on correlating molecular structure, energy band characteristics and 

charge transport. In particular, the synthesis and chemical polymerization of two 

polyheterocyclic and regiosymmetric DA oligomers (M2 and M3) afforded two-band absorbing 

photovoltaic polymers reflecting the color green (P2 and P3). As the polymer structures were 

successfully confirmed, we realized that the approach consisting in polycondensing oligomers 

with low oxidation potentials using mild oxidative reagents could be employed to produce novel 

polymer repeat units otherwise synthetically demanding as well as high molecular weight 

polymers without the need for tedious monomer purifications and respect of the monomer-to-

comonomer stoichiometry. 
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As the PV properties of P1-P3 were investigated in BHJ devices with PC60BM, it was 

found that the neutral state green copolymer P3 comprising an unsubstituted bithiophene spacer 

exhibited a two-fold enhancement in PCE (1.90%) over the all dioxythiophene-based 

copolymers P1 and P2 (0.88% and 0.70%, respectively). AFM-imaging of the corresponding 

polymer:PCBM blends (best composition) and careful analysis of their charge transport in hole-

only devices suggest essential differences in morphology and electronic properties throughout 

the polymer series, and support our reasoning for the synthetic design employed. By further 

substituting PEDOT:PSS with MoO3 and PC60BM by PC70BM in the P3-based devices to 

demonstrate up to 2.71% of PCE in the absence of any tedious solvent- or thermal-annealing 

treatment. These results confirm the importance of adjusting the device configuration as a 

function of the intrinsic properties (e.g. energy band structure, mobility of the charge-carriers) of 

the semiconducting polymers investigated. In the case of P3, the optical absorption of PC70BM 

came to complement the two-band absorption of the polymer and to balance the charge transport 

of the blend, thereby extending the photon collection over the entire visible spectrum while 

raising the EQE to a maximum of ca. 60% at ~ 480 nm. 
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CHAPTER 7 
SYNTHETIC CONTROL OF THE SPECTRAL ABSORPTION AND CHARGE TRANSPORT 

PROPERTIES IN DITHIENOSILOLE – 2,1,3-BENZOTHIADIAZOLE DONOR – 
ACCEPTOR POLYMERS FOR PHOTOVOLTAIC APPLICATIONS 

7.1 Context and Motivations for the Design of Broadly Absorbing Polymers with High 
Charge-Carrier Mobilities 

In spite of considerable effort invested in the design and synthesis of high-performance 

semiconducting materials addressing the requirements for BHJ photovoltaic devices  (spanning 

solution-processability, wide-ranging optical spectra and large absorption coefficients, suitable 

energy band structure, efficient charge transport, and environmental stability), the access to π-

conjugated polymers combining substantial charge-carrier mobilities, with a broad absorption 

spectrum extending across the visible and into the near-IR, has remained elusive to date. 

An excellent illustration of the complexity to address the two crucial parameters mentioned 

above within the same material is represented by the thieno[3,2-b]thiophene-based “all-donor” 

polymer analogues developed by McCulloch et al. (namely poly(2,5-bis(3-alkylthiophen-2-

yl)thieno[3,2-b]thiophenes)s shown in Figure 7-1a), which demonstrate up to 0.6 cm2 V-1s-1 of 

hole mobility (on/off ratio ~107) in top-gate FETs when large crystalline domains are formed 

upon thermal treatment,17 but, surprisingly, exhibit a limited PCE of 2.3% in BHJ solar cells 

when blended with PC70BM.191 In this instance, a moderate hole mobility of 3.8 x 10−4 cm2 V−1 

s−1 was measured in the direction normal to the substrate by space charge limited current 

modeling for the best polymer:PCBM device composition (1:4), hence hindering the 

incorporation of an active layer thicker than 115 nm as desired to absorb light effectively and 

achieve especially efficient solar cell devices. Such differences between in-plane charge-carrier 

mobility and that measured in a vertical device geometry is commonly attributed to a high extent 

of edge-on molecular alignment which reduces the dimensionality of the charge transport 

through the active layer in highly crystalline semiconducting polymers. Further, the relatively 
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high HOMO of the polymer (-5.1 eV relative to vacuum) inherent to most all-thienylene 

conjugated polymers minimizes the device VOC, which further limits the PCE. Finally, another 

important contributing factor consists in the lack of spectral coverage as the onset of absorption 

of the polymer lies in the 650 – 680 nm range, while its absorption maximum is on the order of 

540 nm. As a result, and as shown in Figure 7-1b, the measured EQE remains low at higher 

wavelengths (beyond 600 nm) where the photon flux is maximum (see solar photon flux under 

AM 1.5 represented in Chapter 1). 

a)  

b)  
 

Figure 7-1. a) The thieno[3,2-b]thiophene-based “all-donor” polymer analogues developed by 
McCulloch et al. (namely poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-
b]thiophenes)s demonstrate up to 0.6 cm2 V-1s-1 of hole mobility (on/off ratio ~107) in 
FETs17 b) I-V curves of an optimized polymer:PC70BM BHJ device in the dark 
(black) and under 1 sun illumination (blue). The PCE remains limited to 2.34% 
(JSC=9.37 mA cm2, VOC=0.525 V and FF=0.48) (Adapted with permission from Ref. 
191 Copyright 2008 American Institute of Physics) 

In this context, some of the most successful results have been obtained and described by Li 

et al. throughout their work on poly(thienylene vinylene) polymers (PTVs) possessing 

conjugated side-chains, and cross-linked polythiophenes (PTs) with conjugated bridges (see 

Figure 7-2).192 
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a)  

b)  
 

Figure 7-2. a) Series of PTs and PTVs as designed by Li et al. aimed at exhibiting the substantial 
charge transport properties of P3HT, while broadening the polymer optical spectrum 
over the UV-visible region via the incorporation of conjugated side-chains and 
unsubstituted thiophenes (see polymers 1-12) or via cross-linking with conjugated 
bridges b) Some representative corresponding thin-film absorption spectra (Adapted 
with permission from Ref.192 Copyright 2008 WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim) 
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Considering the 3-hexyl – substituted derivative of polythiophene (P3HT) as a benchmark 

in terms of performance for polymer solar cell applications49,94,95 (exceeding 5% of PCE 

reproducibly under AM 1.5, 100 mW cm-2 solar illumination),41 Li and coworkers designed a 

series of PTs aimed at exhibiting the substantial charge transport properties of P3HT, while 

broadening the polymer optical spectrum over the UV-visible region via the incorporation of 

conjugated side-chains and unsubstituted thiophenes (see polymers 1-12, Figure 7-2a). In this 

case, the conjugated pendants (phenylene vinylene or thienylene vinylene side-groups) 

introduced a secondary chromophore absorbing in the short-wavelength region of the spectrum 

(e.g. 300 – 400 nm), and in broken conjugation with the polymer main-chain absorbing at longer 

wavelengths (e.g. 400 – 700 nm). Unsubstituted thiophenes commonly planarize the polymer 

main-chain, extending the conjugation, and inducing a bathochromic shift in the visible (as 

discussed in the previous Chapters of this manuscript) desired to overcome the mismatch with 

the solar spectrum. As illustrated in Figure 7-2b, replacing the bi(phenylenevinylene) side-chains 

by the bi(thienylenevinylene) analogues improved the visible absorption by inducing coalescence 

of both the short- and long-wavelength absorption bands, hence producing a broad absorption 

plateau extending from 350 to 650 nm (see polymer 8, Figure 7-2a). Furthermore, the HOMO of 

the corresponding PTs was found to be ca. 0.2 eV deeper than that of P3HT (since all 

heterocycles are not substituted in their 3-position by an aliphatic side-chains, relatively electron-

donating in those systems), which is expected to increase the VOC in BHJ with PCBM in solar 

cell devices (see Chapters 1, 2 and 7). In the case of polymer 8, PCEs as high as 3.18% were 

measured under AM 1.5 solar illumination, which represented a 38% increase compared to that 

of P3HT following the same experimental conditions, and in devices made by the same group.193 

A different polymer series was investigated which consisted of PTV derivatives with 
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bi(thienylenevinylene) conjugated side-chains (see polymers 14-16, Figure 7-2a). In particular, 

polymer 16 exhibited a remarkably broad and homogeneous absorption spectrum extending from 

350 to 780 nm, which was unprecedented for an all-organic π-conjugated semiconducting 

polymer. However, surprisingly, this polymer series showed very limited performance in solar 

cells (with PCEs < 0.5%). With the hope of enhancing the charge transport in the most promising 

PT analogues designed, small fractions of comonomers containing conjugated bridges (typically 

< 10%) were subsequently incorporated into the polymer backbones, which produced moderately 

cross-linked materials (see polymers 17-25, Figure 7-2a) with hole mobilities as high as 7 x 10-3 

cm2 V-1 s-1 (for polymer 19, Figure 7-2a) by SCLC modeling. It is expected that conjugated 

bridges reduce the interchain distances between molecules and favor the charge hopping 

mechanism throughout the active layer in devices. However, it was also found that excess cross-

linking reduced the solubility of the resulting polymers, while causing a decrease in hole 

mobility likely due to the higher degree of backbone distortion.194 

As previously described in this manuscript, an attractive alternative to “all-donor” 

semiconducting polymers for photovoltaic applications consists in the incorporation of electron-

deficient building blocks along the backbone, hence shifting the polymer absorption towards 

higher wavelengths (i.e. 500 – 800 nm) where the solar photon flux is the most intense (peak 

photon intensity  at ca. 700 nm). While this goal as widely motivated the development of donor-

acceptor π-conjugated polymers with various electron-donating and electron-accepting units, the 

vast majority of them have shown a relatively narrow spectral absorption, along with limited 

charge-carrier mobilities.11,192 As a result, donor-acceptor semiconducting polymers have almost 

always failed to compete with the most efficient all-thienylene counterparts, including P3HT. An 

exception to this is represented by the strictly alternating copolymer composed of di(2-
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ethylhexyl)-substituted cyclopentadithiophene (CPDT) and 2,1,3-benzothiadiazole (BTD) 

initially developed by Brabec et al. (see Figure 7-3a) which are proving especially effective in  

photovoltaic devices, with PCEs exceeding 5%, owing to their high charge-carrier mobilities (as 

high as 2 x 10-2 cm2 V-1 s-1 in bottom-gate FETs) and their long-wavelength absorption band 

extending into the near-IR (see plain black curve in Figure 7-3b).44,70  

a) b)  
 
Figure 7-3. a) (2-ethylhexyl)-substituted cyclopentadithiophene (CPDT) and 2,1,3-

benzothiadiazole (BTD) – based DA copolymer as initially reported by Brabec et al. 
are proving especially effective in BHJs, with PCEs exceeding 5%, owing to their 
high charge-carrier mobilities (as high as 2 x 10-2 cm2 V-1 s-1 in bottom-gate FETs) 
and b) their long-wavelength absorption band extending into the near-IR(Adapted 
with permission from Ref.44,70 Copyright 2006 WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim) 

Nonetheless, in contrast with the recent results reported by Li and coworkers on PTs with 

precisely engineered repeat unit patterns, no clear design rules have been proposed to date for the 

synthesis of donor-acceptor semiconducting polymers absorbing across the entire visible 

spectrum and into the near-IR, while meeting the charge transport properties favorable when in 

BHJs with PCBM. Given the results described in Chapter 4 of this manuscript, whereby solution-

processable DA systems absorbing over the whole visible spectrum were designed with 

perspectives in electrochromic display applications (not limited by charge transport), the next 

step forward would consist in probing the possibilities of combining these unconventional optical 

properties with substantial hole mobilities within the same semiconducting polymers. 
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7.2 Proposed Design and Rational 

In order to produce π-conjugated semiconducting polymers possessing the wide spectral 

coverage attained via the methodology described in Chapter 4 of this manuscript, along with 

large charge-carrier mobilities in thin-film devices, an original synthetic design inspired by 

recent work from Marks et al. on silole-based copolymers with high-performance in FETs was 

developed. 

Throughout their work on high-mobility systems for FET devices, Marks et al. have 

extended the use of silicon-derivatized organic molecules to a series of π-conjugated polymers 

(see Figure 7-4) based on dialkyl-substituted dithienosilole (DTS) and dibenzosilole (DBS) (see 

Figure 7-2), two fused aromatic systems bridged by a silicon atom (tetravalent) bearing the 

solubilizing groups.178,179 Interestingly, in silole-type systems, the exocyclic Si-C σ*-orbital 

mixes with the π*-orbital of the adjacent diene, hence lowering the LUMO of the resulting 

heterocycle when compared to that of cyclopentadiene.195,196 In the all-donor polymers described 

by Marks et al., the Si σ* involvement in the π-conjugation was revealed by the presence of 

bathochromic shifts in the optical absorption of the silole derivatives relative to their control “all-

carbon” polymer analogues.178 The perspective of enhancing the π-electron overlap of a 

conjugated backbone via the presence of electron-withdrawing silole-based arenes, thereby 

increasing the electronic delocalization, has motivated the same group to investigate the charge 

transport properties of the polymers described in Figure 7-5. In top-contact FETs, hole mobilities 

as high as 0.08 cm2 V-1s-1 (on/off ratio 5 x 105) were found for the DTS-bithiophene analogue 

(m=2), in ambient conditions and for unaligned films. As illustrated in Table 7-1, the hole 

mobility increased with increasing number of unsubstituted thiophene in the backbone. 
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Figure 7-4. Semiconducting silole-based all-donor π-conjugated polymers developed by Marks 
et al. for use in p-channel FETs 

 
 

Figure 7-5. Silole, Dithienosilole (DTS), Dibenzosilole (DBS), and their respective all-carbon 
counterparts, Cyclopentadiene (Cp), Cyclopentadithiophene (CPDT) and Fluorene (F) 

Table 7-1. Weight average molecular weight (Mw, kDa), polydispersity (PDI), number average 
molecular weight (Mn, kDa, calculated from Mw and PDI), film optical bandgap (Eg, 
eV), π-stacking (π, nm) and chain-to-chain distances (d, nm), FET charge carrier 
mobilities at saturation (µsat, cm2 V-1 s-1), and current on/off ratios (Ion:Ioff) for the all-
donor copolymers developed by Marks et al. (Adapted with permission from Ref.179 
Copyright 2009 American Chemical Society)  

Polymer Mw (PDI) Mn Eg π (d) µsat Ion:Ioff 
TS6 26 (2.9) 9 1.8 - - - 
TS6T1 30 (2.9) 10.3 1.8 - (1.554) 5 x 10-2 1 x 105 
TS6T2 41 (3.0) 13.6 1.9 - (1.538) 8 x 10-2 5 x 104 
BS8 32 (3.4) 9.4 2.9 4.0-4.4 (1.776) - - 
BS8T1 112 (3.1) 36.1 2.5 4.0-4.4 (2.091) 6 x 10-5 3 x 104 
BS8T2 127 (3.7) 34.3 2.3 4.0-4.4 (1.870) 6 x 10-3 4 x 106 
F8T1 17 (2.6) 6.5 2.5 - (1.717) 9 x 10-5 2 x 105 
F8T2 80 (3.3) 24.2 2.4 - (1.554) 6 x 10-3 2 x 105 

 

As highlighted above and in Chapter 1, π-conjugated polymers based on fused and 

coplanar heterocyclic building blocks such as CPDT and DTS show several advantages over 

their more conformationally flexible analogues composed of single aromatic rings (non-fused) 

such as enhanced packing ability, pronounced macroscopic ordering and superior charge-carrier 

mobilities in thin-film devices. Beside the increase in backbone rigidity, the coplanarity of fused 
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aromatic systems promotes close π-stacking interactions between chains, which have been 

shown (by 2D-WAXS) to arrange in lamellar superstructures.73,74 By analogy with the synthetic 

approach used in Chapter 4 to produce polymeric systems with broad spectral absorption over 

the visible, a polymer repeat unit can be envisaged in which DTS building blocks are employed 

in combination with unsubstituted thiophenes to space the electron-deficient unit BTD along the 

polymer main-chain. The structures proposed in Figure 7-6 illustrate how a polymer series 

incorporating an increasing number of electron-rich and coplanar substituents along the 

backbone, hence reducing the relative concentration of electron-deficient units, can be designed 

in order to provide insight into how careful structural modifications can be employed to tune the 

spectrum and charge-carrier mobilities in π-conjugated semiconducting polymers 

simultaneously. 

 
 

Figure 7-6. Proposed silole-based donor-acceptor π-conjugated semiconducting polymers 
combining electron-rich DTS moieties and unsubstituted thiophene spacers with the 
electron-deficient BTD. BTD is introduced in the all-donor backbones developed by 
Marks et al. to produce broadly absorbing materials with absorption maxima in the 
red portion of the visible and efficient charge transport properties as desired for 
photovoltaic applications 
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7.3 Synthesis and Characterization of Dithienosilole – 2,1,3-Benzothiadiazole Polymers 

7.3.1 Synthesis and Physical Characterization 

The utility of the donor-acceptor approach in the design of solution-processable 

electrochromic and photovoltaic polymers has been demonstrated throughout the previous 

Chapters of this dissertation (see Chapters 3-6). Based on the considerations and experimental 

results highlighted throughout Chapter 6, building blocks offering perspectives for limiting the 

steric hindrance (mainly related to the nature, configuration and concentration of the solubilizing 

side-chains), hence inducing more planarity in the subsequent polymer backbones, were prepared 

with the purpose of providing the materials with enhanced charge transport properties. 

Figure 7-7 illustrates the synthetic access to the DA copolymers P1-P4. The unsubstituted 

2,2’-bithiophene 1 was first subjected to bromination conditions carried out at elevated 

temperature in order to functionalize the positions 3,3’ and 5,5’ quantitatively. Selective 

debromination of the positions 5,5’ was subsequently achieved in acidic conditions, employing 

zinc powder. The resulting intermediate 3 was then lithiated and ring-closed with 

dichlorodioctylsilane to yield species 4 in 40 - 60% yield. The trimethyltin derivative 5 was 

obtained upon reacting a mono-lithiated DTS block with trimethyltinchloride. The electron-

accepting building unit BTD was then symmetrically substituted with two electron-rich DTS 

stannane species (5) via Pd-mediated cross-coupling Stille conditions111 in gently refluxing THF 

to yield oligomer 8. Column chromatography over silica using mixtures of hexanes and 

dichloromethane (12:1) afforded 8 which was isolated as a purple tacky solid. Alternatively, 4 

was brominated, subsequently lithiated and stannylated with ca. 2 equivalents of 

trimethyltinchloride in order to be further copolymerized with BTD, affording a control polymer, 

namely P1. 8 was either homopolymerized using the mild oxidizing agent FeCl3 (room 

temperature oxidative polymerization) and the resulting polymer subsequently reduced with 
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hydrazine to yield P2, or was brominated (at the external positions only) and copolymerized 

following modified Stille conditions with 2,5-bis(trimethylstannyl)thiophene to yield copolymer 

P3 or with 5,5'-bis(trimethylstannyl)-2,2'-bithiophene to yield copolymer P4. All polymers were 

precipitated in methanol and purified by Soxhlet extraction with methanol before further 

characterization and device fabrication. It is worth noting that the repeat unit structure of P2 

necessitated using an oxidative polymerization route as opposed to the Pd-mediated Stille-type 

polymerization route employed to synthesize P1-P3. Our attempts to produce P2 using Ni-

mediated Yamamoto conditions led to rapid precipitation of an insoluble material, likely 

crosslinked via competitive insertion of Ni at the silole center. 

 
 

Figure 7-7. Synthetic route to silole-based donor-acceptor π-conjugated copolymers P1-P4 
(Adapted with permission from Ref.102 Copyright 2009 American Chemical Society) 

In analogy with the approach described in Chapter 6 of this dissertation to enhance the 

charge transport properties in DA polymers, in P3 and P4, the DTDs symmetrically 

functionalized onto BTD and bearing the solubilizing side-chains are spaced by a small 
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conjugated block composed of one or two thienylene heterocycles possessing no substituent. 

Similarly, it can be anticipated that reducing the concentration of aliphatic side-groups along the 

main-chain to the necessary extent, as in P3 and P4, should diminish the chain-to-chain 

distances, favor the π-stacking interactions and, in turn, improve the charge transport properties 

of the corresponding materials.177-179 

The structures of the repeat unit of P1-P4 were supported by 1H NMR (see Experimental 

Section) and the quality of the polymers was probed by elemental analysis (see Table 7-2). The 

polymer molecular weights were determined via polystyrene-calibrated GPC with THF as the 

mobile phase and are summarized in Table 7-3. Number average molecular weights (Mn) ranging 

from 10,800 g mol-1 (P1) to 19,800 g mol-1 (P4) were estimated for the polymers. It is worth 

noting that the reported molecular weights were estimated from non-fractionated polymers, 

hence the relatively large molecular weight polydispersity observed in general, which could 

ultimately me reduced to refine the physical properties and performance in electronic devices of 

these materials. Importantly, the minimum average number of repeat units for all the polymers 

was found to be 15 (P1), corresponding to a main-chain of nearly 57 aromatic units, which is 

about 4 times as high as the value for which the electronic properties of DA conjugated polymers 

are commonly found to saturate (~15 aromatic rings).112 On the other hand, the average number 

of repeat units for P4 was found to be 17, corresponding to a main-chain of nearly 119 aromatic 

units, which demonstrated the possibility of producing high molecular weight polymers from the 

polycondensation of relatively large functional building blocks (as opposed to a conventional 

copolymerization of single heterocycles). Thermogravimetric analysis of P1-P4 showed only 

negligible weight loss below ca. 420oC (under nitrogen atmosphere), hence demonstrating their 

remarkable thermal stability. Only P2 which possesses two DTSs connected to each other as a 
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spacer for the BTDs shows a relatively small shoulder of decomposition at ca. 312 oC, hence 

pointing towards a potentially reduced resistance to harsh thermal treatments. 

Table 7-2. Elemental Analysis (C, H, N) as calculated (left) and experimentally found (right) by 
Atlantic Microlab, Inc. for the donor-acceptor copolymers P1-P4 

Polymer 
EA (Calcd/Found) 
C H N 

P1 65.40/64.89 6.95/6.99 5.08/4.67 
P2 67.02/66.61 7.71/7.52 2.89/2.91 
P3 66.36/66.81 7.30/7.45 2.67/2.51 
P4 65.79/66.13 6.95/7.19 2.44/2.47 
 
Table 7-3. Number average molecular weight (Mn, g mol-1), Weight average molecular weight 

(Mw, g mol-1), Polydispersity index (PDI), Average number of repeat units, Average 
number of rings, and Onset of decomposition temperature (as measured by TGA 
under nitrogen atmosphere) for the donor-acceptor copolymers P1-P4 

Polymer Mn (g mol-1) Mw (g mol-1) PDI Avg. No.  
of Repeat Units 

Avg. No. 
of Rings Td (oC)b 

P1 10,800 34,200 3.2 19 57 422 
P2 17,700 59,200 3.3 18 90 (312) 429a 
P3 16,000 60,100 3.8 15 90 424 
P4 19,800 64,100 3.2 17 119 426 
a main decomposition onset 
 
7.3.2 Polymer Optical Characterization 

While P2-P4 all exhibit a two-band absorption in the visible spectrum, their short-

wavelength transition strongly overlap with the long-wavelength transition, and the first one 

differs in relative intensity with the second one among the polymer series (see Figure 7-8). In 

toluene solution, P1 shows a first local absorption maximum in the UV (392 nm) and at a 

distance of ca. 185 nm from the second absorption maximum (577 nm). In contrast, in the case 

of P2-P4, the first local absorption maximum has been shifted to the visible (458, 451 and 494 

nm, respectively), and greatly overlap with the second absorption maximum (627, 602 and 620 

nm, respectively). Table 7-4 summarizes the local absorption maxima for P1-P4 in toluene and 

as cast. It is worth noting that P4 possesses the more extended and homogeneous absorption 
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spectrum in the polymer series (when normalized to the longer wavelength absorption 

maximum), and is essentially dark ink-blue to black in solution. Similar considerations arise in 

the solid state where the spectra undergo a bathochromic shift of 10-20 nm in average. 

According to the discussions lead throughout the previous Chapters of this dissertation (see 

Chapters 3-4), the low energy transition in these spectra can be attributed to the intramolecular 

donor-acceptor interaction arising from the covalent bonding of electron-donating (DTSs) and 

electron-accepting (BTDs) aromatic units, the higher energy transition can be assigned to the 

electron-donating contribution of the alternating polymer backbone (i.e. the all-thienylene 

segments). The optically determined energy gaps were all relatively low and in the same range 

(1.51-1.56 eV). 

 
 

Figure 7-8. Normalized solution optical absorption (in Toluene) for the DTS-BTD copolymers 
P1-P4 (Adapted with permission from Ref.102 Copyright 2009 American Chemical 
Society) 

Table 7-4. Local absorption maxima (solution in toluene and solid state), and film optical 
bandgap (Eg, eV) for the donor-acceptor copolymers P1-P4 

Polymer 
λabs (nm) In Toluene λabs (nm) Thin Film Eg (V) 
1 2 1 2  

P1 392 577 404 583 1.53 
P2 458 627 459 643 1.53 
P3 451 602 464 611 1.56 
P4 ~480 620 483 645 1.51 
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7.3.3 Polymer Electrochemical Characterization and Band Structure 

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were used to 

investigate the redox properties of P1-P4, including determining how polymer oxidation and 

reduction potentials, associated HOMO and LUMO energy levels, and electrochemical bandgaps 

vary as the acceptor (BTD) is increasingly spaced with electron-rich thienyl units along the 

polymer main-chain. Table 7-5 summarizes these results, along with the optical bandgap of the 

polymers as estimated from the onset of their low energy transition. Polymer thin films were 

drop-cast from toluene solutions (6 mg mL-1) onto platinum button electrodes and characterized 

in an electrochemical cell comprising a platinum counter-electrode and a silver wire as the 

reference electrode, with the said electrochemical cell set in an argon-filled dry box. All 

estimated potentials were subsequently calibrated versus Fc/Fc+. The polymer films were 

systematically cycled prior to characterization, until a stable and reproducible redox response 

was reached. 

Table 7-5. Electrochemically determined HOMO and LUMO energy levels (by CV and by 
DPV), Corresponding electrochemical bandgaps, and Comparison with their optically 
estimated values for the copolymers P1-P4 

Polymer 
Eoxonset (V) HOMO (eV) Eredonset (V) LUMO (eV) Egap (V) Egap (V) 

CV DPV CV DPV CV DPV CV DPV CV DPV Optical 

P1 0.44 0.39 5.54 5.49 -1.58 -1.38 3.52 3.72 2.02 1.77 1.53 

P2 0.39 0.32 5.49 5.42 -1.68 -1.48 3.42 3.62 2.07 1.80 1.53 

P3 0.34 0.33 5.44 5.43 -1.63 -1.45 3.47 3.65 1.97 1.78 1.56 

P4 0.42 0.45 5.52 5.55 -1.62 -1.46 3.48 3.64 2.04 1.91 1.51 
aoxidation (Eoxonset) and reduction (Eredonset) potentials are reported vs. Fc/Fc+. benergy level derived 
from the electrochemical data (Eoxonset and Eredonset) considering that the SCE is 4.7 eV vs. vacuum and 
Fc/Fc+ is 0.38 eV vs. SCE, i.e. 5.1 eV relative to vacuum. cenergy level derived from the DPV estimated 
HOMO value of the polymer and its optical bandgap. 
 

P1 revealed a moderate oxidation potential of +0.44 V by CV and +0.39 V by DPV which 

corresponded to a relatively low-lying HOMO energy level of 5.54 eV relative to vacuum by CV 

and 5.49 eV by DPV. The onset of reduction was found at -1.58 V by CV and -1.38 V by DPV, 
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which corresponded to a LUMO of 3.52 eV by CV and 3.72 eV by DPV, respectively, and to 

electrochemical bandgaps of 2.02 and 1.77 eV. As mentioned in the previous Chapters of this 

dissertation (see Chapters 5 and 6), DPV tends to provide more accurate estimates when 

evaluating the redox potentials of π-conjugated polymers, by inducing sharper redox onsets than 

CV in particular.128,181 In the case of P1, the differences between the CV and DPV estimated 

values highlight well the care that should be taken when limiting an electrochemical study of a π-

conjugated polymer energy band structure to the use of cyclic voltammetry. 

P2 and P3 revealed slightly lower oxidation potentials than that of P1, +0.32 V and +0.33 

V respectively by DPV, and thus a higher-lying HOMO, 5.42 eV and 5.43 eV (respectively) 

from DPV, in agreement with the introduction of thienylene building units increasing the 

electron-rich contribution in the DA backbone. The onsets estimated from the first reductive 

process (the second one inducing rapid degradation of the polymer on repeated cycling), -1.48 V 

and -1.45 V respectively by DPV, were consistent with the existing literature relating to BTD-

containing DA copolymers.44,45,180 From the associated LUMOs, 3.62 eV and 3.65 eV 

(respectively) by DPV, energy gaps of 1.80 and 1.78 eV (respectively) from DPV were 

determined, in agreement with that found for P1 (1.77 eV). 

In contrast with P2, the incorporation of a bithiophene conjugated spacer in P4 repressed 

the polymer HOMO by ca. 0.1 eV (5.55 eV by DPV) which drop was not as significant as that 

observed along the polymer series discussed in Chapter 6. Similarly here, this result can be 

attributed to the less pronounced electron-rich character of thiophene when compared to that of 

DTS. In comparison with P2 and P3, polymer P4 revealed a higher oxidation potential (+0.42 V 

by CV and +0.45 V by DPV), while retaining a near-identical onset of reduction (-1.62 V by CV 

and -1.46 V by DPV). 
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In general, the electrochemical bandgaps were found slightly smaller when estimated by 

DPV (by up to ca. 0.3 eV lower than those determined by CV), DPV tending to provide more 

accurate estimates when evaluating the redox potentials of π-conjugated polymers. Although the 

electrochemically determined bandgaps were systematically larger than the optically estimated 

values, this experimental observation is in good agreement with work on DA polymers from 

various groups.46,112,182 

Given the above discussion, the energy diagram presented in Figure 7-5 was constructed 

by employing the CV and DPV estimated energy levels of the polymers. In short, Figure 7-9 

highlights the appropriate match between the energy band structure of the designed polymers and 

the key energy levels of the various components utilized in the fabrication of BHJ photovoltaic 

test-devices in Chapter 6 for instance (e.g. ITO, MoO3, PC70BM and Al).44,95 

 
 

Figure 7-9. Schematic representation of the energy-band structure of P1-P4 showing the polymer 
HOMO and LUMO energies as estimated by CV and DPV (green filled rectangles) 
with respect to those of an “ideal polymer” (i.e. designed to be integrated in BHJ 
solar cells employing PC70BM and PEDOT-PSS). The optically determined bandgaps 
of P1-P4 were placed at the baricenter of the DPV estimated bandgaps, and a second 
approximated set of HOMO and LUMO levels could be defined assuming the energy 
levels equidistant from the baricenter (in green dotted rectangle) 



 

233 

7.3.4 Polymer Structural Analysis 

The microstructural organization of P1-P4 was investigated by 2D wide-angle X-ray 

scattering (2D-WAXS, see Figure 7-10), whereby the polymer samples consisted of fibers 

prepared by mechanical extrusion (as described in Chapter 2).73,74,101 The X-ray data, including 

π-stacking (π, nm) and chain-to-chain distances (d, nm), are summarized in Table 7-6. 

 
 
Figure 7-10. 2D wide-angle X-ray scattering (2D-WAXS) of P1-P4 whereby the polymer 

samples consisted of fibers prepared by mechanical extrusion (Adapted with 
permission from Ref.102 Copyright 2009 American Chemical Society) 

From the X-ray data presented as Figure 7-10, P1 and P2 were found to organize in 

lamellae structures with an identical chain-to-chain distance of 1.95 nm calculated from the 

small-angle equatorial reflections. In the meantime, P1 did not show any evidence for the 

presence of π-stacking interactions as supported by the isotropic small-angle reflection and the 

lack of corresponding scattering intensity in its X-ray pattern. In contrast, the pattern of P2 

showed wide-angle reflections in the equatorial plane corresponding to π-stacking distances of 

0.36 nm which pointed towards increased microstructural order. Similarly to P1, the reflections 
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in the X-ray pattern of copolymer P3 did not indicate the presence of a pronounced degree of 

order, though a lamellar spacing of 1.94 nm could be calculated from the small-angle equatorial 

reflections. In contrast, a higher degree of crystallinity and alignment of the lamellae structures 

along the fiber direction were demonstrated by the distinct scattering intensities (wide-angle 

reflections) in the pattern of P4. In particular, a chain-to-chain spacing of 1.84 nm and π-stacking 

distances of 0.36 nm were calculated in the case of P4 which represent some of the closest 

intermolecular interactions reported to date for a solution-processable π-conjugated 

polymer.17,197 

Table 7-6. π-stacking (π, nm) and chain-to-chain distances (d, nm) for the donor-acceptor 
copolymers P1-P4 

Polymer π (nm) d (nm) 
P1 -a 1.95 
P2 0.36 1.95 
P3 -a 1.94 
P4 0.36 1.84 
a not observed 
 
7.3.5 Field Effect Transistors 

The FET performance data for the donor-acceptor copolymers P1-P4 in bottom gate / 

bottom contact devices are summarized in Table 7-7. The corresponding FETs were obtained by 

drop-casting the copolymers on HMDS-treated SiO2 covering heavily doped Si (as the gate 

electrode) from a 2 mg mL-1 chlorobenzene solution. In agreement with their differences in 

microstructural organization, polymer P1 did not reveal any transistor behavior on HMDS-

treated SiO2, whereas P2 showed a substantial field-effect with a moderate hole mobility of 3 x 

10-4 cm2 V-1s-1 at saturation and an on/off current ratio of 6 x 103. By substituting HMDS with 

phenyltriethoxysilane (PTES), a transistor behavior was observed for P1 which revealed a very 

limited hole mobility of 2 x 10-6 cm2 V-1s-1 at saturation and a low on/off current ratio of 1 x 102. 
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Table 7-7. Number average molecular weight (Mn, kDa), polydispersity (PDI), film optical 
bandgap (Eg, eV), π-stacking (π, nm) and chain-to-chain distances (d, nm), FET 
charge carrier mobilities at saturation (µsat, cm2 V-1 s-1), and current on/off ratios 
(Ion:Ioff) for the donor-acceptor copolymers P1-P4 (Adapted with permission from 
Ref.102 Copyright 2009 American Chemical Society) 

Polymer π (nm) d (nm) µsat Ion:Ioff 
P1 -a 1.95 2 x 10-6 1 x 102 
P2 0.36 1.95 3 x 10-4 6 x 103 
P3 -a 1.94 3 x 10-3 2 x 104 
P4 0.36 1.84 2 x 10-2 1 x 103 
a not observed 
 

 
 

Figure 7-11. Field-effect transistor characteristics of P4: a) output curves taken at different gate 
voltages and b) transfer curves (Adapted with permission from Ref.102 Copyright 
2009 American Chemical Society) 

In spite of its lack of microstructural organization, the copolymer analogue P3 showed 

enhanced FET performance when compared to that of P1 and P2 with a hole mobility of 3 x 10-3 

cm2 V-1s-1 at saturation and an on/off current ratio of 2 x 104. This result supported the idea that 

unsubstituted heterocyclic units can be inserted in the backbones of π-conjugated polymers to 

enhance their charge-carrier mobilities effectively.178,179 In correlation with the increase of order 

and molecular packing observed for the copolymer analogue P4, an enhanced hole mobility of 
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0.02 cm2 V-1s-1 at saturation and an on/off current ratio of 1 x 103 were achieved as illustrated in 

Figure 7-11. The especially close intermolecular distances and notable FET performance 

enhancement in the case of P4 can be attributed to the presence of unsubstituted bithiophene 

spacers creating effective hopping sites for the charge-carriers, reducing the concentration of 

solubilizing side-chains, while inducing an increase in backbone planarity. 

In order to explain the two orders magnitude difference in mobility between P2 and P4 in 

spite of the close π-stacking distances found in both cases, the integration plots of the equatorial 

scattering intensities for P2 and P4 were extracted from the 2D-WAXS patterns of the polymer 

fibers prepared by mechanical extrusion. While the relatively broad reflections and the lack of 

higher order scattering intensities in the corresponding 2D patterns pointed towards a lower 

degree of crystallinity in the case of P2, the differences in scattering intensity illustrated in their 

integration plots in Figure 7-12 confirmed the pronounced variation in macroscopic order from 

P2 to P4. The higher degree of solid-state alignment in P4 is further indicated by higher order 

reflections (see (200) in Figure 7-12) for the chain-to-chain correlation, while P2 shows only a 

unique and broad reflection.  

 
 

Figure 7-12. Integration plots of the equatorial scattering intensities for P2 and P4 as determined 
from the 2D-WAXS patterns of the polymer fibers prepared by mechanical extrusion 
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Importantly, as illustrated in Figure 7-13, the same trend was observed by X-ray diffraction 

in thin film (the polymers were drop-cast onto HMDS-treated silicon), with P4 showing the 

highest degree of crystallinity, while the X-ray diffractogram of P2 revealed only a weak 

reflection indicative of a low degree of macroscopic order. As expected, identical d-spacing 

distances were determined for the thin films and from the bulk, suggesting no variation in 

molecular packing upon thin film processing. 

 
 

Figure 7-13. X-ray diffraction (XRD) of P1-P4 whereby the polymer samples consisted of thin-
films drop-cast onto HMDS-treated silicon (Adapted with permission from Ref.102 
Copyright 2009 American Chemical Society) 

7.3.6 Photovoltaic Devices 

Taking into consideration the results obtained in Chapter 6, polymer P4 was processed into 

a BHJ device composed of PC70BM as the electron-accepting material, along with MoO3 (ca. 10 

nm) as the hole-transporting interface layer, and the resulting solar cell was tested under AM 1.5 

solar illumination (irradiation intensity: 100 mW cm-2). The active layer (ca. 120 nm) was spin-

cast from chlorobenzene and subjected to a thermal treatment step (160oC, 10 min) before Al 
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contact deposition. Figure 7-14a shows the current density-voltage (J-V) responses of the device 

employing P4 at optimized polymer:PCBM composition (1:1 by weight, as rapidly determined 

from a series of test-devices made with PC60BM). At this early stage, the 1:1 polymer:PC70BM 

device revealed promising PV characteristics, with an encouragingly high JSC of 7.86 mA cm-2 

supporting our synthetic strategy to enhancing the charge transport in DA conjugated polymers, 

but a moderate VOC of 0.59 V, and a moderate FF of 44%. Although higher VOC values should be 

targeted in organic BHJs as it directly relates to the device PCE, this estimated value was in 

agreement with the HOMO of the polymer estimated electrochemically (5.55 eV relative to 

vacuum by DPV).The same device exhibited an overall PCE of 2.04 % which was reasonable 

considering the novelty of the material produced. It is worth noting that at the 1:1 

polymer:PCBM ratio employed to construct this device, the resulting cell was essentially black 

in color, as desired to absorb light with the most efficacy. Figure 7-14b shows the EQE data of 

P4. In this case, the response consists of a broad-band extending across the entire visible 

spectrum with a long-wavelength local maximum of photocurrent of ca. 28% corresponding to 

the absorption maximum of the long-wavelength absorption band of P4. The shorter-wavelength 

maximum of the photocurrent reaches ca. 43% and is dominated by the absorption of PC70BM 

added to that of the short-wavelength absorption band of P3. The onset of photocurrent at ca. 

800 nm was in agreement with the polymer optical absorption data. It is expected to see the PV 

performance of this polymer improve as a function of the processing conditions employed. In 

addition, narrowing the polydispersity of the corresponding polymer (here PDI was 3.2 in 

absence of fractionation) to select only the higher molecular weight fraction, along with 

optimizing the purification process according to the most recent methods developed to this 

effect, should widely contribute to reaching the expected performance enhancement. Further 
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synthesis, characterization and device fabrication (including the remaining polymers in the 

series, P1-P3) is underway. 

a) b)  
 

Figure 7-14. a) I-V curves for a BHJ solar cell made of P4 (at best polymer:PCBM composition, 
i.e 1:1) in the dark (blue curve) and under AM 1.5 solar illumination, 100 mW cm-2, 
for the device structure ITO/MoO3/P4:PC70BM/LiF/Al (red curve), b) EQE response 
(blue curve) of the polymer:PCBM blend of the same P4-based device 

7.3.7 Synthetic Details 

Compound 2-4: Details relative to the synthesis and characterization of 2-4 can be found 

in Usta, H.; Lu, G.; Facchetti, A.; Marks, T. J. J. Am. Chem. Soc. 2006, 128, 9034-9035. 

Compound 5: Compound 4 (1.644 g, 3.93 mmol) was dissolved in dry THF (120 mL) and 

cooled down to -78 °C. A solution of n-butyllithium in hexanes (2.04 mL, 5.1 mmol) was added 

over a 30 min period and the mixture was stirred for 3 hours at -78 °C. A solution of 

trimethyltinchloride in hexanes (5.5 mL, 5.5 mmol) was subsequently added, the mixture was 

allowed to warm up to room temperature and stirred for 16 hours. The solvent was evaporated 

affording a yellow-brown residue which was used for the next step without further purification 

(~95 %). 1H NMR (300 MHz, CDCl3) δ= 7.17 (d, J = 4.8 Hz, 1H), 7.09 (s, 1H), 7.03 (d, J = 4.8 

Hz, 1H), 1.50-0.60 (m, 34H), 0.37 (s, 9H). 
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Compound 6: Compound 4 (1.542 g, 3.7 mmol) was dissolved in 100 mL of CHCl3. Then 

NBS (1.442 g, 8.1 mmol) was added by portions and the mixture was stirred for 24 h at room 

temperature under light protection. The organic layer was washed with water, dried over 

magnesium sulfate, the solvent was evaporated and the product was purified by column 

chromatography on silica with hexane as the eluent. The solvent was evaporated and compound 

6 was obtained as a light yellow viscous oil (1.974 g, 93 %). 1H NMR (300 MHz, CDCl3) δ= 

6.99 (s, 2H), 1.50-0.80 (m, 34H), 0.37 (s, 18H).; 13C NMR (75MHz, CDCl3) δ= 149.15, 141.25, 

132.38, 111.64, 33.30, 32.06, 29.40, 29.32, 24.23, 22.88, 14.33, 11.84. 

Compound 7: Compound 6 (0.3 g, 0.52 mmol) was dissolved in dry THF (10 mL) and 

cooled down to -78 °C. A solution of n-butyllithium in hexanes (0.499 mL, 1.25 mmol) was 

added over a 10 min period and the mixture was stirred for 2 hours at -78 °C. A solution of 

trimethyltinchloride in hexanes (1.35 mL, 1.35 mmol) was subsequently added, the mixture was 

allowed to warm up to room temperature and stirred for 2 hours. The solvent was evaporated 

affording a yellow-brown residue (7) which was used for the next step without further 

purification (~95 %). 1H NMR (300 MHz, CDCl3) δ= 7.08 (s, 2H), 1.50-0.60 (m, 34H), 0.37 (s, 

18H). 

Compound 8: Compound 5 (3.93 mmol), 4,7-dibromobenzo[c][1,2,5]thiadiazole (0.525 g, 

1.78 mmol) and Pd(PPh3)2Cl2 (4 mol %) were dissolved in 30 mL of dry THF. The mixture was 

stirred overnight at 60 °C, the solvent was evaporated and the product was purified by column 

chromatography on silica with hexane/dichloromethane (12:1) as the eluent. The solvent was 

evaporated and compound 8 was obtained as a dark purple viscous oil (1 g, 58 %). 1H NMR (300 

MHz, CDCl3) δ= 8.11 (s, 2H), 7.85 (s, 2H), 7.28 (d, J = 4.8 Hz, 2H), 7.11 (d, J = 4.8 Hz, 2H), 

1.50-0.80 (m, 68H); 13C NMR (75MHz, CDCl3) δ= 152.76, 150.92, 149.46, 143.20, 142.65, 
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140.40, 130.29, 130.02, 126.19, 125.91, 125.23, 33.43, 32.09, 29.45, 29.41, 24.45, 22.88, 14.32, 

12.16. HRMS (MMI TOF) [MH+] m/z calcd. for C54H76N2S5Si2: 969.4223 Found: 969.4197. 

Anal. calcd. for C54H74N2S5Si2: C 66.89, H 7.90, N 2.89 Found: C 66.94, H 7.95, N 2.84. 

Compound 9: Compound 8 (0.963 g, 0.99 mmol) was dissolved in 100 mL of CHCl3. 

Then NBS (0.354 g, 1.99 mmol) was added by portions and the mixture was stirred for 24 h at 

room temperature under light protection. The organic layer was washed with water, dried over 

magnesium sulfate, the solvent was evaporated and the product was purified by column 

chromatography on silica with hexane/dichloromethane (12:1) as the eluent. The solvent was 

evaporated and compound 9 was obtained as a dark purple tacky solid (0.98 g, 87.5 %). 1H NMR 

(300 MHz, CDCl3) δ= 8.09 (s, 2H), 7.82 (s, 2H), 7.05 (s, 2H), 1.50-0.80 (m, 68H); 13C NMR 

(75MHz, CDCl3) δ= 152.65, 150.26, 149.86, 142.89, 142.22, 140.78, 132.63, 130.14, 125.84, 

125.25, 112.25, 33.40, 32.09, 29.45, 29.38, 24.37, 22.89, 14.33, 12.04. HRMS (MMI TOF) 

[MH+] m/z calcd. for C54H74Br2N2S5Si2: 1127.2419 Found: 1127.2360. Anal. calcd. for 

C54H74Br2N2S5Si2: C 57.52, H 6.62, N 2.48 Found: C 57.86, H 6.73, N 2.44. 

 Copolymer P1: Compound 7 (3.93 mmol), 4,7-dibromobenzo[c][1,2,5]thiadiazole (0.525 

g, 1.78 mmol), Pd2(dba)3 (2 mol %) and P(o-tol)3 (8 mol %) were dissolved in 10 mL of dry 

toluene and 1 mL of degassed anhydrous DMF. The mixture was stirred for 3 days at 90 °C. It 

was then precipitated into methanol (200 mL). The precipitate was filtered through a Soxhlet 

thimble and purified via Soxhlet extraction for 24 hours with methanol. The polymer was 

extracted with chloroform, concentrated by evaporation, and treated with a strongly complexing 

ligand (diethylammonium diethyldithiocarbamate) in order to remove any residual trace of 

catalyst before being precipitated in methanol (200 mL) and collected as a dark purple solid (230 

mg, 80 %). 1H NMR (300 MHz, CDCl3) δ= 8.20 (bs, 2H), 7.91 (bs, 2H), 1.50-0.80 (m, 34H). 
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GPC analysis: Mn = 10 800 g mol-1, Mw = 34 200 g mol-1, PDI = 3.8. Anal. calcd. for 

C30H38N2S3Si1: C 65.40, H 6.95, N 5.08 Found: C 64.89, H 6.99, N 4.67. 

Copolymer P2: Compound 8 (415 mg, 0.428 mmol) was dissolved in chloroform (50 

mL). A solution of anhydrous FeCl3 (347 mg, 2.14 mmol, 5eq) in nitromethane was added 

dropwise over a period of 30 minutes to the stirred monomer at room temperature (the dark 

purple monomer solution turned progressively dark blue-green with addition of oxidizing agent). 

The mixture was stirred overnight at room temperature. It was then precipitated into methanol 

(200 mL). The precipitate was filtered, redissolved in chloroform (200 mL) and stirred for 3 

hours with hydrazine monohydrate (6 mL). After evaporation, the concentrate (dark blue-green) 

was precipitated into methanol (200 mL), the precipitate was filtered through a Soxhlet thimble 

and purified via Soxhlet extraction for 24 hours with methanol. The polymer was extracted with 

chloroform, concentrated by evaporation, the polymer was precipitated in methanol (200 mL) 

and collected as a dark solid (170 mg, 41 %). 1H NMR (300 MHz, CDCl3) δ= 8.14 (bs, 2H), 7.87 

(bs, 2H), 7.00 (br, 2H), 1.50-0.80 (br, 68H). GPC analysis: Mn = 17 700 g mol-1, Mw = 59 200 g 

mol-1, PDI = 3.35. Anal. calcd. for C54H74N2S5Si2: C 67.02, H 7.71, N 2.89 Found: C 66.61, H 

7.52, N 2.91. 

Copolymer P3: 2,5-dibromothiophene (0.101 g, 0.421 mmol) was dissolved in dry THF 

(10 mL) and cooled down to -78 °C. A solution of n-butyllithium in hexanes (0.405 mL, 1.011 

mmol) was added over a 10 min period and the mixture was stirred for 1 hour at -78 °C. A 

solution of trimethyltinchloride in hexanes (1.09 mL, 1.09 mmol) was subsequently added, the 

mixture was allowed to warm up to room temperature and stirred for 1 hour. The solvent was 

evaporated affording a light orange residue which was used for the next step without further 

purification (~98 %). Compound 9 (0.475 g, 0.421 mmol), Pd2(dba)3 (2 mol %) and P(o-tol)3 (8 



 

243 

mol %) were added to the residue and dissolved in 12 mL of dry toluene and 1 mL of degassed 

anhydrous DMF. The mixture was stirred for overnight at 90 °C. It was then precipitated into 

methanol (200 mL). The precipitate was filtered through a Soxhlet thimble and purified via 

Soxhlet extraction for 24 hours with methanol. The polymer was extracted with chloroform, 

concentrated by evaporation, and treated with a strongly complexing ligand (diethylammonium 

diethyldithiocarbamate) in order to remove any residual trace of catalyst before being 

precipitated in methanol (200 mL) and collected as a dark solid (180 mg, 41 %). 1H NMR (300 

MHz, CDCl3) δ= 8.12 (bs, 2H), 7.84 (bs, 2H), 7.00 (br, 4H), 1.50-0.80 (m, 68H). GPC analysis: 

Mn = 15 900 g mol-1, Mw = 60 100 g mol-1, PDI = 3.8. Anal. calcd. for C58H76N2S6Si2: C 66.36, H 

7.30, N 2.67 Found: C 66.81, H 7.45, N 2.51. 

Copolymer P4: 5,5'-dibromo-2,2'-bithiophene (0.141 g, 0.434 mmol) was dissolved in dry 

THF (10 mL) and cooled down to -78 °C. A solution of n-butyllithium in hexanes (0.416 mL, 

1.04 mmol) was added over a 10 min period and the mixture was stirred for 2 hours at -78 °C. A 

solution of trimethyltinchloride in hexanes (1.13 mL, 1.13 mmol) was subsequently added, the 

mixture was allowed to warm up to room temperature and stirred for 2 hours. The solvent was 

evaporated affording a yellow-orange residue which was used for the next step without further 

purification (~98 %). Compound 9 (0.489 g, 0.434 mmol), Pd2(dba)3 (2 mol %) and P(o-tol)3 (8 

mol %) were added to the residue and dissolved in 12 mL of dry toluene and 1 mL of degassed 

anhydrous DMF. The mixture was stirred for overnight at 90 °C. It was then precipitated into 

methanol (200 mL). The precipitate was filtered through a Soxhlet thimble and purified via 

Soxhlet extraction for 24 hours with methanol. The polymer was extracted with chloroform, 

concentrated by evaporation, and treated with a strongly complexing ligand (diethylammonium 

diethyldithiocarbamate) in order to remove any residual trace of catalyst before being 
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precipitated in methanol (200 mL) and collected as a dark solid (250 mg, 51 %). 1H NMR (300 

MHz, CDCl3) δ= 8.13 (bs, 2H), 7.85 (bs, 2H), 7.00 (br, 4H), 1.50-0.80 (m, 68H). GPC analysis: 

Mn = 19 800 g mol-1, Mw = 64 100 g mol-1, PDI = 3.2. Anal. calcd. for C62H78N2S7Si2: C 65.79, H 

6.95, N 2.44 Found: C 66.13, H 7.19, N 2.47. 

7.4 Conclusions and Outlook 

In conclusion, a series of four DTS-BTD copolymers differing by the concentration of 

electron-donating and -withdrawing substituents along the backbone have been synthesized and 

characterized by 2D-WAXS, and in bottom-gate/bottom-contact FETs. While all copolymers 

were able to self-assemble into lamellar superstructures, only P2 and P4 showed a propensity to 

π-stack. The highest hole mobility of 0.02 cm2 V-1s-1 was observed for P4 in excellent agreement 

with the close π-stacking and lamellar distances found by structural analysis (0.36 nm and 1.84 

nm, respectively). It is expected to see the FET performance improve with controlled polymer 

molecular weight and macroscopic order.74 In parallel, P4 absorbs homogeneously across the 

entire visible spectrum as solar cell applications require. From the initial PV data obtained, the 

need for a new series of DTS-BTD semiconducting polymer derivatives possessing lower-lying 

HOMOs, and thus providing light-harvesting devices with higher VOC values, can be anticipated. 

In combination with high current densities in absence of applied bias, such as that observed with 

P4 (ca. 8 mA cm-2), the subsequent materials could exceed the state-of-the-art performance of 

P3HT, while exhibiting the ambient long-term stability required for commercial application. 
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CHAPTER 8 
PERSPECTIVES AND OUTLOOK 

8.1 π-Conjugated Polymers in Context 

In an emerging era of flexible, rollable or foldable high-performance electronic displays, 

the perspective of manufacturing low-cost functional materials that can be easily processed over 

large areas along with being mechanically tolerant has become a sine qua non to commercial 

viability. In parallel, the idea of designing multifunctional semiconducting materials that can be 

integrated in various operating systems by inducing simple changes in device architectures has 

triggered new challenges for materials scientists who are now trying to answer the following: 

How can organic electronics reach or exceed the performance of their inorganic-based 

counterparts for a specific technology? Should they complement existing technologies in target-

applications or should they seek to replace them in the most conventional areas of use? Can they 

remain cost-effective regardless of the number of manufacturing steps? 

In portable applications where lightness, thickness and low-power consumption are further 

desired, organic electronics that can be precisely printed, stamped, sprayed, drop-cast or spin-

coated into pre-defined patterns, offer a competitive alternative to their conventional inorganic 

homologues. However, solution-processability, solid-state ordering, efficient 

electroluminescence, stable color-switching and high charge-carrier mobility for instance, are a 

variety of interconnected factors difficult to match-up for the synthetic chemist, when not a 

priori exclusive. 

In the fast-growing area of plastic electronics, π-conjugated organic polymers combining 

mechanical flexibility, and ease in bandgap/color tuning via structural control, along with the 

potential for low-cost scalability and processing, are particularly attractive. As mentioned 

throughout the introduction chapters of this dissertation (see Chapters 1 and 2), in considering 
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the most established applications, polymeric semiconductors have found widespread application 

in thin film transistors,5,19 photovoltaic cells,10,11,41 radio-frequency identification tags, sensors,7,8 

memories,9,198 and light-emitting diodes.6  

8.2 The Donor-Acceptor Approach in π-Conjugated Polymers with Perspectives in 
Electrochromic Applications 

Considering the growing interest in solution-processable ECPs, an essential step forward is 

to develop a better understanding of their fundamental structure-property relationships. To date, 

few reports address the general characteristics of conjugated polymers suitable for use in EC 

applications. Published work often refers to the EC potential of a newly synthesized system 

without providing any structural reasoning that lead to the desired properties. Throughout this 

dissertation work, carefully designed sets of conjugated polymers were synthesized and 

characterized to draw parallels and trends between molecular structures and EC performance.  

As illustrated in Figure 8-1a, solution-processable neutral state green conjugated polymers 

possessing a two-band optical absorption in the visible spectrum were accessed based on a 

specific linear combination of electron-rich dioxythiophene (DOT) and electron-deficient 

benzothiadiazole (BTD) heterocycles according to the DA approach. Optical and electrochemical 

investigation of the green conjugated polymers revealed highly transmissive oxidized states, 

excellent optical contrasts both in the visible and in the NIR, small potential windows of 

operation, fast switching times and long-term stability (see Chapter 3). While further 

investigating the influence of the content in electron-donating and electron-accepting building 

units along the backbone of two analogous series of DOT-BTD copolymers, it was found that 

low and high energy transitions in two-band absorbing linear DA polymers can be controlled in a 

substantial and interconnected fashion by varying the relative contribution of electron rich and 

poor moieties incorporated in the repeat unit (see Chapter 4). In addition, a merging of the bands 
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was observed that offers the potential for the synthesis of neutral state colored materials 

possessing either highly saturated or darker colors.  

a)  

b)  

c)  
 
Figure 8-1. Dissertation Work Overview: Spectral Engineering in Cathodically-Coloring π-

Conjugated Electrochromic Polymers 

As illustrated in Figure 8-1b, the approach developed for the synthesis of conjugated 

polymers possessing a two-band absorption in the visible was expanded to the synthesis of a 
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copolymer possessing an absorption spectrum extended over the entire visible region (400 - 

700nm). The copolymer was found to achieve reversible EC switching from a strong opaque 

neutral black color state to a highly transmissive oxidized state over a potential window of less 

than 1 V, hence representing the first neutral state black polymeric electrochrome with potential 

applications in e-papers and smart windows. Finally, as illustrated in Figure 8-1c, a series of 

DOT-BTD copolymers containing unsaturated spacers (either ethynylene or trans-ethylene) was 

electrochemically characterized and their electrochromic performance evaluated with the goal of 

simplifying the access to colors difficult to access such as green and cyan blue (see Chapter 5). 

Here, it was found that DA building blocks can be conveniently polymerized with trans-ethylene 

spacers to produce EC polymers with red-shifted optical spectra when compared to their all-

heterocyclic control parent polymers. Beyond the fine bandgap tuning afforded by this simple 

structural modification, trans-ethylene linkers-containing ECPs introduce a potential pathway 

toward the synthesis of polymeric electrochromes synthesized via the copolymerization of 

multiple chromophores to create new color palettes, including the color black such as desired for 

electronic ink-based applications.  

It is evident from the number of electroactive materials described in the literature14 that 

adding one more ECP candidate to the available library may not represent a substantial 

contribution aimed at moving the field ahead. If electrochemical polymerizations can be 

employed to demonstrate a concept, the same approach suffers from important limitations 

spanning large-scale applicability, tedious purifications or the introduction of molecular defects, 

and importantly, the subsequent polymers do not always reach their optical saturation threshold 

due to the lack of solubility of the growing backbone. In contrast, further research effort should 

now be directed towards designing solution-processable ECPs with improved optical contrasts, 
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switching ability and optimized performance in devices, hence facilitating technology transfer, 

and promoting the perspectives for mass-produced displays. 

In particular, the next generation of electrochromic polymers should intend to address a 

number of essential aspects including (1) the compromise between solution-processability and 

film-to-substrate adhesion upon repeated switching, (2) the presence of at least one accessible 

highly transmissive state allowing the combination and separate redox control of several ECPs to 

generate multiple colors and shades otherwise difficult to achieve, (3) the polymer response time 

at various desirable film-thicknesses, as well as (4) the long-term environmental stability. These 

goals are not exclusive and will be attained by understanding the structure-property relationships 

governed by the careful structural modifications operated at the molecular level, and by 

proposing new methodologies for the study of systems with more complex energy band patterns / 

optical features. The correlation between optical density, switching performance, and film 

thickness-quality has been widely ignored so far in spite of the obvious interplay. Similarly, 

coloration efficiencies and color coordinates for the polymer electrochromes are not 

systematically reported, which complicates further comparison between works. 

Correct use and implementation of the existing characterization toolbox for polymer 

electrochromism will be a key variable in the overall equation leading to widespread applications 

of this fascinating technology. 

8.3 The Donor-Acceptor Approach in π-Conjugated Polymers with Perspectives in 
Photovoltaic Applications 

Relying on the concept of energy band broadening induced in a macromolecular 

conjugated system involving alternating electron rich and poor substituents,42 the donor-acceptor 

approach has found its foremost application in the design and synthesis of low-bandgap 
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photovoltaics absorbing effectively over the visible spectrum with the goal of improving the 

solar energy conversion in bulk-heterojunction solar cells.10,11,41  

As narrow-bandgap π-conjugated polymers absorb at longer-wavelengths than their 

wider-bandgap all-donor counterparts (e.g. P3HT, MEH-PPV and MDMO-PPV), they have the 

ability to harvest light over the range of wavelengths where the photon-flux is maximum (i.e. 

500-800 nm). However, absorption of sunlight is far from being the only parameter of 

importance and the charge transport taking place across the solar cell devices remains the 

primary factor governing their performance. Then again, despite the continuous research effort 

committed to their design and synthesis, high-performance semiconducting polymers fulfilling 

the many requirements for use in photovoltaic devices  (including solution-processability, wide-

ranging optical spectra and large absorption coefficients, suitable energy band structure, efficient 

charge transport, and environmental stability), the access to materials combining substantial 

charge transport properties, with a broad absorption spectrum extending homogeneously across 

the visible and into the near-IR, has remained a challenge to date. 

As illustrated in Figure 8-2a, solution-processable and neutral state green DOT-BTD – 

based conjugated polymers exhibiting a two-band optical absorption in the visible spectrum were 

designed with an emphasis on correlating molecular structure, energy band characteristics and 

charge transport. In particular, their structure-performance relationships in solar cell devices 

were carefully investigated and the subsequent device architectures optimized to reach power 

conversion efficiencies as high as ca. 3% (see Chapter 6). In analogy with Chapter 3, the 

synthetic approach consisting in polycondensing oligomers with electron rich chain-ends using 

mild oxidative reagents produced novel polymer repeat units otherwise synthetically demanding 

as well as high molecular weight polymers without the need for tedious monomer purifications 
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and respect of the monomer-to-comonomer stoichiometry. Thereby, Chapter 6 introduced a new 

synthetic strategy taking bandgap/color-engineering along with charge transport into account for 

the production of solution-processable organic electronics suitable for combined 

photovoltaic/display devices, power-generating ornaments (such as photovoltaic plants and trees) 

or light-harvesting window applications. 

a) b)  
 

Figure 8-2. Dissertation Work Overview: Spectral Engineering in π-Conjugated Polymers with 
Substantial Charge Transport Properties for Photovoltaic Applications 

As illustrated in Figure 8-2b, the approach developed in Chapter 4 to access polymer 

electrochromes possessing a tunable tow-band absorption in the visible, whereby the relative 

intensity and overlap of the optical transitions are controlled by the concentration of donors and 

acceptor along the backbones, was expanded to the synthesis of broadly absorbing DTS-BTD 

copolymers (400 - 700nm) with the best chromophore producing thin-films essentially black in 
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color (see Chapter 7). The synthesized materials where further investigated in terms of their 

microstructural organization, which was correlated to their charge transport in FETs to reveal 

hole mobilities increasing with the proportion of unsubstituted heterocycles inserted along the 

backbone, and reaching values as high as ca. 2 x 10-2 cm2 V-1s-1 in excellent agreement with the 

close π-stacking and lamellar distances found by structural analysis (0.36 nm and 1.84 nm, 

respectively). Importantly, as the polymers were found to form oriented lamellar superstructures 

in the solid state, the charge transport can be anticipated to differ depending on the direction 

considered for the measurements (e.g. in-plane or normal to the device substrate). As a result, 

further investigation of the charge transport of the materials’ performance in vertically stacked 

photovoltaic devices should be directed to address these considerations as well.  

In general, both Chapter 6 and Chapter 7 point towards the need for semiconducting 

polymers derivatives possessing lower-lying HOMOs with the perspective of providing light-

harvesting devices with higher open-circuit voltages (VOC). This should be possible by 

decreasing the concentration of electron-rich building blocks along the conjugated backbone. 

Since the most conventional less electron-rich heterocycles (e.g. phenylene) also tend to produce 

materials with lower charge-carrier mobilities, the said less electron-rich units should be 

carefully designed to not lower the polymer intrinsic charge transport properties. In parallel, a 

further increase in device VOC could be induced by bringing a higher-lying LUMO fullerene. The 

combination of a polymer low-lying HOMO, a fullerene high-lying LUMO, and an intimate 

phase mixing between the two components in bulk-heterojunction PV devices appears to be the 

next logical joint effort to initiate between the synthetic chemist and the material scientist. Here, 

it is worth noting that the polymer LUMO energy level should be repressed along with its 

HOMO energy level in order to maintain the narrow bandgap of the polymer, and thereby its 
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improved light absorption properties when compared to the high-lying HOMO all-donor polymer 

analogues such as P3HT.  

After about 15 years of research and development, the ca. 5.5 % of overall power 

conversion efficiency attained in blends of P3HT with PCBM remains state-of-the-art. This sole 

observation should justify device optimization and extra synthetic effort such as that proposed 

above. 
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