
 

 

 

Tuning p-Conjugated Polymers with Heteroatoms: Synthesis of Polytellurophenes 

and Soluble Polyacetylenes 

 

by 

 

Bruno T. Luppi 

 

 

 

 

 

 

A thesis submitted in partial fulfillment of the requirements for the degree of 

 

 

Doctor of Philosophy 

 

 

 

 

 

 

 

Department of Chemistry 

University of Alberta 

 

 

 

 

 

 

 

 

 

 

© Bruno T. Luppi, 2021 

 

  



ii  

 

Abstract 

This Thesis describes the synthesis and investigation of p-conjugated oligomers 

and polymers with optoelectronic properties affected by the presence of a heteroatom. 

Two major classes of polymers are discussed: 1) polytellurophenes, where the 

backbone is formed by 5-membered heterocycles containing tellurium (Te), and 2) 

heteroatom (B, N, P)-appended polyacetylenes, where the polymer backbone consists 

of ï(HC=CH)ï repeat units. 

To begin, pinacolboronate (BPin)-functionalized tellurophenes with fused 

cycloalkane side group (5- or 6-membered rings) are transformed into new diiodinated 

tellurophene monomers to allow for homopolymerization through Yamamoto 

coupling. The size of the side group is found to drastically alter the HOMO-LUMO 

energy gap (Eg) of the resulting oligomers due to changes in backbone planarity. 

Density functional theory computations show that the effect is carried into copolymers 

with 3-alkylthiophenes, pointing at the tellurophene fused with the 5-membered ring 

as the best choice for planar backbones with extended p-conjugation. 

Additionally, a 3-borylated tellurophene was used in a Suzuki-Miyaura cross-

coupling protocol to synthesize a new tellurophene monomer containing a cumenyl 

(-C6H4
iPr) side chain. The corresponding poly(3-aryltellurophene) later obtained 

through Grignard metathesis (GRIM) polymerization shows a reduced HOMO-LUMO 

energy gap (Eg) when compared to the analogous polythiophene. The presence of aryl 



iii  

 

(cumenyl) side chains further reduces Eg below the values reported for its poly(3-

alkyltellurophene) counterparts. 

Finally, a modified ring-opening metathesis polymerization (ROMP) protocol 

is used to prepare soluble functionalized polyacetylenes (PA) bearing: 1) electron-

deficient boryl (-BR2) and phosphoryl (-P(O)R2) side chains, 2) electron-donating 

amino (-NR2) groups, and 3) ring-fused 1,2,3-triazolium units via strain-promoted 

Click chemistry. Not only are most of these new functional polyacetylenes soluble in 

conventional organic solvents, allowing film formation via ubiquitous spin coating 

methods, they retain similar intense light absorption across much of the visible spectral 

region as parent polyacetylene. Some of the resulting polyacetylenes also show greatly 

enhanced stability in air when compared to parent polyacetylene. Furthermore, 

placement of redox-active boryl and amino groups directly onto a polyacetylene 

backbone leads to switchable near-IR optical responses in the telecommunications 

range (ca. 1500 nm) upon chemical reduction or oxidation. A general route to cross-

linked networks is also presented, and is based on the reduction of the polyacetylenes 

in solution.  
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Chapter 1: Introduction  

1.1 Conjugated Polymers 

Organic polymers with alternating single and double bonds between carbon 

atoms in the backbone (C-C and C=C bonds), or ˊ-conjugated polymers, have become 

increasingly important since the discovery of their semiconducting behavior in the 

1960s.1 The resulting ́ -electron delocalization reduces the HOMO-LUMO energy gap 

to give properties similar to traditional inorganic semiconductors.2 Additionally, due to 

the extensively developed synthesis of organic molecules, monomers and polymers can 

be chemically designed to tune properties such as light absorption, conductivity, 

crystallinity, and thermal or air stability, offering vast possibilities currently 

inaccessible to inorganic materials.  

Another crucial difference between ˊ-conjugated polymers and inorganic 

semiconductors is the possibility of preparing soluble polymers that facilitate the 

synthesis, handling and fabrication of devices. Unlike conjugated small molecules, 

which can also exhibit semiconducting properties as well as be soluble in common 

solvents, the higher viscosity of polymeric solutions offers processing advantages such 

as the possibility to use spin coating and roll-to-roll printing to produce films with 

reduced costs and on a large scale.3ï5 These properties have led to great interest in 

conjugated polymers in the field of organic electronics, finding applications in organic 

photovoltaics (OPV),6ï10 organic light-emitting diodes (OLED),11,12 organic field-
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effect transistors (OFET)12,13 and photodetectors.14,15 Films of ́ -conjugated polymers 

can also show flexibility with retention of optoelectronic properties, leading to further 

applications such as the fabrication of wearable devices.16,17 Additionally, p-

conjugated polymers may change their properties depending on their surrounding 

environment or in response of chemical analytes to produce sensors.18 

Typical -́conjugated polymers include: polyaniline (PANI),19,20 polypyrrole 

(PPy),21,22 polyphenylenevinylene (PPV),12 and polythiophene (PT)6,12,14 (Figure 1.1). 

To achieve desirable performances in current applications, these polymers and their 

derivatives require careful optimization of molecular structure and side chains, leading 

to more complex structures. On the other hand, a major pillar on which the development 

of conjugated polymers was built upon was the synthesis and characterization of linear 

polyacetylene, [ïHC=CHï]n, a novel material that will be described in detail below. 

 

 

Figure 1.1. Structure of common ́-conjugated organic polymers. 

1.2 Polyacetylenes 

Parent polyacetylene (PA) is the simplest hydrocarbon polymer, consisting of 

a linear chain of carbon atoms with an alternating p-system. As such, it can be 

considered a model to understand the properties of many other conjugated polymers. 
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Its controlled synthesis and doping (addition or removal of electrons from the 

unsaturated backbone) to further reduce the HOMO-LUMO energy gap and reach 

metallic conductivity led to the 2000 Nobel Prize in Chemistry being awarded to Alan 

J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa.23ï25 

Polyacetylene (PA) can exist as three different isomers: a trans-transoid, cis-

transoid or trans-cisoid chain (Figure 1.2).26 However, the main forms observed after 

synthesis are the trans-transoid and cis-transoid forms,27,28 which will be referred here 

as trans- and cis-PA, respectively, for simplicity. The trans-cisoid form can occur 

during the cis-trans isomerization of transoid polymer structures.29,30 

 

 

Figure 1.2. Structural isomers of polyacetylene. 

 

1.2.1 Classic Synthesis of Polyacetylene 

The synthesis of linear polyacetylene was first reported by Giulio Natta in the 

mid-late 1950s using mixtures of titanium alkoxydes ((TiOR)3-4) and triethylaluminum 

(AlEt3) as a catalyst to polymerize acetylene gas.1,31 Similar procedures were then used 

to synthesize polyacetylene by different groups, also employing the use of catalyst 
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systems composed of mixtures of TiCl4 and AlEt3.
32,33 Typically, acetylene gas was 

bubbled through a solution or suspension of the catalysts to form an insoluble black 

powder that was difficult to structurally characterize (Scheme 1.1a). Central to the 

discussion was the amount of cis and trans-double bonds in the backbone, since a 

polymer with a mixture of both forms was normally achieved.1 Hideki Shirakawa later 

optimized the reaction conditions such that a large excess of catalyst and lack of stirring 

led to formation of polyacetylene films with a silver luster at the solution/gas interface 

or on the walls of the flask (Scheme 1.1b).25,26,34 The catalyst system used, 

Ti(OnBu)4/AlEt3, was chosen for its good solubility in solvents such as hexanes or 

toluene, since concentrations above 3 mM was necessary for the formation of 

polyacetylene films.34 
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Scheme 1.1. a) Synthesis of polyacetylene powder by Natta's method; b) Synthesis of 

polyacetylene films by Shirakawa's procedure. 

 

The Shirakawa method allowed for better characterization26,35 and for improved 

control over the final structure, as lower reaction temperatures (-78 °C in toluene) led 

to the formation of cis-PA with a copper-like color, while higher temperatures (150 °C 

in hexadecane) afforded silver-colored trans-PA.26 It was also discovered that heating 

cis-polyacetylene above 145 °C, led to isomerization into the thermodynamically more 

stable trans-PA,36 consistent with the direct synthesis of trans-PA at elevated 

temperatures. Conductivity measurements of the films revealed that the polymer was 

semiconducting in either the cis (ů ~ 10-5 S/cm) or trans form (ů ~ 10-8 S/cm),37 
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indicating the presence of an energy gap between the HOMO and the LUMO in 

polyacetylene.  

1.2.2 Electronic Structure of Polyacetylene 

The electronic structure of polyacetylene can be derived from increasing the 

linear polyene chain length, starting from ethylene (Figure 1.3).2,38 The HOMO of 

ethylene is formed by the bonding interaction of the pz atomic orbitals in each carbon 

(p molecular orbital) while the LUMO is a result of the antibonding interaction of the 

pz atomic orbitals (p* molecular orbital). In this case, there is a relatively large energy 

difference between the HOMO and the LUMO (7.0 eV).39 When a second ethylene unit 

is added to the chain, forming the dimer butadiene, another filled bonding orbital is 

created as well as its empty antibonding counterpart. When the bonding frontier orbitals 

in butadiene are examined, it is possible to note that one is purely bonding and has an 

energy lower than the starting HOMO of ethylene, since more bonding interactions are 

possible between the pz orbitals. However, the second bonding orbital (the HOMO of 

the dimer) has one antibonding interaction between the pz orbitals located in the central 

carbons, and therefore it has an increased energy. An analogous situation happens with 

the antibonding orbitals, with one of them (the LUMO of the dimer) having a decreased 

energy relative to the LUMO of ethylene due to one bonding interaction. This situation 

effectively leads to the decrease of the HOMO-LUMO gap relative to ethylene. 
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Figure 1.3. Molecular orbital diagram showing the frontier orbitals of a polyene chain 

of increasing length, leading to bands in polyacetylene. Eg indicates the energy of the 

HOMO-LUMO (or band) gap. 
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As more ethylene units are added, and more bonding and antibonding orbitals 

are created, an overall decrease in energy difference occurs among orbitals of the same 

group (bonding and antibonding) as well as a further decrease in HOMO-LUMO 

energy gap. If chain growth is carried out until an infinite chain is attained, the energy 

difference between orbitals of the same group becomes so small that they effectively 

function as a single band. The filled band formed by orbitals of bonding character is 

called the valence band, while the empty antibonding band is called the conduction 

band, borrowing terminology that is applied to inorganic semiconductors. In this case, 

the energy difference between the two bands is now deemed the band gap (Eg), which 

for trans-polyacetylene is considerably smaller than ethylene (1.4 vs. 7.0 eV, 

respectively).39,40 

It is important to notice that molecular orbitals at the edge of each band (top of 

valence and bottom of conduction band) are very similar, but not identical. In fact, if 

the bond lengths between the carbon atoms in polyacetylene were the same (i.e. with a 

length in between that of double, C=C, and single bonds, C-C), then these two orbitals 

would be indistinguishable in an infinite chain and should, therefore, have the same 

energy and be degenerate (Figure 1.4). In this case, both of these orbitals would have 

an overall non-bonding character and only two electrons, which would be divided 

among the two orbitals. One can see how breaking degeneracy (going back to trans-

PA) is favorable in this case, as even though one of the orbitals gains antibonding 

character, the two electrons are located entirely in the orbital that gains bonding 

character, decreasing the overall energy of the system. This break in symmetry is called 
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Peierls Distortion41 and happens with half-filled bands, as it leads to an overall 

stabilization of the system.38,42 

 

 

Figure 1.4. HOMO and LUMO in trans-polyacetylene compared to degenerate orbitals 

in a hypothetical, fully delocalized, polyacetylene. 

 

Effectively, this translates into a bond length alternation in pure polyacetylene, 

where the C=C bond length is 1.36 Å and the C-C bond length is 1.44 Å (measured by 

nutation NMR spectroscopy),43,44 and a band gap between the valence and conduction 

bands, even for an infinite chain, rendering polyacetylene a semiconductor. 

1.2.3 Chemical Doping and Onset of Metallic Behavior 

Despite the presence of a band gap, polyacetylene can become conducting when 

doped by molecules that can either oxidize or reduce it. Exposure of as-prepared trans-
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polyacetylene films to Cl2, Br2, I2 or AsF5 vapor can oxidatively dope it (p-doping) to 

increase conductivity up to 102 S/cm.45,46 Likewise, polyacetylene can be reductively 

doped (n-doping) with metals such as Li, Na or K, although the resulting films have 

lower conductivities (ca. 10 S/cm) than their p-doped counterparts and are extremely 

sensitive to air and moisture.47ï49 If the polyacetylene chains, which form a fibrillar 

network, are stretch-aligned prior to doping,50 the conductivity can be further increased 

to 104-105 S/cm by doping with I2.
51,52 These values of conductivity bring doped 

polyacetylene very close to the conductivity of common metals (106-107 S/cm), which 

caused polyacetylene to be included in the class of materials called ñsynthetic 

metalsò.53 

Chemically, doping leads to the formation of radicals on the backbone of the 

polymer and incorporation of the dopant as a counterion.42 In the case of oxidative 

doping with I2, incorporation of I3
- anions (and a minor contribution from I5

-) is 

observed (Scheme 1.2),54,55 which also leads to swelling of the polymeric fibers.56 

Physically, the radical is seen as a perturbation of the conjugated structure of 

polyacetylene, which can be modeled as a wave, or a soliton.23,42 This perturbation 

leads to the formation of energy states in between the valence and conduction bands, a 

midgap state, locally supressing Peierls Distortion and removing the band gap to afford 

the metallic behavior.23,42 Additionally, it was later discovered that doping can lead to  

cis-to-trans isomerization, even at low levels of doping.57,58 
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Scheme 1.2. Iodine doping of polyacetylene leading to the formation of radicals. 

 

1.2.4 Challenges for Current Applications 

Despite the unprecedented conductivity of doped polyacetylene and the 

theoretical knowledge that its study afforded, it is difficult  to find the use of 

polyacetylene in modern applications. This is due to challenges in both the 

processability and air stability of parent polyacetylene. 

As mentioned in Section 1.1, one major selling point of conjugated polymers 

in modern applications is their ease of processing. This is usually tied with the polymer 

being soluble so that solution-processing techniques such as spin coating, roll-to-roll 

printing or ink-jet printing can be performed,3ï5 since the deposition of polymers onto 

substrates by thermal or vacuum assisted evaporation, techniques commonly used for 

small molecules,59ï61 is normally not possible. Unfortunately, parent polyacetylene (in 

either the cis or trans forms) is completely insoluble and therefore cannot be easily 

processed after either the powder or films are made.25 
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Another common processing method for polymers that is extensively used in 

industry is melt-processing. This process is normally compatible with non-conjugated 

polymers with relatively low melt transition temperatures (Tm) such as polyolefins, but 

can been used for p-conjugated polymers in a few cases.62ï64 However, polyacetylene 

is also infusible (with hydrogen migration and cross-linking occurring at 325 °C, 

followed by decomposition at 420 °C),36 leaving no option but the use of free-standing 

films formed directly by polymerization through Shirakawaôs procedure.34 

 

 

Scheme 1.3. Degradation of polyacetylene by exposure to air leading to cleavage of 

the polymeric chain. 

 

Additionally, most p-conjugated polymers employed in modern applications, 

such as polythiophenes, are air stable, while polyacetylene slowly degrades upon air 

exposure. Initial exposure of polyacetylene to air leads to a reversible oxidative doping 

and a slight increase in conductivity,65,66 but over time peroxide radicals are formed 

that ultimately lead to the breakdown of the polymeric chain and a decrease in 

molecular weight (Scheme 1.3).67 Oxidative doping of polyacetylene can increase its 
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air stability, but samples still degrade after a week,68,69 which means that encapsulation 

(protection by a gas-diffusion barrier) would be required for devices based on 

polyacetylene to be operated under ambient conditions.70,71  

1.2.5 Modern Synthesis of Polyacetylene 

Modern research in the synthesis of polyacetylene has been aimed at solving 

the drawbacks of insolubility and air-instability of polyacetylene. A large body of work 

can be found on the polymerization of mono or disubstituted acetylenes (e.g. RC CH 

and RC CR) to afford polyacetylenes with high density of solubilizing side chains 

(Scheme 1.4).72ï75 These polymers are indeed soluble in common organic solvents and 

are also air stable. However, these features come at the cost of loss of properties from 

that of parent polyacetylene, since the high density of side chains leads to steric 

repulsions that cause severe twisting of the backbone, leading to helical structures.76ï78 

Twisting significantly reduces p-conjugation, which increases Eg (>2.0 eV) and 

reduces the reactivity of the backbone towards O2. Rich chemistry has also been 

developed via the cyclopolymerization of a,w-diynes to afford polyacetylene 

backbones fused with cycloalkenes (Scheme 1.5).79ï84 The resulting polymers often 

have a larger band gap due to both the steric bulk of side chains and the presence of cis 

C=C bonds along the polymer backbone. 
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Scheme 1.4. Formation of polyacetylene with large side chain density from substituted 

acetylenes. Steric repulsion from side chains causes the backbone to twist. 

 

 

Scheme 1.5. Polymers with a polyacetylene backbone formed by cyclopolymerization 

of a,w-diynes. Side chains are usually installed at different positions of the rings formed 

to impart solubility and processability to the resulting polymers. Products of a- and b-

addition can be selectively produced by choice of olefin metathesis catalyst and 

temperature control. 
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Common strategies to obtain polyacetylene derivatives that more closely 

resemble the properties of the parent polymer are the synthesis of soluble polymer 

precursors which can later be converted into PA, or through the ring-opening 

metathesis polymerization (ROMP) of cyclooctatetraene (COT) derivatives. 

1.2.5.1. Soluble Polyacetylenes from the ROMP of Cyclooctatetraene (COT) 

Soluble polyacetylene derivatives that maintain extended p-conjugation were 

synthesized by the teams of Höcker and Grubbs. Work in this area started with the 

synthesis of parent polyacetylene through the ring-opening metathesis polymerization 

(ROMP) of cyclooctatetraene (COT).85,86 COT, a liquid at room temperature, is an 

unsaturated ring formed by 8 carbons and 8 p-electrons and adopts a boat-shaped 

geometry in the ground state with localized C=C double bonds (Figure 1.5),87 in part 

to avoid the antiaromaticity associated with a planar structure.88ï90 With intra-ring bond 

angles of 126-127°,87 the ROMP of the COT ring is thermodynamically favored as this 

process releases ring strain (ca. 2.5 kcal/mol).91ï93  

 

 

Figure 1.5. Boat-shaped molecular structure of cyclooctatetraene (COT). 

 

 Taking advantage of the ring strain inherent to COT, Höcker and coworkers 

synthesized polyacetylene in routes similar to the classic procedures. By introducing 
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cyclooctatetraene into a mixture of WCl6/AlEt2Cl in toluene, an insoluble black powder 

was formed in 6 % yield. Additionally, vapor deposition of COT into a flask containing 

a slurry of the same catalyst system led to the formation of a polyacetylene film (40 % 

yield).85 Grubbs and coworkers later used a similar approach to synthesize 

polyacetylene using well-defined, soluble tungsten-based olefin metathesis catalysts 

(Figure 1.6, Scheme 1.6).86 In addition to polymerizing COT in dilute solutions or by 

vacuum deposition over the solid catalyst, addition of catalyst C2 to neat COT afforded 

a freestanding film of polyacetylene. Oxidative doping of the films with I2 led to 

conductivities of 102 S/cm, similar to initial studies with Shirakawaôs 

polyacetylene.45,46 This strategy also allowed for the polymerization of 

bromocyclooctatetraene (COT-Br) and the formation of copolymers with 

cyclooctadiene (COD) and norbornene (NBE). 

 

 

Figure 1.6. Tungsten catalysts initially used in the ROMP of COT. 
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Scheme 1.6. a) Synthesis of polyacetylene through the ROMP of COT using a well-

defined tungsten catalyst; b) Steps involved in the polymerization. 

 

However, it was observed that the ROMP of COT in dilute toluene solutions led to 

formation of benzene as a side product in 75 % yield. This was explained by a 

backbiting reaction (Scheme 1.7; for COT, R = H), where the catalyst attached at one 

end of the polymer during chain growth folds over and performs olefin metathesis with 

the backbone itself, instead of with a new molecule of COT. This side reaction is 

heavily favored in dilute conditions as it leads to the formation of benzene, an aromatic 

molecule, and increases the overall entropy of the system. After backbiting, the catalyst 

remains attached to the growing chain and can continue reacting with new monomers.  
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Scheme 1.7. a) ROMP of COT (R = H) and its derivatives (R Í H) leading to formation 

of polyacetylenes and benzene or substituted benzenes; b) Mechanism of backbiting. 

 

 Despite the drawback of backbiting, this route allowed for the synthesis of 

soluble polyacetylenes through the ROMP of monosubstituted COT derivatives. The 

first example was the ROMP of COT-SiMe3 (M1) using the tungsten catalyst C2 

(Scheme 1.8).94 Addition of the catalyst to a mixture of COT-SiMe3 and THF, afforded 

a polymer (number average molecular weight, Mn = 137 kDa relative to polystyrene) 

that is soluble in toluene, benzene and THF. UV-Vis absorption spectra of the polymer 

in CCl4 showed an absorption maximum at around 380 nm, which is converted into 

absorption at 512 nm upon exposure to UV light (using a high-pressure mercury lamp). 
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This change in absorption was due to isomerization from the cis-isomer formed 

immediately after reaction with the catalyst (Scheme 1.6) into trans-polyacetylene, as 

confirmed by the absence of an exothermic event at 145 °C during differential-scanning 

calorimetry (DSC) after photoisomerization.36 The resulting polymer could also be 

doped by I2 to increase the conductivity from 10-5 S/cm (neat) to 0.2 S/cm. In 

comparison, the conductivity of poly(trimethylsilylacetylene),95 a Me3Si-substituted 

polyacetylene with side chains on alternating carbons (Scheme 1.9), after doping with 

iodine only reaches a maximum of 10-4 S/cm, due to steric repulsions between side 

chains that cause twisting and reduce p-conjugation along the backbone. Finally, using 

the soluble, p-conjugated polyacetylene P1 after I2 doping, it was possible to build 

solar cells with efficiencies of 1-5%.96 

 

 

Scheme 1.8. Synthesis of a Me3Si-substituted polyacetylene through the ROMP of 

COT-SiMe3. 
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Scheme 1.9. Comparison of polyacetylene chains obtained from different Si-

substituted precursors. 

 

It is important to note that COT-SiMe3 is also prone to backbiting reactions 

during polymerization. For substituted COTs, backbiting not only reduces the yield of 

polymer but also effectively adds ïHC=CHï units to the backbone (compare the 

starting [M]=CïRǋ and the final [M]=CïC=CïRǋ in Scheme 1.7b). The ïHC=CHï units 

left in the backbone after backbiting are unimportant in the polymerization of 

unsubstituted COT, since they do not change the final repeat unit of the polymer, but 

are important for substituted COT, as they act as spacers between side chains and 

change the final polymer composition. For simplicity, the structure of polymers 

discussed in this section will be based on the ideal situation when no backbiting 

happens. 

Following the synthesis of a soluble polyacetylene from COT-SiMe3, different 

side chains were investigated. Alkyl and aryl side chains were installed through the 
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reaction of COT with the corresponding alkyl and aryl lithium species.97,98 This route 

involves reaction of COT with two equivalents of lithiated alkyl or aryl chains to form 

a COT dianion (Scheme 1.10),99 an aromatic species,100 which is later oxidized with of 

I2. The ROMP of COT monomers bearing alkoxide substituents was also reported,98 

although the synthetic procedure used to access those monomers was not described. 

 

 

Scheme 1.10. Reaction of COT with two equivalents of an organolithium species 

followed by re-oxidation with I2. For the different substituents used (R), see Figure 1.7. 

 

The corresponding functionalized polyacetylenes were then obtained through 

ROMP (Figure 1.7, Table 1.1) using catalysts C2 and C3.97,98 When using C2, the 

catalyst is initially mixed with THF to slow down polymerization through THF 

coordination, an unnecessary step for C3. The resulting polymers showed varying 

chain lengths depending on the nature of the side chain (Mn = 3-250 kDa) but little 

control over molecular weight, even though the extent of backbiting was reduced by 

performing the polymerization with neat monomer. Of the polyacetylenes obtained, the 

ones containing side chains without steric bulk at the a-carbon (P2-7, P13-17) were 

only fully soluble in their cis form and showed insolubility or partial solubility after 

isomerization to their trans isomer; secondary (P8, P9, P11) and tertiary (P10) alkyl 
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chains afforded solubility for both the cis and trans isomers. The polyacetylene 

containing a smaller cyclopropyl side chain (P12) was also insoluble in its trans form. 

These results indicate that steric bulk at the a-position is important for imparting 

polymer solubility. Additionally, molecular dynamics calculations (MM2 force field) 

indicated that the secondary and tertiary alkyl side chains improve solubility by 

increasing the tortional flexibility of the backbone. 
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Figure 1.7. Alkyl -, aryl- and alkoxy-substituted trans-polyacetylenes and their 

absorption maxima in THF. * These values were obtained from suspensions in THF. 

 

Absorption maxima for these polymers were reported (Figure 1.7), however 

these have to be interpreted with caution because the red-shifted absorption maxima 

for the poorly soluble polymers could be due to their insolubility, since conjugated 

polymers tend to have a red-shifted absorption in the solid state (where twisting of the 
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backbone is minimized and conjugation length is maximized). Finally, the polymer 

bearing the largest steric bulk at the a-carbon, i.e. a tert-butyl group, also affords the 

most blue-shifted absorption (ltrans = 432 nm) in the series, presumably due to increased 

backbone twisting in solution. 

 

Table 1.1. Summary of reported properties for P2-P17.a Reported relative to 

polystyrene.b Maximum conductivity reported after I2 doping. 

Polymer Mn (kDa)a PDI Conductivity (S/cm)b 

P1 137 - 0.2 

P2 - - - 

P3 2.9 4.7 0.7 

P4 47 2.5 50 

P5 14 3.2 3.65 

P6 238 1.5 - 

P7 93 1.4 21 

P8 10.0 5.7 - 

P9 24.8 2.0 2 × 10-4 

P10 25 1.7 < 10-8 

P11 16.0 7.6 - 

P12 20.4 2.6 - 

P13 233 1.5 0.6 

P14 - - - 

P15 252 1.4 ~ 10-7 

P16 - - - 

P17 - - - 
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Grubbs and coworkers later studied the electrochemical doping of some of the 

polymers found in Figure 1.7.101 Through Coulometric measurements, it was possible 

to determine that films of the soluble trimethylsilyl- (P1) and sec-butyl- (P9) 

substituted polyacetylenes could accept/donate one electron per 14-15 C=C units along 

the backbone (while parent PA can accept/donate one electron per 5 C-C units). Films 

of P1 and P9 also showed matching near-IR (NIR) absorption by 

spectroelectrochemical measurements after oxidation or reduction (P1 ox/redlmax = 

1200-1300 nm; P9 ox/redlmax = 1400-1550), similar to parent polyacetylene, but at a 

lower wavelength (PA ox/redlmax = 1650-1900). Through cyclic voltammetry (CV), the 

authors also suggested that an inductive effect was possible, since the alkoxy-

substituted P15 was more easily oxidized than its alkyl counterparts. Finally, CV 

showed that a cis-trans isomerization of films was possible through doping, consistent 

with chemical doping-induced isomerization of parent PA.57,58 

In a separate study, the effect of chiral side chains was assessed.102 Reaction of 

COT-Li (obtained from COT-Br and nBuLi) with alkene oxides mediated by 

F3BÅOEt2,
103 afforded COT with chiral alcohol side chains.102 Since tungsten catalysts 

are sensitive to alcohols,104 these groups were further transformed into ether or siloxy 

moieties. The resulting monomers (Scheme 1.11) were polymerized by adding catalyst 

C3 in pentane, followed by transferring the reaction mixture onto a glass slide to afford 

polymer films. The polymers (Mn = 150-1,240 kDa vs polystyrene, PDI = 1.3-1.5) 

could then be isomerized to their trans forms either by UV light irradiation or 

spontaneously in solution over several hours. Polymers P18 and P19 were soluble as 
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both the cis and trans isomers, regardless of absolute configuration, while P20 was 

only soluble before isomerization to the trans form, consistent with the need of steric 

bulk for solubility.98  

 

 

Scheme 1.11. Synthesis of polyacetylenes with chiral side chains. 

 

Due to the chirality of the side chains in P18-P20, the HOMO-LUMO 

transitions (p-p*) of the chiral polymers exhibited circular dichroism, indicating that 

the chains can preferentially twist the backbone in one direction. This effect is similar 

to what is displayed by some highly substituted polyacetylenes,72,105 but only in the 

former cases is extended p-conjugation (estimated to be over 20 C-C units) maintained. 
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Expanding the scope of polymerization with catalyst C3, Lonergan and 

coworkers later explored the formation of polymers with ionic side chains (Scheme 

1.12).106ï108 The syntheses of monomers M5 and M6 were based on the 

copolymerization of acetylene gas and substituted acetylenes.109 For M5, acetylene was 

copolymerized with N,N-dimethyl-3-butynylamine,109 followed by methylation with 

methyl iodide (MeI) and anion exchange using silver triflate (AgOTf; OTf = F3CSO3
-). 

For M6, COT-CH2CH2-I was reacted with sodium sulfite (Na2SO3), followed by cation 

exchange using an exchange resin. The synthetic procedure used to make COT-

CH2CH2-I is unclear, but it was possibly achieved by reaction of COT-CH2CH2-OH, 

obtained either by copolymerization of acetylene and 3-butynol109 or by reaction of 

COT-Li and ethylene oxide,110 with PI3 in the presence of pyridine.109 

 

 

 

Scheme 1.12. Synthesis of polyacetylenes with ionic side chains. 

 

Polymerization of M5 and M6 with C3 in CH2Cl2, leads to formation of P21 

(Mn not determined) and P22 (Mn = 35 kDa relative to tetramethylamino poly(styrene 
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sulfonate), PDI = 2.9) as dark blue, DMSO-soluble polymers.106 P22 also showed 

solubility in DMF, methanol and could become water-soluble after cation exchange 

with Na+. Contrary to alkyl-substituted polyacetylenes, these results suggest that ionic 

side chains can impart solubility even in the absence of steric bulk at the a-carbon.97,98 

Additionally, their relatively red-shifted absorption (P21 lmax = 614 nm; P22 lmax = 

624 nm) is comparable to the poorly soluble polymers synthesized by Grubbs (P3-7, 

P13, Figure 1.7), indicating minimal twisting of the conjugated backbone. This 

afforded conductivities of 0.01-1 S/cm (P21) and 0.4-0.7 S/cm (P22) after I2 doping, 

which are larger than the conductivities of doped alkyl-substituted polymers (Figure 

1.7). 

A detailed electrochemical study of P21 and P22 showed the formation of 

internally compensated states at low levels of doping.108 As determined by 

electrochemical quartz crystal microbalance (EQCM) measurements, oxidation (p-

doping) of P22 leads to loss of the counter cations and reduction (n-doping) of P21 

leads to loss of counter anions. However, the maximum doping achieved (1 e- per 12-

16 C-C units) was still similar to the polymers synthesized by Grubbs, yet slightly 

below that of parent PA.101 Additionally, by using an electrolyte with bulky anion 

(tetrabutylamino poly(styrene sulfonate), [nBu4N]PSS) the authors were able to supress 

oxidation of P21 films, since it cannot internally compensate the extra positive charge 

and the bulky anionic PSS- polymers cannot be incorporated into the film. 

Kinetics studies of the ROMP of monomer M5 with C3 in CHCl3 were also 

performed, showing that the polymerization of M5 could be inhibited by addition of 
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[nBu4N]OTf, either due weak coordination of OTf- to the catalyst or by ion-pairing 

effects.107,111 Slow initiation relative to propagation was also observed. However, 

Grubbs and coworkers were concomitantly working on Ru catalysts (Figure 1.8) that 

would later improve polymerization control.104,112 

 

Figure 1.8. Ruthenium-based olefin metathesis catalysts (G1-G3) developed by 

Grubbs and coworkers. 

 

COT is unreactive in the presence of G1 (known as Grubbsô first generation 

catalyst) due to its low ring strain of 2.5 kcal/mol.93,113  However, polymerization of 

neat COT with catalyst G2 (Grubbsô second generation catalyst) was able to produce 

films that were nearly identical to the ones previously obtained with C2.86,114 

Additionally, the increased functional group tolerance of G2 allowed for the formation 

of different end-functionalized soluble COT oligomers (up to 20 double bonds in the 

backbone) through the ROMP of COT in the presence of disubstituted cis-alkenes 

(Scheme 1.13). The same strategy also allowed for the synthesis of block copolymers 

with polystyrene (PS), poly(methyl methacrylate) (PMMA), and poly(ethylene glycol) 
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(PEG) when performing ROMP of COT in the presence of the alkene-terminated 

polymers (Scheme 1.14).  

 

 

Scheme 1.13. Synthesis of end-functionalized COT oligomers by ROMP. 

 

 

Scheme 1.14. ROMP of COT in the presence of alkene-terminated polymers 

 

More recently, Choi and coworkers also explored the ROMP of a norbornene 

(NBE, M7) derivative with G3 followed by addition of COT to give block copolymers 

(Scheme 1.15).115 The incorporation of 28 COT units was estimated (112 PA repeat 

units) with minimal back-biting side product (<10 % relative to COT incorporated) 

when using high concentrations of COT (700 mM). However, the presence of both cis 

and trans-PA was inferred from the UV-Vis spectral data. The different affinities 
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between the p-conjugated (PA) and the non p-conjugated blocks afforded spontaneous 

self-assembly in solution to give core-shell-like structures with overall morphologies 

resembling caterpillars. Interestingly, the protective shell formed by M7 in P40 

afforded air stability to the PA core. Similar results were later achieved by addition of 

G3 to a mixture of both monomers,116 suggesting that the larger ring strain of 

norbornene (27 kcal/mol)93,117 leads to preferential polymerization before the COT 

molecules. Additionally, by swapping M7 for M8, the supramolecular assembly could 

be altered to yield three-dimensional aggregates (P41).118 

 

 

Scheme 1.15. Synthesis of block copolymers with COT. 

 

1.2.5.2. Polyacetylenes from Polymeric Precursors 

Since polyacetylene is insoluble, different research groups focused on 

producing soluble polymeric precursors that could be thoroughly characterized and 
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later converted into PA. ñDurham polyacetyleneò, synthesized by Feast and coworkers, 

allowed formation of films of P42 before heating at 80 °C to eliminate 

hexafluoroorthoxylene (Scheme 1.16a).119ï121 This provided a path to devices based on 

parent polyacetylene (PA).122,123 Additionally, Grubbs and coworkers showed that 

ROMP of benzvalene (M10) afforded a polymer with strained (and potentially 

explosive) bicyclobutane moieties (P43) that could be converted into polyacetylene by 

reaction with HgCl2 (Scheme 1.16b).124,125 The resulting polyacetylene showed lower 

conductivities of 0.1 S/cm after doping with I2, presumably due to the presence of sp3-

carbons as a result of added olefin cross-linking during reaction with HgCl2. Finally, 

Leung and coworkers have shown that loss of benzenesulfenic acid from 

poly(phenylvinyl sulfoxide) (P44) in THF at 150 °C led to the formation of PA 

(Scheme 1.16c).126ï128  

Polymeric precursors based on cyclobutenes have been explored by different 

groups and enabled the subsequent formation of both parent and side chain-substituted 

PA. Cyclobutene iself is an unsaturated ring with high degree of ring strain  (30.6 

kcal/mol)93 and is known to undergo a ring-opening isomerization, upon heating or by 

use of mechanical force, to form 1,3-butadiene (Scheme 1.17a).129ï134 Therefore, a 

polymer based on cyclobutene could, in principle, be transformed into polyacetylene 

(Scheme 1.17b). Depending on its substituents, however, thermal isomerization can be 

facilitated, which can render cyclobutenes unstable at room temperature,129 and 

provides a challenge for this route.  
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Scheme 1.16. Initial routes used for the synthesis of polyacetylene from polymeric 

precursors. 

 

Scheme 1.17. Isomerization of cyclobutene into 1,3-butadiene. 

 

The instability of substituted cyclobutenes was recently overcome by Xia, 

Burns and coworkers, who synthesized PA from polymers based on ladderenes.135 
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Initially, a polymer is formed by ROMP of a chloroladderene (M12). The resulting 

polyladderane (P45) then undergoes an elimination reaction to form a polyladderene 

(P46) where cyclobutene spacers are located between the fused cyclobutene moiety 

and the unsaturated C=C units along the backbone, affording stability. A cascade 

mechanochemical conversion of P46 into polyacetylene copolymers is then performed 

through sonication, leading to an unzipping of the ladderane unit from the backbone 

towards the cyclobutene unit.135,136 As the ladderenes are converted into polyacetylene 

fragments, block copolymers form and afford, which assemble into micelles. FTIR, 

Raman and UV-Vis (lmax = 605-636 nm) characterization indicate formation of trans-

PA with over 100 C=C conjugated bonds (determined by the frequency of C=C 

vibration in Raman).137 The same mechanochemical conversion could also be applied 

to the preparation of norbornene-ladderane block copolymers (P49-51).138  
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Scheme 1.18. Mechanochemical unzipping of polyladderenes to form polyacetylene 

block copolymers. 
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Additionally, a partially fluorinated polyacetylene was synthesized from the 

chemoselective ROMP of a fluorinated ladderane (M17), followed by sonication to 

give P52 (Scheme 1.19).139 Fluorinated polyacetylene has long been proposed to have 

increased air stability due to the stability of C-F bonds and reduced HOMO energy, as 

well as being expected to be a better option for n-doping do to its increased electron 

affinity.140ï142 Polymer P52 provided some confirmation of this theory by retaining 

70 % of its initial UV-Vis absorption (lmax = 591 nm) after 2 days, while the analogous 

unfluorinated polymer had only retained 10 % of the initial absorption after this time 

frame. Unfortunately, no doping studies have been reported thus far. 

 

 

Scheme 1.19. Synthesis of a partly fluorinated polyacetylene by mechanochemical 

unzipping of a polyladderene. 
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A similar strategy was used by Bielawski and coworkers to synthesize 

polyacetylenes starting from trans-5,6-dibromobicyclo[2.2.0]hex-1-ene (M18),143 a 

derivative of Dewar benzene.144 Polymerization of M18 proceeds through a controlled 

chain-growth mechanism, leading to a polymer with narrow molecular weight 

distribution (P53, Mn = 16.4 kDa, polydispersity index (PDI) = 1.14). P53 can be 

converted into trans-PA by addition of containing cyclobutene units (P54), which 

isomerizes to PA at room temperature. Interestingly, FTIR, Raman and solid state 13C 

NMR spectroscopy indicated formation of only the trans isomer, suggesting a pathway 

where P54 isomerizes to PA through a radical mechanism. The resulting polyacetylene 

showed conductivity of 30 S/cm when doped with iodine vapor.143 Finally, due to the 

controlled polymerization of M18, a triblock copolymer could also be synthesized and 

converted into the corresponding polyacetylene-containing polymer (P55) while 

maintaining solubility. 
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Scheme 1.20. a) Synthesis of trans-PA from the spontaneous isomerization of a 

cyclobutene-containing polymer, P54; b) Synthesis of a triblock copolymer (P55) 

through a similar route. 

 

 Bielawski also recently developed a route to synthesize side chain-substituted 

soluble polyacetylenes through direct ROMP of substituted cyclobutenes.145 ROMP of 

monomers M20-24 affords intermediate polymers (Scheme 1.21a), which react with 

Et3N in elimination reactions to yield side chain-functionalized polyacetylenes (P56-

60, Mn = 7.3ï24.9 kDa, PDI = 1.2ï1.6). Interestingly, G3 failed to catalyze the 

polymerization of M20-24, presumably due to deactivation by side chain coordination 

through the oxygen atom, therefore catalyst C4 (Hoveyda-Grubbs 2nd generation 

catalyst, Scheme 1.21b) was used. The resulting polyacetylenes contain one side chain 

for every 4 carbon atoms along the polymer backbone, however, UV-Vis data (lmax = 

322ï414 nm) indicates that the polyacetylenes have a reduced conjugation length, 

likely due to backbone twisting caused by the side groups. The absorption maxima are 
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red-shifted compared to highly twisted polyacetylenes with substituents at every other 

carbon (lmax ~325 nm for ester substituents)146 but blue-shifted when compared to 

polymers obtained through the ROMP of COT (lmax > 500 nm, see Section 1.2.5.1). 

 

 

Scheme 1.21. a) Synthesis of substituted polyacetylenes from disubstituted 

cyclobutenes; b) Molecular structure of C4. 

 

Finally, water soluble polyacetylenes could also be formed by performing the 

elimination reactions for P59 and P60 with an excess of nucleophilic bases KOH and 

LiOH leading to hydrolysis of the ester side chains (Scheme 1.22).145 The resulting 

products (P61) were insoluble in aqueous acid solutions or in distilled water, but 
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soluble in aqueous solutions of bases, presumably due to deprotonation of the 

carboxylic acid moieties in P61.   

 

 

Scheme 1.22. Synthesis of carboxylic acid-substituted polyacetylenes from the base-

induced hydrolysis of ester side chains. 

1.3 Polytellurophenes 

While the use of polyacetylenes in modern applications still faces challenges, 

polythiophenes found great success in organic photovoltaics (OPVs) and as field-effect 

transistors (OFETs).6,12,14 In contrast to polyacetylene, polythiophene is stable to 

ambient conditions in its neutral state and has improved stability when oxidatively 

doped.147ï150 Additionally, soluble, processable polythiophenes have been synthesized 

through rich chemistry, including catalyst-transfer polymerization (CTP) and Pd-

catalyzed cross-coupling reactions, such as Suzuki-Miyaura cross-coupling and Stille 

cross-coupling. 

Looking to improve upon the properties of polythiophene, researchers have also 

developed ways to access heavier analogues of polythiophenes with Se 
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(polyselenophenes) and Te (polytellurophenes). Although the synthesis of these 

polymers can be more challenging, especially for polytellurophenes, the final materials 

show several advantages, even in areas where polythiophenes are extensively used. 

1.3.1 Replacement of S by Se and Te 

Thiophene, selenophene and tellurophene, also known as chalcogenophenes, 

are five-membered rings containing four carbons and one group 16 heteroatom (Figure 

1.9). Due to the different atomic properties of S, Se and Te, (Table 1.2), the properties 

of the resulting heterocycles also vary as the heteroatom becomes heavier. Especially, 

the presence of tellurium is accompanied by the most drastic changes, as expected from 

a relatively large difference in properties between Se and Te (Table 1.2). 

 

 

Figure 1.9. Chalcogenophenes formed by sulfur, selenium and tellurium. The usual 

numbering of carbon atoms is shown in the generic structure. 
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Table 1.2. Atomic properties of sulfur, selenium and tellurium. 

 S Se Te 

Pauling electronegativity151 2.6 2.6 2.1 

Covalent radius (Å)151 1.03 1.17 1.35 

van der Waals radius (Å)152 1.80 1.90 2.06 

Polarizability (× 10-24 cm3)153 2.90 3.77 5.5 

Spin orbit coupling constant (× 103 cm-1)154 0.29 1.67 4.48 

 

As chalcogens have lone pairs available to interact with p-systems, 

chalcogenophenes follow Hückelôs rule (4n +2, where n = 1) and have aromatic 

character.155 However, the aromaticity decreases down the Periodic Table from S to Se 

and Te,156,157 due to reduced orbital overlap between the chalcogen atoms and the 

adjacent p-system. This tendency is also reflected in the weaker nature of C=Se and 

C=Te bonds (vs. C=S) observed in other compounds.158 In polymers, the reduced 

aromaticity leads to an increased quinoidal character (Scheme 1.23), and consequently 

enhanced delocalization of electrons throughout the C=C backbone, which reduces the 

HOMO-LUMO energy gap (Eg) following: S > Se > Te.159 

 

 

Scheme 1.23. Resonance structures of polychalcogenophenes. Arrows indicate the 

possibility of bond rotations between chalcogenophene units. 



43 

 

The expected decrease in Eg as S is replaced by Se or Te has been observed for 

various analogous polymers with the different heteroatoms.160ï164 For example, while 

films of the well-studied regioregular poly(3-hexylthiophene) (P3HT, P62) show an Eg 

of 1.9 eV,160 poly(3-hexylselenophene) (P3HSe, P63) and poly(3-hexyltellurophene) 

(P3HTe, P64) have reduced HOMO-LUMO gaps of 1.6 and 1.4 eV, respectively (see 

Figure 1.10 for their structures).160,161 Cyclic voltammetry measurements have shown 

that while the HOMO energy level of these polymers remains almost constant at around 

0 eV (vs. Fc+/0), the reduced band gap is a result of the stabilization of the LUMO, 

(reduction potential vs. Fc+/0: VP3HT = -1.95 eV, VP3HSe = -1.80 eV, VP3HTe = -1.35 

eV).160,161 

 

 

Figure 1.10. Molecular structures of P3HT (P62), P3HSe (P63) and P3HTe (P64). 

 

 Another effect of the increased quinoidal character when using Se and Te is the 

increase in backbone planarity, due to the double bond character between each 

chalcogenophene unit, and a corresponding increase in energy barrier for rotation of 

the chalcogenophene units (Scheme 1.23).165 This characteristic has been shown to 

afford better charge transport in organic field-effect transistors,165,166 and could also 
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lead to better diffusion of photo-excited states.167,168 However, the rigidity of the 

backbone in polytellurophenes can also reduce solubility, providing a synthetic 

challenge. 

 The presence of Te also brings additional characteristics to the polymers, such 

as interchain Te---Te interactions mediated by ů-holes (also described as chalcogen 

bonding).169,170 This intermolecular bonding mode involves the donation of electron 

density from a lone pair located in one Te atom into the Te-C ů* orbital(s) in a separate 

tellurophene unit, leading to an overall decrease in the energy of the system (Figure 

1.11). Crucial to this interaction is the increased polarizability of Te (5.5 × 10-24 cm3
, 

Table 1.2) and its lower eletronegativity (2.1, Table 1.2) to facilitate lone pair donation, 

which makes these interactions more prevalent in tellurophenes than in selenophenes 

or thiophenes.171ï173 

 

 

Figure 1.11. a) Representation of Te---Te interactions in polytellurophenes; b) 

Simplified MO diagram showing the orbitals involved in the ů-hole interaction. 
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Additionally, the presence of Te can lead to the formation of triplet excited 

states upon light absorption. This effect is more pronounced in tellurophenes due to the 

larger spin orbit coupling constant of Te (Table 1.2), which increases the rate of 

intersystem crossing to convert formally singlet excited states into triplet excited states 

(Figure 1.12). This feature of Te has been confirmed in small molecules that show 

phosphorescence (luminescent relaxation of triplet states).174ï178 

 

 

Figure 1.12. A simplified Jablonski diagram showing formation of triplet excited 

states. S0 = singlet ground state, S1 = first excited singlet state, T1 = first excited triplet 

state, a = photoexcitation, b or d = vibrational relaxation, c = intersystem crossing, e = 

non-radiative decay, f = phosphorescence. 
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In polymeric films these photoexcited states are viewed as quasiparticles 

(formed by an electron-hole pair) called excitons, and are of special importance in 

organic solar cells. For current to be generated in solar cells, excitons must be 

dissociated before they eventually undergo electron-hole recombination.179 While 

singlet excitons are short-lived and must be dissociated within a nanosecond time-

scale, triplet excitons are longer lived (typically in the ms scale) and therefore have the 

potential to travel longer distances before being dissociated,180ï182 which could 

facilitate current generation in solar cells.167 Encouragingly, there is evidence of triplet 

exciton formation in polyselenophenes and, especially, in polytellurophenes.183ï187 

Finally, replacement of S by Se and Te can facilitate doping, leading to larger 

electrical conductivities at smaller doping levels, which can be beneficial for 

thermoelectric applications.188ï190 Doping also leads to polaronic absorption bands in 

the NIR region that shift bathochromically as the heteroatom becomes heavier.188 

1.3.2 Synthesis of Polytellurophenes 

Despite the several advantages of polytellurophenes in the context of organic 

electronics, their application lags behind that of polythiophenes, mainly due to more 

challenging syntheses. For example, while thiophenes can be extracted from oil 

reserves, tellurophenes are typically made from the reaction of diacetylene (1,3-

butadiyne) gas and sodium telluride (Na2Te).191,192 Additionally, due to enhanced 

planarity, polytellurophenes are usually less soluble than their thiophene analogues, 

which can lead to precipitation during polymerization in solution and make device 
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fabrication more challenging. However, considerable progress has been made in the 

last decade and polytellurophenes can now be obtained by several different methods. 

1.3.2.1. Electropolymerization and the First Polytellurophenes 

The first polytellurophene was synthesized by Tsukagoshi and coworkers by 

the oxidative polymerization of an unsubstituted tellurophene (Scheme 1.24).193 

Similarly to the classic synthesis of polyacetylene (Section 1.2.1), the catalyst FeCl3 

was deposited on a glass plate followed by the vapor deposition of tellurophene to 

produce an insoluble powder (P65). This material showed low conductivities even 

when doped with I2 (10-6 S/cm, compared to 10-12 S/cm when undoped). Through 

electrochemical polymerization, Ogura and coworkers later discovered that black films 

of polytellurophenes could be prepared from a tellurophene dimer or a trimer (M26 

and M27, Scheme 1.24) to reach neat (undoped) conductivities of 7.6 × 10-6 and 1.3 × 

10-5 S/cm, respectively.194,195 The formation of films was thought to be dependent on 

the potential used for polymerization. As more tellurophene units are linked together, 

the potential required to oxidize the chain is reduced, which allows the dimer and trimer 

to be used in galvanostatic polymerizations at a reduced current (50 mA), when 

compared to the parent tellurophene (1 mA). 
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Scheme 1.24. Synthesis of parent polytellurophene through electropolymerization 

methods. 

 

A methoxy-substituted tellurophene (M28) was later synthesized by 

Bendikov.196 However, electropolymerization still led to insoluble, poorly defined 

films of low stability (P66). Conversely, polymerization of the analogous selenophene 

monomer led to the formation of a stable film, exemplifying how the synthesis of 

polytellurophenes can be more challenging. 

 

 

Scheme 1.25. Synthesis of poly(3,4-bis(methoxy)tellurophene), P66. 

 

A soluble copolymer was synthesized by the Chan group by installing a 

tellurophene ring in between 3-butylthiophenes (M29) prior to electropolymerization 

with FeCl3 (Scheme 1.26a).197 The tellurophene unit was formed by reaction of a 
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thiophene-capped diyne with in situ-generated Na2Te.192 The final polymer (P67, Mn 

= 2.9 kDa, PDI = 1.2) had a regioregular arrangement with tail-to-tail coupling between 

thiophenes in adjacent repeat units, leading to an optical band gap of 1.71 eV, which is 

smaller than that of P3HT (1.9 eV). Additionally, a high conductivity of 0.42 S/cm was 

achieved after I2 doping. A soluble copolymer was also later reported by Data and 

coworkers (P68, Scheme 1.26b).198 The authors were able to grow films of P68 on ITO 

(indium tin oxide) and, although P68 showed a larger Eg then P65 (1.67 vs 1.52 eV, 

respectively), the luminescence of M30 was retained in P68 (quantum yield was not 

reported). 

 

 

Scheme 1.26. Synthesis of soluble copolymers with tellurophene through oxidative 

polymerization. 
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1.3.2.2. Palladium-Catalyzed Cross-Coupling 

 

 

Scheme 1.27. Formation of a tellurophene copolymer (P69) by Wittig 

polycondensation. 

 

The first non-oxidative polymerization of a tellurophene was reported by Kubo 

and coworkers in 1995 through Wittig polycondensation of tellurophenedialdehyde and 

a phenyl phosphonium salt (Scheme 1.27) to form soluble copolymers (P67, Mn = 7 

kDa vs. polystyrene).199 However, another non-oxidative procedure to 

polytellurophenes was only reported in 2010, by Seferos and coworkers through 

versatile Pd-catalyzed cross-coupling reactions.200 Seferosô route was based on the 

halogenation of bitellurophenes, followed by copolymerization with a fluorene 

monomer. Initial attempts to halogenate bitellurophene with N-bromosuccinimide 

(NBS) and I2/HIO3 were unsuccessful, but reaction with N-iodosuccinimide (NIS) 

afforded the desired monomer (M32, Scheme 1.28a). Stille-type copolymerization with 

a trimethylstannyl-functionalized fluorene comonomer gave very little polymer, 

indicating that iodinated tellurophenes react poorly under these conditions. However, 

optimized conditions under a Suzuki-Miyaura cross-coupling protocol with fluorene 
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functionalized with pinacolborane (BPin) moieties afforded the desired polymer (P70, 

32 % yield, Mn = 3.1 kDa vs. polystyrene, PDI = 1.2).200 Interestingly, the polymerôs 

optoelectronic properties could be tuned by Br2 oxidative addition at the Te centers 

(Scheme 1.28b), leading to a red-shift in absorption (lonset before = 624 nm; lonset after 

= 727 nm) and a reduction in HOMO and LUMO levels (-5.28 to -5.40 eV and -3.50 

to -3.78 eV, respectively).200,201  This oxidation of the Te centers was reversible as Br2 

could be eliminated by heating at 150 °C or, as reported later, photoeliminated.202,203 

 

 

Scheme 1.28. a) Synthesis of a diiodinated bitellurophene and its copolymerization 

through Pd-mediated cross-coupling; b) Oxidation of Te centers by addition of Br2. 

 

Suzuki-Miyaura cross-coupling was used by Kang to form a homopolymer of 

an alkyl-substituted tellurophene (Scheme 1.29a).204 This procedure required the 

unsymmetric iodination of a tellurophene, followed by reaction with nBuLi in the 

presence of tetramethylethylenediamine (TMEDA), to install a BPin unit. 
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Polymerization of M33 affords the homopolymer P72 (60 % yield, Mn = 20 kDa vs. 

polystyrene, PDI = 2.4) that features a regioregular structure (87 % head-to-tail 

coupling, Scheme 1.29b). Regioregularity for unsymmetrically-substituted 

polychalcogenophenes is crucial to reduce the band gap and improve crystallinity.205 

 

 

Scheme 1.29. a) Synthesis of a homopolymer through Suzuki-Miyaura cross-coupling; 

b) Visualization of a head-to-tail regioregularity. 

 

Rivard and coworkers also explored Suzuki-Miyaura coupling after developing 

a new synthetic protocol for BPin-functionalized tellurophene building blocks.162 This 
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protocol involved the formation of zirconacycles, followed by metallacycle transfer 

with halides of main group elements, to synthesize thiophenes, selenophenes and 

tellurophenes. This general method allowed for the use of the more stable bipyÅTeCl2 

(bipy = 2,2ǋ-bipyridine) as a source of tellurium,206 to form tellurophenes fused with 5- 

or 6-membered cycloalkyl rings (M34 and M35). The 6-membered ring building block 

was then copolymerized with 2,5-diiodo-3-hexylthiophene (P74, 35 % yield, Mn = 5.3 

kDa vs. polystyrene, PDI = 1.97) or with a comonomer containing both thiophene and 

selenophene rings (P73, 69 % yield, Mn = 4.3 kDa vs. polystyrene, PDI = 1.62). While 

P74 was a regiorandom polymer, P73 maintained regioregularity. It is noteworthy that 

the band gap of P73 (ca. 2.5 eV) was wider than the Eg of P3HT (1.9 eV). Additionally, 

annealing studies showed that increased temperatures increased p-p stacking but 

reduced the conjugation length for P73, likely due to chain twisting.207 

 

Scheme 1.30. a) Synthesis of tellurophene monomers mediated by formation of a 

zirconacycle; b) Synthesis of copolymers from a BPin-funcionalized tellurophene. 
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Grubbs explored a different route based on Pd-catalyzed ipso-arylative 

polymerization under microwave radiation.208 In this case, the monomer (M36) was 

formed by reaction of lithiated tellurophene with benzophenone and could then be 

copolymerized with a diketopyrrolopyrrole (DPP) derivative, a common building block 

for polymers used in OPVs and OFETs, to give P75 (25 %, Mn = 23.2 kDa, PDI = 3.7). 

This method gave similar results to Stille and Suzuki-Miyaura cross-coupling, with the 

advantages of avoiding toxic organotin compounds and having an easy purification 

protocol for the monomer. 

 

 

Scheme 1.31. Ipso-arylative copolymerization of tellurophene. 

 

While the above studies uncovered the possibility of several types of 

polymerization, the reliability offered by Stille coupling polymerization made it the 

usual route for the synthesis of polytellurophenes copolymers. Several groups found 

success when using stannylated tellurophenes with brominated comonomers (Scheme 

1.32).209ï214 By comparing analogous copolymers with S and Se, it was repeatedly 

found that Te affords the smallest HOMO-LUMO energy gaps. Polymers P80 and P81 
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were also found to be more crystalline than their S and Se counterparts, likely due to 

the rigidity of the backbone and interchain Te---Te interactions.210,211 

 

 

Scheme 1.32. Examples of copolymers synthesized through Stille coupling. Coupling 

partners were the brominated versions of the comonomers. 

 

Heeney and coworkers also explored Stille coupling to synthesize vinylene-

spaced polytellurophenes215 In this case, a dibrominated tellurophene (M38) was 
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prepared by dilithiation followed by addition of 1,2-dibromotetrachloroethane, and 

coupled with (E)-1,2-bis(tributylstannyl)ethylene (Scheme 1.33). The resulting 

polymer (P85, 57 % yield, Mn = 10 kDa vs. polystyrene, PDI = 2.4) was likely 

regiorandom, but the vinylene spacers help avoid backbone twisting. Comparison with 

the S and Se analogues showed that P85 had reduced solubility, only being soluble in 

chlorobenzene or chloroform upon prolonged heating. 

 

 

Scheme 1.33. Synthesis of a vinylene-spaced polytellurophene through Stille cross-

coupling. 

 

Due to toxicity of the organotin compounds used (and formed as a byproduct) 

in Stille coupling, Huang and coworkers decided to explore direct heteroarylation 

polymerization as a route to polytellurophenes.216 This method also improves atom 

economy compared to Suzuki-Miyaura or other traditional cross-coupling reactions.217 

After optimizing the reaction conditions, coupling of M27 with a dibrominated 

naphthalene diimide afforded P86 in good yield (45 % yield, Mn = 7.9 kDa vs. 



57 

 

polystyrene, PDI = 1.68). Polymer P86 shows a broad absorption and has a narrow 

HOMO-LUMO energy gap of 1.38 eV in CHCl3. 

 

 

Scheme 1.34. Direct heteroarylation polymerization of bitellurophene. 

 

1.3.2.3. Catalyst-Transfer Polymerization 

As briefly mentioned before, regioregularity has been found to be a crucial 

characteristic for poly(3-alkylthiophene)s, such as P3HT, to reduce the HOMO-LUMO 

gap, increase crystallinity, and improve characteristics such as conductivity and charge 

carrier mobility.218ï220 The most common way to synthesize these polymers with high 

regioregularity is through catalyst-transfer polymerization (CTP), also known as 

Grignard metathesis (GRIM) polymerization, since the chain-growth is determined by 

the position of the alkyl side chain.221ï224 Seferos and coworkers were the first to apply 

this type of polymerization to synthesize poly(3-alkyltellurophene)s (P87-91, Scheme 

1.35a, Table 1.3) and have since studied this process in depth.161,184,225,226 
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Scheme 1.35. a) Synthesis of poly(3-alkyltellurophene)s through CTP; b) Structure of 

Ni catalysts used. 
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Table 1.3. Conditions and results for the synthesis of polytellurophenes through CTP. 

HOMO-LUMO gaps (Eg) are given for films; Mn is reported vs. polystyrene. 

Polymer Grignard reagent Catalyst Yield Mn (kDa) PDI Eg (eV) 

P87 iPrMgClÅLiCl Ni(dppp)Cl2 33 % 9.9 2.2 1.44 

P88 iPrMgClÅLiCl Ni(dppp)Cl2 62 % 11.3 2.0 1.44 

P89 iPrMgClÅLiCl Ni(dppp)Cl2 35 % 5.4 1.9 1.57 

P90 iPrMgCl Ni(dppe)Cl2 65 % 14 1.1 - 

P91 iPrMgCl Ni(dppe)Cl2 55 % 36.6 1.2 1.45 

 

The route used by Seferos and coworkers starts with halogenated tellurophenes, 

obtained by reaction with NIS, followed by reaction with one equivalent of a Grignard 

reagent for monomer activation. Typically, isopropylmagnesium chloride (iPrMgCl) or 

its more reactive version with lithium chloride (iPrMgClÅLiCl)227 are used for 

activation. The activated monomer is then added to a catalytic amount of Ni(dppp)Cl2 

(dppp = bis(diphenylphosphino)propane) or Ni(dppe)Cl2 (dppe = bis(diphenylphos-

phino)ethane) to promote polymerization (see Scheme 1.35b for structures, and 

Scheme 1.36 for mechanism). The choice of catalyst depends on the nature of the side 

chains and temperature used, since the size of the phosphine ligand can alter the rate-

determining step of the polymerization.228,229 Initial studies by Seferos relied upon the 

use of Ni(dppp)Cl2 and an increased temperature (80 °C) for the synthesis of P87-89 

to maintain solubility of the growing chains.161 This was especially important for P87, 

which showed solubility limitations; for comparison, the thiophene analogue, P3HT is 

highly soluble. 
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Scheme 1.36. Mechanism of CTP with ñNi(dppe)ò as the active catalyst. The 

mechanism involves transmetallation (TM), reductive elimination (RE), ring-walking 

(RW) and oxidative addition (OA). 

 

In a later study,225 the CTP polymerization of tellurophenes was studied in 

depth and it was determined that a branched side chain was important to maintain 

solubility, and to allow the polymerization to proceed at room temperature, leading to 

narrow polydispersities. Activation of the monomers was analyzed by NMR 

spectroscopy, showing that 80 % of the monomers are activated in the 5-position 
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(desirable for CTP), while 20 % are activated in the 2-position (unreactive in CTP, 

Scheme 1.37). Additionally, it was determined that Ni(dppe)Cl2 gave faster 

polymerization for bulkier side chains, and that branching farther away from the 

tellurophene ring (M42 or M43 vs. M41) improved both the polymerization rate and 

control over molecular weight. Optimization of the conditions also allowed for the 

formation of block copolymers with P3HT due to the quasi-living character of the 

polymerization. 

 

 

Scheme 1.37. Activation step of 3-alkyltellurophene monomers for CTP. 

 

The polymerization kinetics could be further improved by using an 

unsymmetrically halogenated monomer (M44, Scheme 1.38).226 The presence of Br in 

the 2-position ensures quantitative activation in the 5-position (reaction of RMgX with 

I) and increases the speed of the polymerization, so that even a monomer with a bulky 

2-ethylhexyl chain could be polymerized efficiently (P89ǋ, 85 % yield, Mn ~ 8.7 kDa, 

PDI = 1.2) 
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Scheme 1.38. Synthesis of a polytellurophene from an unsymmetrically halogenated 

monomer. 

 

1.3.2.4. Other Synthetic Methods 

Seferos also compared the influence of S, Se and Te in copolymers with 

platinum acetylide,230 an interesting class of polymers due to the potential of excited 

state intersystem crossing induced by Pt.231,232 A new tellurophene monomer with 

trimethylsilylethynyl functionalization (M45) was synthesized through Sonogashira 

cross-coupling, and could be polymerized by reaction with trans-

bis(triethylphosphine)platinum(II) dichloride (trans-Pt(PEt3)2Cl2) to afford P92 (47 % 

yield, Mn = 13.9 kDa vs. polystyrene, PDI = 3.7). As expected, P92 had a red-shifted 

absorption compared to its S and Se counterparts.230 This trend also applied to the 

photoluminescence spectra of the polymers, with phosphorescence at 671 nm noted for 

the Te congener (lem = 617 and 641 nm for the corresponding S and Se analogues, 

respectively). However, heavy-atom substitution negatively affected the intensity of 

phosphorescence, since replacement of S by Se or Te (P92) led to a 50 % and 80 % 

reduction in intensity, respectively (phosphorescence quantum yields not determined). 
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Scheme 1.39. Synthesis of a tellurophene-Pt acetylide copolymer (P92). 

 

 Tomita and coworkers were able to synthesize copolymers with tellurophene 

by a metallacycle transfer from polymers containing titanacycles (Scheme 1.40a).233 

This route is analogous to the reported by Rivard with zirconacycles (see Section 

1.3.2.2),162 with the difference that the formation of titanacycles yields a polymer 

directly, which can then be modified into a tellurophene copolymer. Another difference 

between the Tomita and Rivard routes is that a source of Te(IV), TeCl4,  is used in the 

former, and, therefore the tellurium center had to be reduced with sodium thiosulfate 

(Na2S2O3) to afford the final polymer (P93, 68 % yield, Mn = 5.1 kDa vs. polystyrene, 

PDI = 2.4). A possible challenge with this route is that the titanacycles in the polymer 

are sensitive to moisture, leading to potential defects in the chain upon partial 

hydrolysis.234 
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Scheme 1.40. a) Synthesis of a tellurophene copolymer from a titanacycle-containing 

polymer; b) Model tellurophene compound before and after reaction with Br2. 

 

 Interestingly, the alkoxy groups on the aryl units in P93 (Scheme 1.40) were 

able to interact with Te through intramolecular chalcogen bonding to improve ring 

subunit planarity,170 as confirmed in a model monomeric compound (Scheme 1.40b, 

dihedral angles of 2.6(14)° and -0.9(14)°). Similarly to work by Seferos,200 P93 (and 

the model compound) could be brominated to reduce the HOMO-LUMO gap (from 2.1 

eV in P93 to 1.8 eV in P94), while maintaining Te---O interactions. Once again, 

comparison with S and Se analogues showed a reduction in Eg when using Te.235 
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1.3.3 Recent Applications of Polytellurophenes 

Polytellurophenes have been explored in photovoltaics, in field-effect 

transistors, photodetectors, and even in cancer treatment. The following sections 

outline these studies and further highlights the effect of the heavy element, tellurium. 

1.3.3.1. Organic Photovoltaics (OPV) 

With a reduced HOMO-LUMO gap, polytellurophenes show enhanced sunlight 

absorption across the visible spectral region, a property that is desirable for solar 

cells.236 Additionally, the possibility of forming triplet excited states could ultimately 

simplify device architecture from the currently used bulk heterojunctions (where there 

is a nanoscale mixing of donor and acceptor materials in the active layer),237 to planar 

heterojunctions.167 Therefore, different groups have explored the use of 

polytellurophenes as donor materials in organic photovoltaic devices (Figure 1.13). 

The best results achieved in each case are summarized in Table 1.4. 
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Figure 1.13. Tellurium-containing polymers studied in OPV and OFET applications. 

 

The use of polymer P75 (Figure 1.13) in bulk heterojunctions (BHJ) afforded a 

power conversion efficiency (PCE) of 4.4 %. A comparison of different molecular 

weights for P75 showed that reduced molecular weights (Mn = 8 kDa instead of 23.2 

kDa) also led to a reduced PCE (2.44 %), highlighting the importance of polymer 

molecular weights on device performance. Additionally, P75 showed photocurrent 

generation with an onset at ca. 970 nm, matching the light absorption of a film of P75. 

For comparison, the S analogue of P75 shows photoresponse up to 900 nm, but a 
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similar overall PCE of 4.7 %.238 P80 (Figure 1.13) afforded a reduced PCE of 1.16 % 

compared to its S analogue (3.98 %).210 The reduced PCE in this case can be attributed 

to aggregation of P80 in the blend with PC61BM (phenyl-C61-butyric acid methyl ester, 

a fullerene derivative), as observed by TEM (transmission electron microscopy). This 

aggregation results in a reduced short circuit current (JSC) of 2.51 mA/cm2
, compared 

to 7.71 mA/cm2 for the S analogue.  

Similarly to the above studies, P81 showed a photoresponse beyond 900 nm, 

with an external quantum efficiency (EQE) of 35 % at 900 nm,211  meaning that 35 % 

of the incident photons at 900 nm are converted into charge carriers (electrons and 

holes) when using P81. However, formation of a more coarse film morphology was 

observed once again by AFM (atomic force microscopy).211 These results underscore 

the need for device optimization since the solid state properties of tellurophenes differ 

from that of thiophenes. 

Seferos studied the performance of P90 in devices where the PC61BM blend 

was formed by either fast- or slow-drying.184 Fast-dried devices of P90 showed reduced 

PCE (0.64 %), reduced p-p stacking and a smaller contribution from the 

polytellurophene to light absorption when compared to the slow-dried devices, 

indicating the need for an increased film formation time, or solvent vapor annealing, to 

achieve optimal morphology. Interestingly, P90 contributed less to photocurrent at its 

absorption maximum (even for slow-dried devices) compared to S and Se analogues. 

The authors attributed this effect to the generation of excited triplet states, which could 

lead to recombination losses.182 
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Table 1.4. Results of solar cells fabricated with polytellurophenes. Abbreviations: BHJ 

= bulk heterojunction; VOC = open circuit voltage; JSC = short circuit current; FF = fill 

factor; PCE = power conversion efficiency. 

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

P75208 BHJ PC71BM 0.61 12.9 0.56 4.4 

P80210 BHJ PC61BM 0.92 2.51 0.50 1.16 

P81211 BHJ PC71BM 0.52 21.7 0.63 7.1 

P90184 BHJ PC71BM 0.59 3.69 0.47 1.02 

 

The effect of spin orbit coupling introduced by tellurophenes was also studied 

in the context of singlet fission, a spin-allowed process that can transform a high energy 

singlet excited state into two lower energy triplet excited states (Scheme 1.41).239ï241 

Singlet fission potentially allows for increased efficiencies in solar cells due to the 

possibility of harvesting photons with energies larger than the optical band gap. Heeney 

and coworkers observed that the photophysics of P85 (Figure 1.13) were initially the 

same as its S and Se analogues, with the splitting of high energy singlet states into a 

triplet-triplet pair (TT). These states are susceptible to fast recombination, but 

introduction of Se and Te reduced recombination by facilitating the separation of the 

TT state into independent triplet states,240 an effect of increased spin orbit coupling.  
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Scheme 1.41. Diagram showing singlet fission. Note: the overall spin of the system 

does not change (indicated by electrons of opposite spin in the dashed boxes), making 

this an allowed process. 

 

1.3.3.2. Organic Field-Effect Transistors (OFET) 

Due to the improved backbone planarity and Te---Te interactions, it is expected 

that polytellurophenes would have a higher charge carrier mobility in field-effect 

transistors. Accordingly, polytellurophenes have also been used in the fabrication of 

such devices (Figure 1.13, Table 1.5). 

Choi and coworkers observed that the hole mobility for P75 increased upon 

annealing due to an increased size of crystalline domains (accompanied by an increased 

surface roughness, as determined by AFM).242 The larger hole mobility of P75 (1.47 

cm2 V-1 s-1) compared to its S analogue (0.62 cm2 V-1 s-1) was attributed to increased 

perpendicular orientation of the polytellurophene chains relative to the substrate (edge-

on) compared to the polythiophene.243 McCulloch also observed an increased edge-on 
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conformation for P81, but noted that P81 and its Se analogue had a larger off current 

than their S counterpart (attributed to oxygen sensitivity).211 Heeney fabricated OFET 

devices of P85 with either a top- or bottom-gate configuration, but achieved low 

mobilities due to the poor solubility, and the resulting poor film formation 

characteristics of P85.215 

 

Table 1.5. Results for OFETs fabricated with polytellurophenes. Abbreviations: mhole 

= hole mobility, Vth = threshold voltage, Jon/Joff = ratio between the on and off currents. 

Polymer Architecture mhole (cm2 V-1 s-1) Vth (V) Jon/Joff 

P75 Bottom-gate, top-contact 1.47 2.2 ~105 

P81 Top-gate, bottom contact 1.6 -8 ~103 

P85 Bottom-gate, bottom-contact 1 × 10-3 - - 

P87 Bottom-gate, bottom-contact 1.6 × 10-3 -2 4.9 × 103 

P88 Bottom-gate, bottom-contact 1.6 × 10-3 -30 1.1 × 103 

P89 Bottom-gate, bottom-contact 7.8 × 10-5 -11 1 × 102 

P91 Bottom-gate, top-contact 2.5 × 10-2 -17 1.1 × 104 

 

Seferos and coworkers conducted studies on the aggregation and charge 

transport of tellurophene homopolymers with alkyl side chains (P87-89 and P91, 

Figure 1.14).165,244  The branched 2-ethylhexyl side chain in P89 was found to be 

detrimental to charge transport,244 likely due to twisting of the polymeric backbone, but 

by placement of the branching point further from the tellurophene ring (P91), better 

results were achieved.165 Compared to its S (mhole = 6.2 × 10ī5) and Se (mhole = 8.0 × 

10ī4) analogues, P91 showed a much improved hole mobility. Additionally, grazing-
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incidence wide angle X-ray scattering (GIWAX) showed that the use of P91 leads to 

edge-on alignment, consistent with the previous reports. However, P91 had the lowest 

crystallinity among the other polychalcogenophene, despite more aggregation being 

visible by AFM. The increased hole mobility was then explained by the increased 

backbone rigidity of the polytellurophene, as determined by DFT computations.165 

 

 

Figure 1.14. Alkyl -substituted polytellurophenes studied in the context of OFETs. 

 

1.3.3.3. Photothermal/Photodynamic Therapy 

Huang decided to investigate the use of polymeric nanoparticles containing P86 

as photothermal and photodynamic agents for cancer treatment.216 Nanoparticles of 

P86 (Figure 1.15) were prepared by mixing P86 with a non-conjugated polymer in 

THF, followed by water addition under sonication to afford uniform spheres (d = 110 

± 3 nm). Irradiation of the nanoparticles at 808 nm led to the formation of reactive 

oxygen species (ÅOH and O2
Åï) by a photodynamic process at high efficiency (38.7 %). 

This process was accompanied by a rapid increase in temperature (up to 48.3 °C in 10 

min when the concentration used was 100 mg/mL) by a photothermal effect. 
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Additionally, the polymeric nanoparticles showed good biocompatibility and were able 

to supress tumor growth in mice. 

 

 

Figure 1.15. Polymer mixture forming nanoparticles for cancer treatment. 

 

In a separate study, polymer nanoparticles containing tellurophene and pyrrole 

building blocks were synthesized by electrochemical polymerization with FeCl3 in a 

microemulsion.187 The photothermal effect of the resulting nanoparticles upon 

irradiation at 808 nm could be tuned and increased to an efficiency of 43.6 % at higher 

pyrrole loadings. Conversely, the photodynamic effect (dependent on intersystem 

crossing) increased to an efficiency of 43.9 % when more tellurophene was 

incorporated. 

1.3.3.4. Photodetection 

Polymer P84 (Figure 1.16), a random copolymer, has been used to fabricate 

photodetectors. By varying the ratio between the blocks, n and m, device properties 

such as dark current (the current with no incident light) and responsivity (electrical 
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output per optical input) could be tuned. Optimal performance was achieved for a n/m 

ratio of 7/3, affording smoother films and leading to low dark current (4.17 × 10-6 

A/cm2) and high responsivity (19.11 A/W) at 600 nm. The authors note that the 

responsivity is among the highest values for organic photodetectors and comparable to 

devices based on inorganic materials.245,246  

 

 

Figure 1.16. Structure of random tellurophene copolymers used in photodetectors. 

1.4 Scope of this Thesis 

As illustrated by the previous sections, the synthesis of new polymers is crucial 

to bridge the gap between design and applications for both polyacetylenes and 

polytellurophenes. On one hand, synthesis of soluble, air-stable polyacetylenes that 

retain interesting optoelectronic properties is necessary to bring these polymers into 
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modern applications. On the other hand, the field of polytellurophenes is still emerging 

and new routes to polymers are needed to further improve polymer properties and 

provide a variety of options for device fabrication. 

In this context, this Thesis describes the synthesis of tellurophene oligomers 

and studies the effect of fused cycloalkyl side chains on backbone planarity, with the 

hypothesis that a smaller cycloalkyl ring could lead to improved backbone planarity. 

Additionally, the synthesis of a new poly(3-aryltellurophene) is described, wherein the 

aryl side chains are expected to further reduce the polymerôs HOMO-LUMO energy 

gap in the solid state. 

Lastly, the synthesis of soluble polyacetylenes with heteroatom-containing side 

chains is described. The presence of side chains attached to the polyacetylene backbone 

are expected to provide solubility to the final polymer, while heteroatoms can tune 

optoelectronic properties through orbital interactions with the backbone to reduce Eg 

by an intrinsic doping effect. 
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Chapter 2: Rapid Access to (Cycloalkyl)tellurophene 

Oligomer Mixtures and the First Poly(3-aryltellurophene) 

2.1 Introduction  

Polytellurophenes, the heavier element (Te) containing analogues of 

polythiophenes, have been gaining momentum as promising optoelectronic 

materials.1,2 Replacement of S by Te within a heterocyclic building block can lead to 

increased quinoidal character of the resulting polyheteroles (and a reduced HOMOï

LUMO gap, Eg), along with an increase in hole mobility. Accordingly, 

polytellurophenes are being explored for next generation organic solar cells and field 

effect transistors.3,4 The presence of the heavy element tellurium can also increase spin 

orbit coupling, enabling efficient phosphorescence to transpire, both in the solid state 

and in the presence of the known quencher O2.
5,6 Access to photoexcited triplet states 

can also yield longer exciton (electronïhole pair) diffusion lengths, which can increase 

solar cell efficiency and simplify working device architectures.7-9 

A key challenge in the development of new polytellurophenes is efficient access 

to monomers. For example, Seferos and coworkers have used Na2Te-mediated ring 

formation to selectively place alkyl-substituents onto monomeric tellurophenes,3a,10 

while our group has used zirconium-instigated alkyne coupling, followed by Zr/Te 

metallacycle transfer, to yield tellurophenes with reactive pinacolboronate (BPin) 

groups at the 2- and 5-positions.3b,5,6,11,12 The latter procedure has been used to 

synthesize (cycloalkyl)tellurophenes such as B-Te-6-B (Scheme 2.1) that undergo 
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SuzukiïMiyaura coupling to yield phosphorescent molecules6b,11 or copolymers.3b 

Thus far, all copolymers synthesized from B-Te-6-B have wide optical band gaps 

(>2.3 eV),3b suggesting substantial twisting of the tellurophene units away from 

coplanarity. In addition, low polymer molecular weights (3ï7 kDa)3b are often 

observed due to competitive protodeboronation and the accompanying termination of 

polymerization.  

 

Scheme 2.1 Tellurophene project overview. Center: BPin-functionalized 

(cycloalkyl)tellurophenes B-Te-5-B and B-Te6-B, and the monoborylated 

tellurophene (BTe). Left: A copolymer derived from B-Te-6-B (top) and an example 

of a protodeboronation side-product derived from B-Te-6-B (bottom). Right: New 

tellurophene oligomers and polymers synthesized in this Chapter. 

 

In this Chapter, the reactivity of ring-bound BPin groups is used to advance 

tellurophene chemistry in two distinct ways: first, the efficient syntheses of the 2,5-

iodonated tellurophene building blocks I -Te-5-I  and I -Te-6-I  (Scheme 2.2) now 
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enables their direct homopolymerization by Yamamoto coupling to form mixture of 

oligomers that show different optical band gaps (Eg) depending on the size of the cyclic 

side group. Second, the first poly(3-aryltellurophene) is reported,13 which features 

cumenyl (4-iPrC6H4) side groups and a low Eg of ca. 1.3 eV.  

2.2 Results and Discussions 

2.2.1 Synthesis of (Cyclo)tellurophene Oligomers 

Initial attempts to form cycloalkyl-functionalized tellurophene homopolymers 

involved subjecting the known 2,5-dibrominated tellurophene Br-Te-6-Br11a to widely 

used Grignard metathesis (GRIM)14 and Yamamoto15 polymerization protocols. For 

GRIM, Br-Te-6-Br was reacted with iPrMgCl in THF for followed by addition of 

1 mol. % of Ni(dppe)Cl2 (dppe = Ph2P(CH2)2PPh2). On the other hand, for Yamamoto 

polymerization, Br-Te-6-Br was reacted with stoichiometric Ni(COD)2/bipy (COD = 

1,5-cyclooctadiene; bipy = 2,2ǋ-bipyridine) in toluene under reflux. Unfortunately, both 

routes only resulted in low isolated yields (ca. 5ï10 %) of oligomers. In order to 

improve the efficiency of polymerization,14b the 2,5-diiodinated tellurophenes I -Te-5-I  

and I -Te-6-I  were prepared by reacting N-iodosuccinimide (NIS) with B-Te-5-B and 

B-Te-6-B in DMF at 40 °C (25 and 31 % yields, respectively; Scheme 2.2). The X-ray 

structure of both iodinated tellurophenes is shown below (Figure 2.1). To my 

knowledge, these are the first examples of direct ïBR2 to ïI conversion on a 

tellurophene, however, related chemistry involving boronic acid-functionalized 

thiophenes is known.16,17 I -Te-5-I  and I -Te-6-I  are air stable yellow needle-like 
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crystals but were stored at -30 °C in the dark to prevent their self-oligomerization (see 

Section 2.4.7).18 

 

 

Scheme 2.2 Synthesis and oligomerization of I -Te-5-I  and I -Te-6-I . NIS = N-

iodosuccinimide, COD=1,5-cyclooctadiene, bipy = 2,2ǋ-bipyridine. 

 

Figure 2.1. Molecular structure of 1,3-diiodo-4,5,6,7-tetrahydro-benzo[c]tellurophene 

(I -Te-6-I , left) and 1,3-diiodo-4,5,6,7-tetrahydro-cyclopenta[c]-tellurophene (I -Te-5-

I , right). Thermal ellipsoids plotted at a 30 % probability level with hydrogen atoms 

omitted for clarity. Selected bond lengths (Å) and angle (°): I -Te-6-I:  Te1-C1 2.080(3), 

Te1-C8 2.090(3), I1-C1 2.079(2), I2-C8 2.083(3); C1-Te1-C8 80.92(11). I -Te-5-I: Te-

C6 2.076(9), Te-C7 2.080(10), I1-C6 2.062(9), I2-C7 2.081(10); C6-Te-C7 79.2(4). 
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The Yamamoto polymerization of I -Te-5-I  and I -Te-6-I  in the presence of 

stoichiometric Ni(COD)2/bipy (Scheme 2.2) afforded the corresponding oligomer 

mixtures Oligo-Te5 and Oligo-Te6 as red and orange solids in 49 and 52 % purified 

yields, respectively. These products were characterized by NMR spectroscopy (Section 

2.4.3) and were stable up to ca. 200 °C as determined by TGA (Section 2.4.5)  

MALDI-MS (Figures 2.2 and 2.3) indicates that high molecular weight 

polymers were not formed, probably due to a lack of solubility. However, as explained 

below, these oligomers provide insight into the influence of the cycloalkyl side groups 

on optoelectronic properties. The formation of longer (more soluble) chains of 

Oligo-Te6 (n Ò 12 in Scheme 2.2) versus Oligo-Te5 (n Ò 5) is likely due to enhanced 

backbone ring twisting in Oligo-Te6, leading to reduced interchain polymer 

interactions; this point will be discussed in the next section. 
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Figure 2.2. MALDI -MS of Oligo-Te6. Black dots represent H/H termination, red dots 

represent H/I termination. 
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Figure 2.3. MALDI -MS of Oligo-Te5. The marked peaks (black dot) correspond to 

oligomers showing mass matching H/H termination. DCTB = trans-2-[3-(4-tert-

butylphenyl)-2-methyl-2-propenylidene]malononitrile. 

 

2.2.2 Influence of Cyclic Side Groups on Optoelectronic Properties 

UV-Vis spectroscopy in CHCl3 shows a ɚmax at 295 nm for Oligo-Te6, while a 

substantially red-shifted ɚmax at 471 nm is seen for Oligo-Te5 (Figure 2.4). Thus, 

removing one ïCH2ï group from the cyclic side chain leads to a decrease in optical 

HOMO-LUMO gap (Eg) to a value of 1.97 eV for Oligo-Te5 in solution (estimated 

from the onset of absorption) that is significantly red-shifted in comparison to 

Oligo-Te6 (2.72 eV) and other known tellurophene copolymers with Te6 subunits 

(e.g., Scheme 2.1).3b As expected, the Eg is further reduced to 2.22 and 1.82 eV for 

films of Oligo-Te6 and Oligo-Te5 (Section 2.4.6).  
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Figure 2.4. UV-Vis spectra and images of Oligo-Te5 and Oligo-Te6 in CHCl3. 

 

To understand this significant difference in absorption for these 

oligotellurophenes, density functional theory (DFT) computations [B3LYP/6-31G(d,p) 

(with LANL2DZ for Te and I)] were performed on the oligomeric models I -[Te5]7-I  

and I -[Te6]7-I  (Figure 2.5). The presence of Te6 units in I -[Te6]7-I  yields nearly 

perpendicular tellurophene rings (89° twist angle), while the less hindered Te5 units in 

I -[Te5]7-I  enable a preferential coplanar arrangement of the tellurophene subunits (1° 

twist angle). As expected, the computed Eg value for planar I -[Te5]7-I  (2.17 eV) is 

much smaller than in I -[Te6]7-I  (4.18 eV).19 An energetic penalty of 90 kJ/mol was 

also computed for twisting the tellurophene rings into a planar arrangement within a 

tetrameric model for Oligo-Te6 (I -[Te6]4-I , Figure 2.6), while for Oligo-Te5 

(I -[Te5]4-I ) an energy change of -20 kJ/mol is observed upon twisting the rings from 

being mutually perpendicular to coplanar. Both behaviors are reproduced when the 
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tellurophene units are spaced by 3-methyl thiophene units. Closer inspection of the 

optimized structures indicates that unfavorable TeïH2C (side group) interactions in this 

model for Oligo-Te6 are responsible for ring twisting. Thus, copolymers bearing the 

less hindered Te5 subunit are now being investigated, as the cyclopentane side chain 

functionality leads to a preference for planar structures in the resulting oligo- and 

polychalcogenophenes.  

 

 

Figure 2.5. Structure optimization of heptamers of Oligo-Te6 and Oligo-Te5. The 

average torsional angle for the oligomers is highlighted in the Figure. Level of theory: 

B3LYP/6-31G(d,p) (with LANL2DZ for Te and I). 
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Figure 2.6. Energy change of oligomers upon change in torsion angle. The energy is 

calculated relative to the 90° position for tetrameric models of oligomers terminated by 

iodine consisting of four units of each tellurophene (I -[Te6]4-I  and I -[Te5]4-I ) or a 

copolymer of same length with 3-methylthiophene subunits (I -[Te6-MeS]2-I  and 

I -[Te5-MeS]2-I ). Level of theory: B3LYP/6-31G(d,p) (with LANL2DZ for Te and I). 

 

The computed UV-Vis spectra (by TD-DFT) for trimeric models of Oligo-Te5 

and Oligo-Te6 reproduced the overall spectral features found by experiment (Figure 

2.7). In each case, the HOMOïLUMO transition has CïC ˊ character in the HOMO 

(with a small iodine(lp) admixture; lp = lone pair) and quinoidal CïC ˊ and Te(lp) 

contributions to the LUMO (Figure 2.8). 
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Figure 2.7. TD-DFT computed UV-Vis absorptivity for trimers of Oligo-Te5 (I -

[Te5]3-I ) and Oligo-Te6 (I -[Te6]3-I ) and the three main oscillator strengths (bars 

below the curves) associated with the absorptions. The inset shows an expansion of the 

short wavelength region. 

 

Figure 2.8. DFT computed orbitals for trimeric models of Oligo-Te6 and Oligo-Te5. 
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2.2.3 Synthesis of a Poly(3-aryl)tellurophene  

Soluble polytellurophenes with long alkyl side chains have been developed by 

Seferos and coworkers.3a,10 The corresponding poly(3-aryltellurophenes) are unknown 

and could yield enhanced crystallinity/charge mobility in the solid state, due to added 

ḯ́  stacking interactions. Towards this goal, the known 3-borylated tellurophene BTe 

(Scheme 2.3)11a was coupled with 4-iodocumene to yield the new 3-arylated 

tellurophene Te-cumenyl (see Figure 2.9 for its X-ray structure); in principle, this 

procedure could be used to graft a wide range of different aryl groups onto a 

tellurophene. Iodination of Te-cumenyl with NIS in DMF at 70 °C affords the requisite 

polymer precursor I -Te-cumenyl-I  as an air-stable orange oil (57 %) after purification 

(Scheme 2.3). 

 

 

Scheme 2.3 Synthesis of the poly(3-aryltellurophene) PolyTe-cumenyl. 
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Figure 2.9. Molecular structure of 3-(4-isopropylphenyl)-tellurophene (Te-cumenyl). 

Thermal ellipsoids plotted at a 30 % probability level with hydrogen atoms omitted for 

clarity. Selected bond lengths (Å), angle and dihedral angle (°): Te-C1 2.053(9), Te-

C4 2.088(5), C2-C5 1.486(3); C4-Te-C1 80.4(3); C1-C2-C5-C6 24.9(13). 

 

I -Te-cumenyl-I  was then polymerized via the GRIM (Grignard metathesis) 

method using stoichiometric iPrMgClÅLiCl for monomer activation (-78 °C to room 

temperature), followed by addition of Ni(dppp)Cl2 as a pre-catalyst (dppp = 

Ph2P(CH2)3PPh2) and heating to 80 °C. The resulting polymer PolyTe-cumenyl (Mw 

= 8 kDa, PDI = 1.1) was obtained as an air- and moisture-stable deep blue-purple solid. 

Integration of the major and minor isopropyl signals in the 1H NMR spectrum of 

PolyTe-cumenyl indicates 94 % headï tail regioregularity, which matches values 

found within known poly(3-alkyltellurophenes).3a,10 For comparison, the analogous 
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polythiophene was synthesized and the same route as described above afforded 

PolyS-cumenyl (Mw = 12 kDa, PDI = 1.1) as a dark purple solid. Both polymers are 

stable up to 200 °C as solids under N2, as determined by TGA (Section 2.4.5). 

End group analysis by MALDI-MS shows two major sets of peaks for 

PolyTe-cumenyl (Figure 2.10) and PolyS-cumenyl (Figure 2.11) assigned to chains 

with either H/I or H/H end groups. For controlled GRIM (also known as catalyst-

transfer polymerization)14, 20 of a mono-activated monomer (e.g., RMg-Te-cumeny-I ) 

one would expect only H/I end groups after work-up. Thus, the presence of H/H end 

groups suggests that some double activation/metallation of the tellurophene monomer 

is occurring.  

 

 

Figure 2.10. MALDI -MS of PolyTe-cumenyl. Green curve highlights H/H 

termination, while the blue trace highlights H/I termination. 
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Figure 2.11. MALDI -MS of PolyS-cumenyl. Green curve highlights H/H termination, 

while the blue highlights H/I termination and brown iPr/iPr and iPr/H. 

 

2.2.4 Attempts to Improve End-Group Control  

Double activation was confirmed in model/stoichiometric activation studies of 

the iodinated monomers. The regioselectivity of the initial CïI metallation step was 

verified for both I -S-cumenyl-I  and I -Te-cumenyl-I  by adding iPrMgClÅLiCl, 

followed by quenching with HCl, and analysis of the product(s) by 1H NMR 

spectroscopy (Figure 2.12).  
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Figure 2.12. a) 1H NMR study of the GRIM activation step for I -S-cumenyl-I ; b) 1H 

NMR study of the GRIM activation step for I -Te-cumenyl-I . Spectra were collected 

after reaction with iPrMgClÅLiCl at different temperatures and quenching with HCl (aq).  
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After 30 minutes at room temperature, formation of 5-iodochalcogenophenes 

(from metallation close to the cumenyl group) and 2-iodochalcogenophenes (from 

metallation away from the cumenyl group) is observed, as well as unsubstituted 

chalcogenophenes (from double metallation) and unreacted I -Te-cumenyl-I for the 

tellurophene. It is also notable that the intensity of peaks corresponding to 5-

iodochalcogenophenes is larger, indicating an undesirable majority of activation close 

to the cumenyl group at room temperature.14 When the activation temperature is 

lowered, metallation away from the cumenyl group can be favored, but in both cases 

double-metallation of the monomer is still observed even at -78 °C.  

In attempts to improve end group control, polymerization trials with the more 

active pre-catalyst Ni(dppe)Cl2 (dppe = Ph2P(CH2)2PPh2) were performed. With higher 

catalytic activity, one would be able to carry out the polymerization at a lower 

temperature for improved control. However, the products recovered under these 

alternate polymerization conditions did not show improvement by MALDI-MS (Figure 

2.13) and significantly reduced regioregularity was noted by 1H NMR spectroscopy 

(Figure 2.14). In these trials, PolyS-cumenyl (Mw = 13 kDa, PDI = 1.1; 65 % 

regioregularity) was synthesized at 80 °C, while PolyTe-cumenyl (Mw = 4.1 kDa, PDI 

= 1.5; 73 % regioregularity) was synthesized at a reduced 40 °C, both with 1 mol. % 

of catalyst in 2-methyltetrahydrofuran (Me-THF). 
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Figure 2.13. MALDI -MS of PolyS-cumenyl and PolyTe-cumenyl prepared with 

Ni(dppe)Cl2 as a pre-catalyst. Green curve highlights H/H termination, while the blue 

traces highlight H/I termination and brown curves iPr/iPr termination.  

 




























































































































































































































































































































































































































































































































