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Developments in polytellurophenes and
tellurophene-containing polymers: from synthesis
to applications
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Tellurium is a metalloid, and as such its properties are uniquely placed at the interface between organic
and inorganic chemistry. Its five-membered heterocycle, tellurophene, has unique redox, optical, and
electronic properties. When integrated as a homopolymer or as a copolymer, tellurophene polymers
exhibit novel properties which can be tailored to optimise optoelectronic performance. In this review, we
first discuss the inherent properties of the polymers, we then discuss various synthetic methods for their
preparation. In addition, we discuss applications of tellurophene polymers in optoelectronic and bio-
medical applications. Finally, we give an insight into the major challenges still to be overcome for these

rsc.li/polymers

1. Introduction

Some of the most widely used synthetic polymers, including
polystyrenes, polytetrafluoroethylenes (PTFE), polyvinyl chlor-
ides (PVC), and polyesters, all contain repeating non-conju-
gated units and are electrically insulating. In contrast, conju-
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materials and the future areas for development.

gated polymers are a class of semiconducting materials with
extended n-systems formed through a continuous backbone of
alternating single and double bonds." This unique configur-
ation along the polymer chains can facilitate mobile deloca-
lised charge carriers as well as charge-transfer from chain to
chain, giving rise to exciting optical and electronic
applications.>® Recent examples of these include biosignal
amplification,” electrochromic displays,® flexible printed
polymer light-emitting diodes (FPPLED),® and wearable flex-
ible electronics.” The notable conductive nature of these poly-
mers was recognised in 2000 by the Nobel prize in chemistry
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to Heeger, MacDiarmid, and Shirakawa for their “discovery
and development of conductive polymers”.® Since this point,
the development of novel conjugated polymers has been
enhanced significantly by advances in synthetic organic
chemistry’™* and, more recently, the use of artificial intelli-
gence (AI) and machine learning (ML) strategies to explore and
screen new potential conjugated polymers."®

Within this material class, inorganic-organic polymers con-
structed from Group 16 heterocyclic monomers have received
significant attention. These include polyfurans, polythio-
phenes (PThs), polyselenophenes (PSes), and polytelluro-
phenes (PTes). A number of reviews have focused on polyfur-
ans,"® PThs,"” and PSes'®" as well as Group 16 conjugated
polymers in general.>® Here, we focus specifically on the state-
of-the-art synthesis and applications of PTes (polymers built
exclusively from tellurophene-based units) and tellurophene-
containing polymers ( polymers that contain at least one tellur-
ophene-based unit). While earlier examples of PTes have been
reviewed by us,*** and more general types of tellurium-con-
taining polymers have been reviewed by others,>** here we
briefly discuss the origin of PTes and their tellurophene pre-
cursors, including a summary of their properties. We then
focus on progress in their synthesis and how their diverse pro-
perties can be utilised across optoelectronics and biomedical
applications. Included in these examples will be cases where
tellurophenes are copolymerised with other chalcogen-
ophenes. Finally, we conclude the review with a perspective for
the future of these diverse polymers.

2. Properties of polytellurophenes

2.1. Tellurium

Tellurium (Fig. 1a) is a member of the chalcogens and was
initially discovered in 1782.>>?° Tellurium is a low abundant
element and is often sourced as a by-product from the refining
of gold, silver and copper. Multiple oxidation states of tellur-
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ium exist from —i to +vi and it is a hypervalent element with
the largest radius, polarity and lowest electronegativity com-
pared to its related chalcogens (O, S and Se). Tellurium is con-
sidered as a metalloid with properties between metals and
nonmetals, and applications across organic, inorganic and
materials chemistry.”> Semi-conducting metal tellurides can
be found in solar panels, cooling devices and as biomarkers.>?
For example, cadmium telluride (CdTe) solar cells,”” and tell-
urium-based tetradymites (M,X3, M = group V metal and X =

Te) as thermoelectrics, which can operate at room
temperature.*®
Elemental tellurium is also used in alloys,” and most

notably in electronics. For example, pure tellurium has been
employed as a single-element electrical switch with a large
drive current density.*°

2.2. Tellurophene

Tellurophene (Fig. 1b) is a five-membered tellurium-containing
heterocycle. Characteristic properties of materials prepared
from tellurophene include: strong Te-Te interactions; red-
shifted adsorptions; narrow HOMO-LUMO gaps (HOMO =
highest occupied molecular orbital, LUMO = lowest occupied
molecular orbital); increased Te-C bond length; high polariz-
ability; and high dielectric constants.>>*' Tellurophene has a
relatively lower aromatic character compared to other chalco-
genophenes in the order of thiophene > selenophene > telluro-
phene > furan.?” The tellurium centre also provides telluro-
phene with unique redox chemistry.>® We studied the redox
behaviour of 2,5-diphenyltellurophene. Under anodic oxi-
dation, solvent molecules and/or anions coordinated to Te
with oxidation confined to the Te centre, whilst under weakly
coordinating conditions oxidation is delocalised over the
entire n-system. In other studies, we have also observed the for-
mation of stable hypervalent Te(iv) state from reactions of
n-extended tellurophenes with different oxidants, made acces-
sible by the metalloid nature of Te.>*”
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Fig. 1 Schematic and summary of the key properties of tellurium, tellurophene and polytellurophene. Properties are listed building up by size start-
ing at (a) atomic scale tellurium then (b) heterocyclic tellurophene and then (c) polymeric polytellurophene.

Some tellurophene derivatives also have biological
activity.>® The Nitz group has employed a tellurophene-based
phenylalanine (TePhe) analogue which acts as a probe in
complex biological samples by fluorescent labelling by a cyclo-
addition reaction.?® Previously the group has also used the
TePhe to monitor protein synthesis in vivo with mass cytome-
try (Fig. 2).*° Tellurophene substitution to the chemotherapeu-
tic teniposide was also used to mimic the parent teniposide to
monitor cell uptake by mass cytometry.*' The Thomson group
has also demonstrated that tellurophenes appended with
boron-dipyrromethene dye (BODIPY) could be used as photo-
dynamic-therapy-mass-cytometry theragnostic agents,*> and
potentially as photosensitisers for use in photodynamic

therapy.*

2.3. Polytellurophenes

Polytellurophenes (PTes) (Fig. 1c) are conjugated polymers of
repeating tellurophene monomers. Compared to their lighter
polychalcogenophenes, PTes display novel properties mostly
owing to the distinctive metalloid nature of tellurium. An
increased rate of intersystem crossing (ISC) is observed for
PTes,*>***> promoted by the incorporation of the heavy tellur-
ium atom. This attractive feature has seen tellurophene-con-
taining semiconducting polymers being incorporated as in-
organic photodynamic nano agents (section 5).*°

This journal is © The Royal Society of Chemistry 2025

The hypervalency of Te at the centre of the heterocyclic
monomer also enables coordination of species by complexa-
tion which can modulate their optoelectronic properties
(section 4) through variation of the electronic distribution
within their n-conjugated system.** The lengthened C-C bond
inter-ring distances®” observed in PTes results in narrowed
HOMO-LUMO gaps (optical band gap ~1.4 eV)*® which also
enriches these materials in optoelectronic applications. The
strong Te-Te interactions, originating from the tellurophene
monomers, leads to aggregation of PTes and low solubility,”*
and in turn affect optical and electrochemical properties.*’
Some of these properties are evidenced by a low energy absorp-
tion in the optical spectrum and irreversible shoulders in the
cyclic voltammetry (CV) of tellurophene-containing cyclopenta-
dithiophene polymer, respectively. Aggregation can also be
induced by annealing and can modulate the band-gap of tell-
urophene containing polychalcogenophenes.*® PTes also have
a higher degree of planarity and a significant rotational barrier
(compared to other polychalcogenophenes), confining their
internal rotation,’® which enhances their charge carrier mobi-
lity, for example, in field effect transistors (section 4).
Additionally, regioregular 3-alkyl PTes crystallise and organise
in the solid state in a distinct manner.>*

PTes have an oxidation potential ~0.2 eV higher than PThs
and are able to be more readily oxidised.>>>* Utilisation of this

Polym. Chem., 2025, 16, 3187-3210 | 3189
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Fig. 2 Application of tellurophene in mass cytometry. (a) Chemical and
density functional theory (DFT)-calculated structures of phenylalanine
(Phe) and 2-tellurienylalanine (TePhe). (b) Imaging mass cytometry (IMC)
demonstrating incorporation of tellurium into macromolecular structure
after mouse was treated with TePhe (60 mg kg™3). IMC image of the
jejunum (region of small intestine) shows DNA, alpha smooth muscle
actin (x-SMA) and TePhe. Strong Te signals are observed towards the
tips of the finger-like structure of the cell. Scale bar = 200 pm.
Reproduced from ref. 40 with permission from the National Academy of
Sciences, copyright 2019.

oxidation can improve the charge-transport properties,> by
inducing cation delocalisation across the backbone. Our group
has demonstrated that selective chemical oxidation of a single
block of a conjugated block copolymer can induce reversible
self-assembly of oxidised micelles. This selective oxidation of a
single block in the copolymer is only achievable due to the
difference in oxidation potential between PTes and PThs,
demonstrating the significant impact the presence of a single
Te atom can make.>

Much of the significant developments of PTes over the past
few decades since the first report of an insoluble powder by
Tsukagoshi in 1985 has been summarised (Fig. 3).>> Some of
these highlights include; the first soluble PTe, a poly(arylenevi-
nylene) from the Wittig reaction of a tellurophene dialdehyde
and a phenyl diphosphonium salt;*® a PTe copolymer with tell-
urophene-containing hybrid terchalcogenophenes (thiophene
and selenophene);®” a series of solution processable poly(3-
alkyltellurophene)s by Kumada catalyst-transfer polymerisation
(KCTP);*® the first three-dimensional organic framework con-
taining tellurophene;>® and the first example of a poly(3-aryl-

3190 | Polym. Chem., 2025, 16, 3187-3210
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tellurophene) with narrow HOMO-LUMO gaps calculated as
(Eg) = 1.3 eV.>® Details of these synthetic milestones are dis-
cussed further in section 3 of this review.

3. Synthesis of tellurophenes,
polytellurophenes and tellurophene-
containing polymers

PTes are perhaps the most challenging polyheterocycles to syn-
thesise compared to their lighter chalcogenophene analogues
(furans, thiophenes, selenophenes). The main obstacle in
synthesising PTes lies in the difficulty of preparing monomers
that are stable, processible, and suitable for polymerisation.
To overcome these synthetic challenges, researchers have
developed many strategies such as the installation of side
groups on tellurophene monomers and copolymerisation with
solubilising monomers to enhance solubility, thermal stability
and access to PTes. An interesting example of this can be
demonstrated using 3-alkyltellurophene synthesis. By simply
reversing the synthetic strategy from our reports of a “side
chain first” to a “heterocycle first” approach, the number of
synthetic steps can be reduced with a potential to access to a
wide range of further modified tellurophene structures (Fig. 4).

3.1. Homopolymerisation of tellurophenes

Methodologies developed for the synthesis of PTes or telluro-
phene containing polymers include: electrochemical®® or
chemical® oxidation, cross-coupling based polymerisation
reactions, or post-polymerisation element transformation.
Early reports of tellurophene homopolymerisation date back to
1985 and were only obtained by oxidative polymerisation. The
first such example of chemical homopolymerisation of telluro-
phene was reported by Tsukagoshi using FeCl; catalyst result-
ing in PTe (P1) that was insoluble in common organic sol-
vents.”> Another early report of PTe was by Ogura and co-
workers in 1995.°! They studied the electropolymerisation of
2,2'-bitellurophene and observed the formation of PTe (P2) as
a black powder or film. In 2009, Bendikov and coworkers syn-
thesised the first substituted tellurophene homopolymer (P3)
through electropolymerisation, however, this species suffered
from low stability compared to the Se counterpart® (Fig. 5).

In 2013, our group reported the first homopolymerisation
of 3-alkyl tellurophenes by both electrochemical and chemical
polymerisation.*® 3-Alkyltellurophene monomers were syn-
thesised by a ring-closing reaction. First, the Weinreb amide
2-chloro-N-methoxy-N-methylacetamide (1) was treated with a
Grignard reagent to afford the corresponding 1-chloro ketone
(2). This ketone can be treated with ethynyl magnesium
bromide, followed by sodium telluride solution to afford the
five-membered tellurium-containing ring (4). Dehydration
then provides 3-alkyl substituted tellurophenes (5) for the first
time (Fig. 4a).

Diiodo monomers were then synthesised by the reaction of
3-alkyl tellurophenes with sec-butyllithium followed by iodine

This journal is © The Royal Society of Chemistry 2025
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(early attempts at NBS-type halogenation all failed in our

hands,

although this would eventually be overcome).*®

Treatment of halogenated monomers under Kumada Catalyst-

Transfer Polymerisation (KCTP)**

conditions yielded poly(3-

alkyl tellurophene)s (P4) (Fig. 6) with M, = 5.4 kDa-11.3 kDa
and P = 1.9-2.2 depending on the alkyl substituent.

The obtained polymers had broad P and lower than
expected molecular weights, indicating that standard KCTP

Polym. Chem., 2025, 16, 3187-3210 | 3191
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Fig. 6 Homopolymerisation of 3-alkyl tellurophenes; dppp =
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1,3-bis

conditions did not produce polymers in a controlled manner
(at least initially). However, this homopolymerisation method
was significant because it opened doors to soluble telluro-
phene homo- and co-polymerisation and higher molecular
weight polymers.®*®

Later, we systematically examined the effects of polymeris-
ation conditions and monomer design through experimental
and computational studies. We showed that increasing the
length of the linear side chain increases the polymer mole-
cular weight without changing the dispersity.®® This obser-
vation showed that the formation of higher molecular weight
polymers may be limited by solubility. Additionally, optimising
the branching point within the alkyl chain moiety showed that

1) Ni(COD), (1.2 eq.),
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Fig. 7 Oligomerisation of (cyclo)tellurophenes.
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the branched side chains that were required for solubility also
affected the polymerisation kinetics. Branching beyond the
3-position does not significantly affect the polymerisation
kinetics. Through these investigations, we developed rationally
designed 3-alkyl tellurophene monomers to access polymers
with high molecular weights (M,, = 24.9 kDa), narrow dispersi-
ties, and well-defined end groups.

Sang, Rivard, and coworkers demonstrated the formation of
oligomeric (cycloalkyl)tellurophenes from iodinated telluro-
phene building blocks.>® Attempts to homopolymerise 2,5-
iodinated tellurophenes by Yamamoto coupling in the pres-
ence of stochiometric Ni(COD),/bipy (bipy = 2,2"-bipyridine;
COD = 1,5-cyclooctadiene), formed (cyclo)tellurophene oligo-
mers (P5 and P6) (Fig. 7). The authors mentioned that low
solubility prevented the formation of high molecular weight
polymers in this system. The monomer with tellurophene
fused to the cyclohexane ring (10b) formed longer chain oligo-
mers than the tellurophene fused to the cyclopentane ring
(10a), perhaps due to greater solubility caused by enhanced
backbone ring twisting in P6.

The same group of investigators also installed a cumenyl
group on a tellurophene molecule by Suzuki-Miyaura coupling
to form a 3-arylated tellurophene (13).>° This arylated telluro-
phene was iodinated at the 2-and 5-positions to produce diio-
dinated tellurophene (14) as the monomer. KCTP polymeris-
ation of 14 yielded the first reported poly(3-aryltellurophene)
(P7) (Fig. 8).

In 2021, Rivard and coworkers reported the synthesis of
telluro(benzo)bithiophenes using zirconium-mediated alkyne
coupling and Zr-Te atom exchange.®® Following the synthesis
of tellurium compound (15) and its dibrominated analogue
(16), they performed homopolymerisation using KCTP
methods and obtained the unstable oligomeric material, (P8)
(Fig. 9). This example demonstrates the polymerisation of a
fused, conjugated tellurophene/thiophene monomeric unit.

In another report, our group studied the effect of halogen
and magnesium salts in KCTPs and showed that the halogen

| Te. | 1) i-PrMgCL.LiCI (1 eq.) Te,
\ / Me-THF, -78 °C, 1 h; \
RT, 1h
2) N|(dppp)CI2 (1 mol%)
80°C,24 h
14 P7

dppp = © @
P\/\/F’

Fig. 8 Synthesis and polymerisation of 3-aryl tellurophenes. NIS = N-iodosuccinimide.
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Fig. 9 Oligomerisation of telluro(benzo)bithiophenes. dppe = 1,2-bis(diphenylphosphino)ethane.

atom plays an important role in the kinetics and living nature
of the polymerisation.®” With this knowledge, we demon-
strated the first synthesis of a poly(3-(2-ethylhexyl)telluro-
phene) (P4) bearing a bulky side chain with M, = 8.4 kDa and
D = 1.2 (Fig. 10). The increase in the molecular weight of this
polymer compared to previous studies®® is due to the use of
bromo-iodo-tellurophene (17) as opposed to diiodo-telluro-
phene (9). This example highlights the importance in the of
selection of halogen atoms, especially for monomers with
bulky side chain groups.

3.2. Copolymerisation of tellurophenes

One strategy to improve the solubility and processibility of
PTes is the copolymerisation with more soluble monomers.
Many synthetic strategies have been used for incorporating
tellurophene monomers in polymer structures, such as Wittig
condensation, oxidative polymerisation, Suzuki, Sonagashira
and Stille-type cross-coupling reactions. The first soluble tell-
urophene-containing polymer was synthesised through a
Wittig condensation reaction between tellurophene dialdehyde
(18) and a phenyl diphosphonium salt to yield (P9)
(Fig. 11a).>® Another early report of tellurophene polymeris-
ation was the oxidative polymerisation of a thiophene-telluro-
phene-thiophene ter-monomer using FeCl; (P10) (Fig. 11b).®®
Multiple examples of Suzuki-Miyaura and Sonagashira
cross-coupling reactions have been employed (Fig. 12). In
2010, our group demonstrated the synthesis of poly(bitelluro-

R ) i-PrMgCl
1&~ Br 2) Ni(o-tolyl)(dppe)Cl
17

Selection of halogen
atom important for
controlled
polymerisation

Fig. 10 Homopolymerisation of 2-bromo,

tellurophene.

5-iodo-3-(2-ethylhexyl)
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Fig. 11 Methods of copolymerisation of tellurophene monomers by (a)
Wittig condensation with a diphosphonium salt and (b) electro-poly-
merisation with a thiophene block.

phene-alt-9,9'-dihexylfluorene) (P11) by Suzuki-type polymeris-
ation.** The choice of 9,9-dihexyl-fluorene comonomer
increased the solubility of the resulting polymer. Indeed, the
resulting polymer was soluble in common organic solvents
such as THF, chloroform, and chlorobenzene. Halogenation of
bitellurophene (21) at the 5 and 5’ positions was achieved by
using N-iodosuccinimide (NIS) to afford the diiodo monomer
(22) (Fig. 12a). The optimised procedure for polymerisation
involved the biphasic reaction of a boronic ester and 5,5
diiodo-2,2"-bitellurophene (22) in the presence of Pd catalyst, a
phase-transfer agent Aliquat 336, and aqueous K,CO; base to
yield the copolymer P11 with M, of 3.1 kg mol™" and P = 1.2.
Rivard and coworkers showed the synthesis of telluro-
phene-thiophene copolymer and thiophene-selenophene-tell-
urophene copolymer.®® In their system, they implemented Zr-
mediated metallacycle transfer chemistry to access heterocycle
monomers, followed by Suzuki-Miyaura cross-coupling poly-
merisation to synthesise tellurophene-containing polymers.
This Zr-mediated metallacycle transfer chemistry has also
been used in other systems to generate Te-containing
rings.”®”? Reaction of the zirconacycle (23) with an appropri-
ate chalcogen halide generates the desired chalcogenophene
with pinacolboronate (BPin) cross-coupling groups at the 2-
and 5-positions (24) (Fig. 12b). 2,2"-Bipyridyl-sequestered tell-
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Fig. 12 Examples of Suzuki—Miyaura and Sonagashira—Hagihara type cross couplings for the copolymerisation of tellurophene monomers.
Copolymerisation of (a) bitellurophene and a fluorene derivative, (b) 2,5-dibromo-3-hexylthiophene and a tellurophene heterocycle formed by zirco-
nacycle transfer chemistry, (c) 3-alkyl tellurophene with platinum-acetylide, and (d) 2,5-di(4-bromophenyl) tellurophene and an arylene dibromide.

dba = dibenzylideneacetone.

urium dihalide adduct (bipy-TeCl,) was chosen as the tellur-
ium source. The resulting tellurophene (24) showed high
thermal stability. Following this monomer synthesis, Suzuki-
cross coupling with 2,5-dibromo-3-hexylthiophene resulted in
regio-random copolymers of thiophene and tellurophene (P12)
with M, of 3.6-6.5 kg mol ™.

The copolymerisation of 3-alkyl tellurophene with plati-
num-acetylide was reported by our group in 2016 for their
photophysical properties.”® In this work, we showed that the
treatment of halogenated tellurophene (25) with trimethyl-
silylacetylene under Sonogashira coupling conditions produces
the  2,5-bis(trimethylsilylethynyl)-3-dodecyl ~ tellurophene
monomer (26) (Fig. 12c). Subsequently, the reaction of this
monomer (26) with sodium methoxide, methanol, and ¢rans-
bis(triethylphosphine)platinum(u) dichloride under an inert
atmosphere produced the desired copolymer of tellurophene
with platinum-acetylide (P13).

A final report for the incorporation of tellurophenes in poly-
mers by Sonagashira-Hagihara cross-coupling was in 2020 by
Tomita and coworkers.”* They synthesised tellurophene-con-
taining polymer (P14) with M,, = 2.7 kg mol™" and P = 1.80
using an arylene dibromide (27), a diyne (28), and a palladium
catalyst (Fig. 12d).

Stille couplings have also been explored (Fig. 13). Heeney
and coworkers showed copolymerisation of dibrominated
3-dodecyltellurophene (29) with (E)1,2-bis(tributylstannyl)

3194 | Polym. Chem., 2025, 16, 3187-3210

ethylene using Stille cross-coupling to afford poly(3-dodecyl-
2,5 tellurophenylenevinylene), (P15) (Fig. 13a), which is an
early example of a donor-acceptor polymer that contains tell-
urophene.” In this system, the tellurophene-based monomer
is the halide coupling partner and the alkene-based monomer
is the trans stannylated vinyl compound. Stille cross-coupling
has also been used to form copolymers of tellurophenes, with
tellurophene-based monomer as the tin-containing reagent.

Choi and coworkers showed the polymerisation of a diketo-
pyrrolopyrrole (30) with tellurophene monomer by Stille coup-
ling in the presence of tetrakis(triphenylphosphine)palladium
(0) catalyst to afford copolymer of tellurophene and diketopyr-
rolopyrrole (P16) with M, of 53.7 kg mol™" and P = 2.49
(Fig. 13b).”° Similarly, Ashraf and coworkers synthesised copo-
lymers of a diketopyrrolopyrrole-based monomer (31) with a
tellurophene monomer through microwave-assisted Stille
coupling (Fig. 13¢).”” Jo and coworkers used Stille coupling to
synthesise a copolymer of an isoindigo-based monomer and
tellurophenes (P18) with M, = 47 kDa and P = 1.60
(Fig. 13d).”® A recent study also used Stille coupling to prepare
alternating copolymers of oligo-ethylene glycol substituted-
bithiophene with tellurophene (P19) in the presence of
Pd,(dba); and P(o-anisyl); catalyst (Fig. 13¢).”®

In 2015, our group synthesised a three-dimensional (3D)
aromatic framework incorporating tellurophenes.®® This tellur-
ophene-containing 3D framework was made through the Stille

This journal is © The Royal Society of Chemistry 2025
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substituted-bithiophene with tin-containing tellurophene monomer.

coupling of 1,3,5,7-tetrakis(4-iodophenyl)adamantane (34) and
the 2,5-bis(trimethyltin)tellurophene (Fig. 14).

Further methods of copolymerisation have also been
explored such as ipso-arylative copolymerisation, direct hetero-
arylation polymerisation (DHAP), and Kumada catalyst transfer
polycondensation (KCTP) which circumvent tin-containing
monomers (Fig. 15). Grubbs and coworkers used Pd-catalysed
ipso-arylative copolymerisation of a tellurophene monomer
(35) with a diketopyrrolopyrrole (dpp) (30) to generate telluro-

This journal is © The Royal Society of Chemistry 2025

phene-dpp copolymer, P16 (Fig. 15a)." In this approach, the
organic benzophenone leaving group enables coupling reac-
tions without generating stochiometric amounts of organo-
metallic by-products, such as trialkyltin halides as seen in pre-
viously mentioned reports for the same polymer (Fig. 13b).
This method generated the tellurophene-containing polymer
(P16) as a mixture of a low molecular weight fraction (M, =
8.0 kg mol™" and P = 3.8) and a higher-molecular weight frac-
tion (M, = 23.2 kg mol™ and P = 3.7). Additionally, the
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authors reported stability of the monomer for up to one year
after its initial synthesis.

In 2019, Hu, Huang and coworkers synthesised copolymers
of naphthalene diimide (NDI) (36) and bitellurophene (21) by
direct heteroarylation polymerisation to form NDI-co-bitelluro-
phene (P21, Fig. 15b).*® This approach was chosen for its
higher atom economy and lower toxicity compared to coup-
lings employing organotin reagents. Additionally, authors
noted that attempts to stannylate or borylate the bitelluro-
phene comonomer failed.

In 2020, Cheng and coworkers designed unsymmetrical
diiodobichalcogenogene monomers to form alternating copo-
lymers of thiophene-tellurophene and selenophene-telluro-
phenes.?” Diiodobichalcogenogene monomers were first pre-
pared (39 and 41) and were treated with 'PrMgCI-LiCl and Ni-
catalysed KCTP forming selenophene-alt-tellurophene copoly-
mer (P22) and thiophene-alt-tellurophene copolymer (P23)
(Fig. 15c¢ and d). Similarly, a pre-sequenced monomer consist-
ing of thiophene, selenophene, and tellurophene (45) was pre-
pared to form the first reported alternating regioregular poly
(terchalcogenophene) (P24) (Fig. 15e). Although the polymeris-
ation was performed using KCTP conditions, Stille coupling of
selenophene, thiophene and tellurophene units, were required
to form the desired diiodobichalcogenogene monomers 39, 41
and 45.

In subsequent reports by the same group,®**! KCTP was
also employed for the formation of alternating block conju-
gated copolymers. In 2023, sequence-controlled polychalcogen-
ophenes were synthesised with general formula poly(alt-AB),-b-
(alt-AC),, where A, B and C were either 3-hexylthiophene, 3-hex-
ylselenophene or 3-hexyltellurophene.®® These polymers were
prepared with high side-chain regioregularity. In 2025, similar
polymers were synthesised instead keeping one block as poly
(3-hexylthiophene) (P3HT), to improve crystallinity.®* These
polymers were denoted poly(alt-AB)b(3HT), where A and B were
also either 3-hexylthiophene, 3-hexylselenophene, or 3-hexyltel-
lurophene. These examples also required the use of alkyl tin
species for monomer formation.

Tellurophenes have been incorporated in viologen small
molecules multiple times in the literature by the He
group.®>® In 2019, He and coworkers attempted to synthesise
poly(chalcogenoviologen) by the nucleophilic substitution
reaction of a,a’-dibromo-p-xylene with a tellurophene-bridged
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viologen molecule (46).° However, they only obtained low
molecular weight xylylviologen oligomers of 12 repeat units
(P25 and P26, Fig. 16).

3.3. Post-polymerisation modifications

Tellurophene-containing polymers can also be accessed by
post-polymerisation methods (Fig. 17). Our group reported the
synthesis of tellurium-containing polymers by post-polymeris-
ation modifications that exchange Se for Te.”’ This process
reduces a selenium benzoselenadiazolepolymer (47) into its
diamino along (48) using LiAlH,. The diamino containing-
polymer was then re-oxidised with tellurium tetrachloride to
incorporate Te in the diazo moiety, resulting in the benzotel-
lurodiazole polymer (P27) (Fig. 17a).

Tomita and coworkers showed another element transform-
ation post-polymerisation pathway to synthesise a PTes.”?
Inspired by other studies exhibiting the conversion of zircona-
cycles into tellurophenes and similar reactivity of titanacyclo-
pentadiene derivatives to their zirconacyclopentadienes ana-
logues, the authors showed conversion of organotitanium
polymer (49) to tellurophene-containing polymer (P28) (M, =
5.1 kg mol™" and P = 2.4). This transformation was performed
using TeCl, as the Te reagent at low temperature, followed by
reduction using sodium thiosulfate solution (Fig. 17b).

Parent PTes can also undergo post-polymerisation element
transformations to form alternative polymers (Fig. 18). Tomita
and coworkers showed that reacting tellurophene containing
polymers (P29 and P14) with n-butyllithium produces lithiated
intermediates (50 and 51) as powerful synthetic precursors,
which react with various species to produce tin-containing”
(P30) and germanium-containing’*** (P31 and P32) polymers.

These examples demonstrate the progress made since the
first reports of insoluble, low molecular weight and/or high D
PTes. The synthetic toolbox has been greatly expanded upon to
allow for a more diverse range of synthetic strategies resulting
in the synthesis of tellurophene monomers and resultant PTes
or tellurophene-containing polymers that have more favour-
able properties. Methods to overcome inherent solubility
issues, such as the installation of side groups on tellurophene
monomers and copolymerisation with solubilising monomers,
have been addressed to allow access to higher-functionality
complex structures.

Despite these advances, PTes synthesis still has challenges
related to the sustainable and scalable synthesis of these
materials. We have discussed several methods to prepare tell-
urophene-based polymers that often use toxic solvents,
harmful reagents, and harsh reaction conditions. Indeed, one
of the most frequently employed strategies discussed is Stille-
type couplings, which use inherently toxic organostannane
monomers. This poses issues for any potential industrial or
device applications. Additionally, some of the methods of
preparation for other polychalcogenophenes have not yet been
successfully applied to PTes. One such example is the Suzuki-
Miyaura Catalyst-Transfer Polymerisation (CTP) for the syn-
thesis of PTes homopolymers that has allowed for the con-
trolled polymerisation of both electron-rich and electron-

This journal is © The Royal Society of Chemistry 2025
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deficient monomers of other chalcogenophenes.® Direct aryla-
tion polymerisations (DArP), which proceed through a con-
certed metalation-deprotonation process, have recently been
demonstrated to synthesise thiophene-containing polymers
with few structural defects in green solvents at low tempera-
tures (<70 °C)°® but have not yet been applied to PTes. The

This journal is © The Royal Society of Chemistry 2025

inherent properties that are characteristic of PTes, such as
their tendency to aggregate,®” reduced aromaticity,”® and the
instability of tellurophene derivatives (as demonstrated by
their susceptibility to oxidative ring opening),”” further com-
plicate the challenges of applying these conditions in attempts
to control PTes polymerisation.
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4. Optoelectronic applications of
polytellurophenes and tellurophene-
containing polymers

4.1. Organic solar cells/organic photovoltaics

With the growing demand for clean energy, solar power is
becoming an increasingly important field of research. More
specifically, organic solar cells (OSCs), also known as organic
photovoltaics (OPVs), have received intense research activity,
owing to the success of other industrial compounds and
materials. OPV research involves the development of electron-
donor and electron-acceptor pairs with an appropriate HOMO
and LUMO offset to effect exciton formation and maximise
spectral coverage that in turn maximise the voltage and
current output from the OPVs. This topic has been extensively
reviewed elsewhere.”® %> Conjugated polymers are a promising
class of materials to be used in OPV applications because of
the energy level tuning that can be achieved through synthetic
chemistry such as backbone and side chain modifications to
the polymers. Polychalcogenophenes, most commonly PThs,
or more broadly thiophenes, are a widely used class of build-
ing blocks for OPV materials. The thiophene unit is incorpor-
ated into nearly every class of donor-acceptor pairs, due to
their thermal and chemical stability, ease of chemical modifi-
cation, as well as their ability to harvest light efficiently, and
excellent charge-transport properties.'®

Compared to other chalcogens, tellurium has interesting
properties that offer it different advantages in semiconducting
polymers. As discussed in section 2, tellurium is a metalloid
and, therefore, has the ability to form hypervalent bonds in
charge transfer complexes, which can be used to control the
properties of tellurophene-based conjugated polymers.'®* This
metalloid property of tellurium could also allow these telluro-
phene semiconductors to populate triplet excited states by
ISC.' These triplet excitons have longer lifetimes which
should allow for longer exciton life-times and more photo-
current collection, leading to higher power conversion efficien-
cies.'® Additionally, tellurophene has a narrower HOMO-
LUMO gap compared to furan, thiophene, and selenophene,
and comparatively, the optical absorption of tellurophene-
based polymers is red-shifted, collecting more of the solar
spectra.”> More photon collection results in the increased
current density for the semiconductor.'®” These characteristics
and properties of tellurium make it a promising material to be
used in organic semiconductors.

Grubbs and coworkers have combined bitellurophene units
with a DPP units to make a conjugated polymer (PDPPTe2T,
P16) that were tested in photovoltaic devices.*' Compared to
analogous sulfur-containing materials (PDPP3T), the telluro-
phene-based polymers showed better light harvesting at longer
wavelengths, improving the efficiency of the solar cell
material.®’ The authors also noted the importance of the
polymer molecular weight on the efficiency of the solar cell
material by investigating the difference of bends of high- and
low-molecular-weight polymers in the devices. Density func-

This journal is © The Royal Society of Chemistry 2025
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tional theory (DFT) calculations also revealed Te contributed
more to the LUMO, whilst S contributed more to the HOMO
(Fig. 19a).

Further studies on similar polymeric structures (DPPTT-X,
where X = S, Se or Te, P17) that compared thiophene, seleno-
phene, and tellurophene units in OPVs demonstrated that an
increase in the chalcogen atomic size leads to a reduction in
aromaticity which results in the slight raise of the HOMO
energy levels and decrease in the LUMO energy levels.”” This
leads to the narrowing of the optical bandgap and red shifting
of the absorption of the conjugated polymers (Fig. 19b). The
heavier tellurophene also contributes to an increase in the
crystallinity of the materials because of its higher polarizability
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Fig. 19 Incorporation of tellurophene in conjugated polymers for
organic solar cells. (a) Reports of polymer PDPPTe2T and PDPP3T by
Grubbs and coworkers and calculated frontier orbitals of PDPPTe2T
(top) and PDPP3T (bottom). Reproduced (adapted) from ref. 81 with per-
mission from John Wiley and Sons, copyright 2014. (b) Reports of
polymer C3-DPPTT-X, where X = S, Se or Te by Ashraf and coworkers.
UV-Vis absorption profiles of polymers C3-DPPTT-T, C3-DPPTT-Se, and
C3-DPPTT-Te in dilute chlorobenzene solution showing a red-shifted
adsorption with increasing atomic number. Reproduced (adapted) from
ref. 77 with permission from American Chemical Society, copyright 2015
(c) Report by Jo and coworkers of isoindigo-based polymers PITX,
where X = S, Se or Te. X-ray diffraction patterns of the polymers in solid
film demonstrating an increase in crystallinity with increasing atomic
number. Reproduced (adapted) from ref. 78 with permission from Royal
Society of Chemistry, copyright 2014.
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and stronger intermolecular interactions, which contributes to
enhanced field-effect hole mobilities.

Similar results were found in a study by Jo and coworkers
comparing the same three chalcogenophene units but with
isoindigo-based units to create the conjugated polymers (PITX,
where X = S, Se or Te, P18).”® The tellurophene-based polymer
was reported to have the lowest power conversion efficiency of
the three polymeric systems but displayed the highest field-
effect transistor hole mobility due to the comparatively higher
degree of crystallinity observed in X-ray diffraction patterns
(Fig. 19c¢).

Tellurophene polymers have also been examined as n-type
polymeric semiconductors.'®® These non-fullerene n-type
materials are of interest in the search for more efficient OPVs
and in the development of all-polymer solar cells. These are
attractive owing to the flexibility in controlling solution vis-
cosity to aid the solution processibility in OPV production,
their adjustable energy levels, and enhanced absorption. A
series of tellurophene-based polymers were constructed with
perylene diimide (PDI) or naphthalene diimide (NDI) units as
n-type semiconductors'®® (Fig. 20a), whilst PTB7-Th (Fig. 20b)
was used as the donor for the construction of all-polymer solar
cells (Fig. 20c). The NDI-based tellurophene polymers outper-
form the PDI-containing species in terms of cell efficiency,
attributed to the increased planarity that improves n-n stack-
ing, raises the LUMO energy, and results in better electron
transport capability.’°® Modifications to the ratio of donor-
acceptor (D-A), as well as the alkyl chain lengths improve the
efficiency of the photovoltaic performance, which was
observed in the J-V curves and external quantum efficiency
(EQE) plots (Fig. 20d and e). The best performance was
observed with polymeric system PTB7-Th:PTe-NDI(HD) (1:1.2
w/w) that reaches 4.3% power conversion efficiency.

Tuning of the band gap on the PTe backbone has been
examined with cycloalkyl, as well as aryl substituents. Sang,
Rivard, and coworkers determined that less sterically hindered
5-membered side groups on the tellurophene units yield a
more planar backbone and result in a considerable reduction
of the HOMO-LUMO gap.” Additionally, PTe containing aryl
substituents were found to have decreased band gaps as com-
pared to PTes and PThs with just alkyl side chains.
Tellurophene-based polymers show great promise in OPV
materials research, but the properties of these polymers are
perhaps even more well-suited for use in field effect
transistors.

4.2. Organic field-effect transistors

Conjugated semiconducting polymers have also been used in
organic field-effect transistors (OFETs). These organic-based
semiconductors are used in thin film form and are the active
elements in OFETs that can be used as switching or logic
elements in circuits."'® Choi and coworkers examined the per-
formance of a tellurophene-containing DPP-based D-A conju-
gated polymer (PDTDPPTe, P16) as a semiconductor in OFETS
and compared it to a thiophene-containing analogue.”® It was
found that the tellurophene-based polymer showed high hole

3200 | Polym. Chem., 2025, 16, 3187-3210

View Article Online

Polymer Chemistry

CgH17

07 N"No
CgHiz CgH1z Crothas
PTe-NDI(OD) PTe-NDI(HD) L,
8M17
CoHs CaHs PTe-PDI(OD)
C4Ho CaHg

d N Ii € a0 —e—PTB7-Th:PTe-PDI(OD)=1:1.0
o 0 70 | —=—PTB7-Th:PTe-NDI(OD)=1:1.0
—e—PTe-PDI(OD)=1:1.0 —a— PTB7-Th:PTe-NDI(HD)=1:1.0
§ 2 *PT:—ND\‘tOD;:\ 1.0 60 PTB7-Th: PTa~ND]:HDy=1 1.2
~—a— PTe-NDI(HD)=1:1.0 —<—PTB7-Th:PTe-NDI(HD)=1:1.4
E 4 PTe-NDI(HD)=1:1.2 50
; —<—PTe-NDI(HD)=1:1.4 3
< 40
g s g3
20
£ -10
o
5 12 ﬁ 10
o
04 -02 00 02 04 06 08 gOO 400 500 600 700 800 900
Voltage(V) Wavelength(nm)

Fig. 20 Application of tellurophene polymers as n-type polymeric
semiconductors and in solar cells. (a) Structures of PTe polymer donors
for n-type polymeric semiconductors. OD = octyldodecyl; HD = hexyl-
decyl. (b) Structure of polymeric donor PTB7-Th for all-polymer solar
cells. (c) Schematic of the all polymeric active layer solar cell. Blue spots
represent the thiophene-based polymer donor and red spots represent
the tellurophene-based polymer acceptor. (d) J-V curves and (e) exter-
nal quantum efficiency (EQE) plots of organic solar cells with different
active layers. Reproduced from ref. 108 with permission from American
Chemical Society, copyright 2016.

mobility, which was attributed to the better edge-on orien-
tation of the polymer chains and strong intermolecular n-n
interactions from the strong donor ability of the
tellurophene.”®

An interesting property of tellurophene that our group has
reported is the ability to form coordination complexes with
Br,.>*?> These were first reported with dihalogenated telluro-
phene monomers being used to prepare well-defined PTes.**
Furthermore, these dihalogenated tellurophenes have been
found to undergo thermal reductive elimination as well as
photoreductive elimination to restore the Te(i) compound.®"*®
This property can be combined with thin-film transistors
(TFTs) made of tellurophene-based polymers to create a sensor
to detect Br,. DPP-bitellurophene conjugated polymers were
investigated for this use, and the variation of the current at
fixed gate voltage allowed for the detection of Br, vapours.'"*

More recently, sequence-controlled conjugated polymers
were examined for use in OFETs and additionally for their Br,

detection capabilities in these transistors. Cheng and co-

This journal is © The Royal Society of Chemistry 2025
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workers investigated a series of sequence-controlled polymers
made up of poly(3-alkylthiophene) as well as its selenophene
and tellurophene analogues in alternating block copolymers
(Fig. 21a).*® These polymer arrangements were engineered to
induce microphase separation between the donor and acceptor
blocks. The tellurophene units undergo bromine addition (as
modelled by the monomer STePh,, Fig. 21b) which results in a
dramatically red-shifted absorption from the alternating
arrangement to induce strong charge-transfer character
(Fig. 21c). Furthermore, an increase in the source-drain hole
current (Isp) was reported since the oxidised PSTeBr, species
acts as a p-dopant on these OFETs (Fig. 21d). The reusability
of these materials was demonstrated with a thermal reduction
at 150 °C, which eliminates the halogens and returns the I of
the device to the neutral state (Fig. 21e).
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4.3. Organic mixed ionic-electronic conductors

Another class of electroactive materials, organic mixed ionic-elec-
tronic conductors (OMIECs), have emerged recently that could
be used in bioelectronic, optoelectronic, and energy storage
devices.'"* These OMIECs are often polymeric semiconductors
that readily solvate and transport ionic species, coupling ionic
and electronic conductivity."'> A prominent feature of these
materials is the near-universal inclusion of conjugated hetero-
cycles. The incorporation of heavier chalcogen atoms has often
been employed in OPVs as a method of tuning the properties,
specifically relating to optimising the HOMO-LUMOs gaps and
the planarity and interactions of the backbone.*>

Rivnay, McCulloch and coworkers synthesised a series of
alternating copolymers with an oligoethylene glycol substi-
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Fig. 21 Tellurophene-based polymers in OFETs. (a) Structures of alternating block copolymers P(SSe)b(STe), P(SSe)b(SeTe) and P(STe)b(SeTe). (b)
Bromine addition to model compound monomer STePh,. (c) Absorption spectra of P(SSe)b(SeTe) upon bromine titration in o-dichlorobenzene solu-
tion. (d) Alsp/lsp (Isp = source—drain hole current) of the PSTe-based OFET device as a function of Br, vapor concentration. (e) Ips variation of the
PSTe-OFET device with Vgs and Vps at —80 V during five cycles of Br, exposure followed by thermal annealing at 150 °C for 10 min. Reproduced
from ref. 111 with permission from Royal Society of Chemistry, copyright 2014.
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tuted bithiophenes and unsubstituted chalcogenophenes
(p(g3T2-X)) where X = O, S, Se, or Te (Fig. 22a).”° Mixed con-
ducting properties were studied in an organic electrochemical
transistor (OECT) testbeds. The doping state of p(g3T2-X) thin
films in contact with aqueous electrolytes was controlled elec-
trochemically, and the resulting electronic transport behaviour
was measured. The tellurophene-containing polymer, (p(g3T2-
Te)) (P18) showed the most ordered crystallinity, forming well-
oriented edge-on 3D crystallites (Fig. 22b) in comparison to
the other chalcogenophenes series, which formed 2D face-on
(0), 2D mixed (S), or 2D edge-on (Se) orientations. These obser-
vations were substantiated by Grazing-Incidence Wide-Angle
X-ray Scattering (GIWAXS) measurements of spin-coated thin
films of the polymers. This observed crystallinity results in the
(p(g3T2-Te)) polymer displaying efficient electronic charge
transport, with excellent carrier mobility and volumetric
capacitance. Ionic transport was found to be affected by the
heteroatom-induced crystallite orientation, with edge-on
oriented 2D crystallites in p(g3T2-Se) inhibiting ionic charge
transport to the highest degree. (p(g3T2-Te)) was the least
stable polymer under electrochemical cycling, but in situ
GIWAXS measurements indicated that this instability was not
due to structural degradation. The authors noted that instabil-
ity can be overcome by recently reported modification
methods."™*"™ Future studies are required on this emerging
class of electroactive materials to build on the promising
results seen from this study.”®

4.4. Organic photodetectors

Organic photodetectors (OPDs) are an attractive emerging
technology owing to their tunable spectral response (absor-
bances and wavelengths modulated by the polymer properties),
light-weight nature, mechanical flexibility, and solution
processability."*>*'® Tellurophene-containing polymers are
particularly attractive for near-IR photo-detectors (NIR-PDs) as
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Fig. 22 Schematic graphics of the orientation of (a) p(g3T2-S) and (b)
p(g3T2-Te) crystallites within the OECT channels as well as dimensional-
ity and coherence lengths of (c) the p(g3T2-S) 2-D crystallites and (d)
the p(g3T2-Te) well-oriented 3D crystallites. Reproduced from ref. 79
with permission from American Chemical Society, copyright 2024.
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conventional materials such as Indium Gallium Arsenide
contain scarce and toxic elements. Huang, Peng, Shen and co-
workers reported tellurophene-based random copolymers with
NDI and PDI for OPDs (Fig. 23a),""® similar to those discussed
for all polymer solar cells by the same group.'®®
Photodetectors with a device configuration of SiO,/ZnO/
polymer/Au were fabricated (Fig. 23b). Tuning of the ratio of
the electron-deficient units in the polymers allowed systematic
modulation to the energy levels, light absorption and film
morphology which resulted in high responsivity and excellent
detectivity in the OPDs. With an optimised ratio of PDI/NDI
units of 70/30 high responsivity of 19.1 AW " at 600 nm and
pronounced detectivity of greater than 10'* Jones ranging from
350-600 nm were achieved. These high values for the OPDs
were accredited to the morphology of the film, studied by
AFM, which revealed the smoothest surface, endowing it with
the best contact with the electrode, and lowest dark current
density.

Several follow up studies were reported by the same
group,"”'® incorporating tellurophene building blocks in
polymers for various OPD applications. Towards short-wave
infrared (SWIR) OPDs they first reported the preparation of
two polymers because of their ultranarrow band gaps; a tellur-
ophene containing polymer, poly(benzobisthiadiazolebithio-
phene-tellurophene) (PBTT) and poly(benzobisthiadiazole-
bithiophene-4,4"-dioctyloxy-[2,2'bithiophene]) (PBTB) polymer

a

llluminate A

Fig. 23 Application of tellurophene-containing polymer in an OPD. (a)
Device architecture for the photodetectors with SiO,/ZnO/polymer/Au
configuration. (b) Structure of random copolymers of PDI/NDI with tell-
urophene. Reproduced from ref. 116 with permission from American
Chemical Society, copyright 2018.
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Fig. 24 Reports of telluophene-based polymers in OPD applications.
(a) Polymeric structures of PBTT and PBTB used in short-wave infrared
(SWIR) OPDs. (b) Structure of RAN polymer used in the NIR TizC,T,-RAN
PD. (c) Schematic diagram of single TizC,T,-RAN PD structure.
Reproduced from ref. 119 with permission from John Wiley and Sons,
copyright 2022.

PET substrate

(Fig. 24a). Although, PBTT exhibited excellent photo-
responsivity in the visible and IR regions, PBTB performed
better as a PD. This was attributed to the longer lifetime of
excitons, more favourable morphology (smoother film
surface), and a more favourable molecular orientation relative
to the substrate which facilitated better charge transport.
Although not used for integration in the flexible OPD in this
study, PBTT was implemented in the construction of a self-
powered flexible artificial synapse for SWIR light detection,
owing to the high dielectric constant and narrow band gap
which contributed to spontaneous exciton dissociation."®

A most recent report on OPDs incorporated tellurophene as
an organic photosensitive material by a Stille coupling random
copolymerisation with benzo[1,2-c;4,5¢']bis[1,2,5]-thiadiazole
(BBT) and bithiophene (Fig. 24b)."*® The polymer had a highly
planar structure and possessed strong intramolecular charge
transfer absorbance in the short-wave infrared region. The film
was incorporated as a near infrared (NIR) PD array with a 2D
Ti,C,Ty, an organic-inorganic heterojunction connected by
van der Waals forces and hydrogen bonds (Fig. 24c). This
device provides a higher on-off ratio than the Au electrode-
type PD devices described above. The PDs also exhibit excellent
flexibility and cycle stability.

This journal is © The Royal Society of Chemistry 2025
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4.5. Organic thermoelectrics

Organic thermoelectrics (OTEs) generate conductivity on appli-
cation of temperature, a phenomenon known as the Seebeck
effect."*>'*! Organic semiconducting polymers have garnered
interest in OTEs owing to their solution processibility, light-
weight, flexible nature, and low thermal conductivities.>*
However, these materials suffer from intrinsically low elec-
tronic conductivities. Methods to improve conductivity have
been explored'*® including the polymerisation method,"?
modifying the degree of polymerisation,"”*'** tuning of the
backbone or substituent,****° doping of the polymer,"**""
or modifying the heteroatoms in the polymer backbone.>* Our
group have investigated the optimisation of thermoelectric
properties of poly(3-alkylchalcogenophene)s, P3AEs, (A = 3,7-
dimethyloctyl, E = thiophene (T), selenophene (Se) or telluro-
phene (Te), Fig. 25a).>°*'3> We first studied the influence of
heteroatom substitutions from S to Se to Te, and the variation
of FeCl; dopant concentration.>® Moving to Te the optical
band gap is narrowed, and the energy states move closer to the
chemical potential, causing a decreased thermopower and
increased electrical conductivity. This resulted in the highest
power factor for P3ATe at lowest dopant concentration.

We further probed the structure-property relationship
between P3AEs, the integration of dopants to the polymer
structure.”®> P3ATe conductivity was also improved at low
dopant concentration regardless of dopant selection (FeCl; or
iron(m) p-toluenesulfonate hexahydrate). Conductivity slightly
decreased at higher dopant concentrations, in contrast to the S
and Se derivatives (Fig. 25b). A shift in the wide-angle X-ray
diffraction (XRD) peaks also revealed heavier heteroatoms
undergo structural changes to accommodate the dopant by
increasing spacing between parallel chains, whereas spacing
in smaller P3AT was sufficient for doping. The size of dopant
anion also affected the morphology of the P3AE films in agree-
ment with the structural changes observed in XRD. Our recent
report focused on mechanism of doping.'*” P3AEs doped with
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(FATCNQ) were investigated and optical spectroscopy indicated
that the quantity of dopant anion was equivalent, but that
doping mechanisms varied between heteroatoms. P3AT and
P3ASe were doped via a charge transfer complex (CTC) mecha-
nism and P3ATe was doped through an integer charge transfer
(ICT) mechanism. These mechanistic differences can be corre-
lated to microstructure, probed by GIWAXs measurements. For
P3RT and P3RSe, FATCNQ intercalates between the n-stacked
backbones resulting in CTC doping. In the P3RTe microstruc-
ture FATCNQ intercalates in the alkyl side chain region,
because of its planar packing which induces ICT doping. This
results in higher conductivity for the P3ATe thin film, because
of its ICT mechanism which promotes delocalised charge
transfer.

4.6. Organic electrode materials for lithium-ion batteries

In the effort to move away from inorganic metals as electrode
materials in batteries, organic, redox-active molecules are seen
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nophene (Se) or tellurophene (Te)). Conductivity of P3AE films dip-doped at various concentrations of (b) FeCls and (c) FeToss solutions.

Reproduced from ref. 52 with permission from Elsevier, copyright 2019.

as attractive alternatives. These organic radical batteries
(ORBs) are tuneable, more sustainable, and safer than their
metallic analogues.'® The He group investigated including
chalcogens into the backbone of these ORB polymer materials
and found that the inclusion of these elements (S, Se, and Te)
resulted in a rigid backbone, stable radical states, and extra
redox centres.®” A series of poly(chalcogenoviologen)s (Fig. 16)
were synthesised, and it was found that the tellurium-based
polymer derivative had a second discharge capacity and the
cycle stability was enhanced dramatically.’® The tellurium
inclusion in the polymer resulted in high capacity and
increased electronic conductivity in the battery material,
demonstrating the capabilities of tellurium in battery electrode
materials.

5. Biomedical applications of
polytellurophenes and tellurophene-
containing polymers

5.1. Cancer therapy

Tellurophene-containing polymers have the potential to be
useful in photothermal and photodynamic cancer therapy
methods. These methods are rising in popularity due to their
effectiveness, non-invasive nature, and their negligible side-
effects.’**'*> Photothermal therapy (PTT) uses photothermal
nano-agents, which upon irradiation with a NIR laser generate
heat for the thermal ablation of cancer cells."**"®
Photodynamic therapy (PDT) involves the production of reac-
tive oxygen species (ROS) from the irradiation of photosensitis-
ing nano-agents under NIR laser irradiation, which leads to
cell death."®” While each of these methods have their own
benefits and drawbacks, their efficacy can be greatly improved
if they are used in combination. PDT generates ROS to destroy
cancer cells, while cell membrane permeability is increased
with the mild hyperthermia that comes from PTT, promoting
the uptake of these photosensitising nano-agents."**
Tellurium nanodots have been examined in the context of

3204 | Polym. Chem., 2025, 16, 3187-3210

PTT/PDT tumour ablation methods. These nanoparticles are
capable of generating both a potent photothermal effect and
ROS and is a result of the tellurium-atom in these structures,
as the electrons of the tellurium nanodots are excited from the
valence band to the conduction band under NIR irradiation."*®

To gain more control over the absorption range of these
agents, semiconducting polymers have emerged as a promis-
ing strategy. These polymers also show high absorption coeffi-
cients, excellent photostability, and are biocompatible.*® The
energy levels of these polymers can be altered through a D-A
strategy, which is useful when trying to tune photothermal
and photodynamic effects at certain wavelengths of light and
achieve different functionalities in different cases.*®"**

Huang and coworkers reported a D-A semiconducting
polymer (P21) made using the common electron-deficient
building block, naphthalene diimide (NDI), combined with
bitellurophene to make PNDI-2T polymers, featuring one NDI
unit and two tellurophene units per monomer.*® Polymer
nanoparticles (NPs) of ~110 nm diameter were then prepared
by nanoprecipitation (Fig. 26). These materials could produce
ROS, at higher quantum yields than other NPs owed in part to
the increased ISC (promoted by bitellurophene). High photo-
thermal conversion efficiencies and strong photodynamic
effects for photoacoustic imaging (PAI)-guided PTT/PDT treat-
ment were observed.

PTes have also been employed in photosensitising nano-
agents in the case of hypoxic dense tumours, which have sig-
nificantly lower than normal oxygen concentrations."*® A
report from the same group investigated the photothermal and
photodynamic properties of copolymeric polypyrrole and PTe
NPs. These NPs were prepared by oxidative copolymerisation
using pyrrole and tellurophene and FeCl;. Alongside the ROS,
these copolymeric NPs also generated carbon-centred free rad-
icals, which is beneficial for hypoxic PDT."*

5.2. Mass cytometry

One unique feature of tellurium compared to the other chalco-
gens is that it has eight naturally occurring isotopes, seven of

This journal is © The Royal Society of Chemistry 2025
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Fig. 26 Application of tellurophene-containing polymers for the generation of ROS. Schematic representation for the preparation of NPs of
PNDI-2T polymer, and the proposed photophysical method for generation of ROS. Reproduced from ref. 46 with permission from American

Chemical Society, copyright 2019.

which are commercially available at high levels of enrichment,
making it a promising candidate for mass cytometry appli-
cations.'® Mass cytometry is a technique used for detecting
proteins and other molecules in individual cells, and it works
by using metal-tagged antibodies as labels and inductively
coupled  plasma  time-of-flight mass  spectrometry
(ICP-TOF-MS) as the detection method."*" Although it is a
destructive method, this technique has unique multiplexing
capabilities when compared to the more conventional flow
cytometry methods. The metal that the antibody is tagged with
allows the examination of multiple biomarkers by monitoring
signals in different mass channels."*' Polymeric tellurophene
mass tags are able to improve the sensitivity compared to
small-molecule-based tellurophene probes (owing to the
increased signal intensity), making them more suitable for
applications in this technique.

Nitz, Winnik, and coworkers reported a water-soluble
polymer with a poly-i-lysine backbone and ca. 48 tellurophene
pendant units for mass cytometry immunoassays (Fig. 26,
P33)."*° The study found promising results, with the polymer
conjugating to primary and secondary metal-tagged antibodies
(Abs). However it also revealed non-specific binding of the
polymer hindered the discrimination of the positive popu-
lation from the negative controls."*® The authors noted that
this may be due to interactions of the sulfate anions with posi-
tively charged cell surfaces. A second polymer with multiple
polyethylene glyol (PEG) pendant group was prepared to

This journal is © The Royal Society of Chemistry 2025

reduce the hydrophobicity and overall negative charge (Fig. 27,
P34). Non-specific binding was still observed, and further work
is needed to optimise these tellurium-containing polymers for
mass cytometry applications and to understand the binding
interaction between polymer and monocytes.

5.3. Drug delivery

To date there are limited reports of tellurophene-based poly-
mers as drug-delivery platforms/vehicles. There are, however,
several reports of several tellurium-containing polymer
systems for targeted drug delivery. For example, tellurium-con-
taining polymers were studied for delivering platinum-based
drugs due to tellurium’s coordination chemistry with plati-
num."*? This coordination enables the loading of the drug,
with triggered release through competitive coordination of
different biomolecules. Tellurium-based polymers are also
known to be ultra-responsive to ROS.'*? Thus, they are ideal
candidates to target sites of high ROS concentrations such as
cancer, Alzheimer’s disease, and Parkinson’s disease.'** ROS-
responsive coassemblies can be fabricated from tellurium-con-
taining polymers and phospholipids, which express a revers-
ible change under redox conditions due to the reversible redox
property of the tellurium-based molecules."*> The ion chan-
nels formed from these coassemblies could be switched on
and off by redox stimuli.’*® Tellurium-containing polymers
have also been coordinated with cisplatin, which can self-
assemble into nanoparticles in the aqueous phase.'*® These

Polym. Chem., 2025, 16, 3187-3210 | 3205
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Fig. 27 Structural design of water-soluble polymers P33 and P34 containing tellurophene as a mass tag for application in mass cytometry, an azide
group for bioconjugation and a sulfate anion to enhance water solubility. PEG pendant group added to P34 to reduce the hydrophobicity.

nanoparticles accumulate in tumour microenvironments and
kill bacteria due to the bacterial membrane disruption mecha-
nism of tellurium.'*® Furthermore, the polymer further
promote tumour cell death through ROS-induced drug deliv-
ery, which releases the complexed cisplatin inside the tumour
cell."*®

It is clear from these examples that tellurium is an interest-
ing element in biological applications owing to its coordination
chemistry, response to ROS, and multiple commercially avail-
able isotopes. In the future, incorporating tellurophene could
lead to exciting advances in this field, particularly considering
the development of a water-soluble tellurophene-containing
polymer,'*® as well as the self-assembly capabilities of telluro-
phene-containing polymers,>® which could be utilised for the
formation of nanostructure motifs. Additionally, the He group
has demonstrated multiple examples of using small molecule
chalcogenoviologen-based materials with tellurium present for
PDT,**®® as well as sonosensitiser for sonodynamic therapy
(using ultrasound to activate and generate ROS). In the future,
these will likely be incorporated into polymeric structures.

6. Conclusions and outlook

In this review we have discussed the recent advances in the
field of polytellurophenes (PTes) and tellurophene-containing
polymers. We have discussed the inherent properties of tellur-
ium and its five-membered heterocycle, tellurophene, and how
these properties can be extended to specific targeted classes of
polymers for a range of applications. We have discussed the
significant progress made in the synthesis of solution-processi-
ble tellurophene monomers, that lead to solution processable
polymers, which had been a major hurdle that we and others
have now overcome. Despite these advances, challenges persist
in synthesising homopolymers and copolymers of telluro-
phenes with other chalcogenophenes, such as thiophenes,
which produce M,, low D polymers whilst also considering

3206 | Polym. Chem., 2025, 16, 3187-3210

sustainable practices. Numerous reports that were discussed
include harsh reaction conditions or reagents.
Developments of other chalcogenophene-polymers
include reports of high My, low D polymers with few structural
defects that are synthesised under mild conditions.”®

In particular, the recent advances in numerous CTP techno-
logies present further opportunities to prepare PTes using sus-
tainable methods. To advance this field in the future, a focus
on developing more sustainable synthetic strategies that are
scalable is essential to consider any materials for industrial
applications. The identification of these strategies and the dis-
covery of new materials should be accelerated by the inte-
gration of ML'*” and Al tools for determining novel polymeris-
ation routes and polymeric structures with enhanced under-
standing of structure-property relationships.'****°  For
example the emerging “polymer informatics” field, leveraging
polymer research, ML and data science, should greatly acceler-
ate the search for new polymers."”” An issue affecting the
advancement of this field in general is the ability to represent
polymeric structures for data capture and search. Once these
have been addressed, the ability to mine the literature for suit-
able reaction conditions should aid the synthetic directions
for this small field of PTes. Complementary to these methods
are the development of automated synthesis platforms for
polymers,*>*>> which will also aid with rapid high-through-
put synthesis and purification of PTes, following ML and Al
guided strategies.

We briefly discussed the potential to modify substituted
tellurophene monomers (e.g. 3-hydroxymethyltellurophene)
which can offer potential access to further 3-substituted tellur-
ophenes, reducing the number of synthetic steps. Further
research into post-synthetic modification routes of monomers
and indeed tellurophene-based polymers is a potential route
to reduce synthetic complexity, and gain access to more syn-
thetically challenging materials.

In the field of optoelectronics, PTes have been integrated
across numerous devices including OPVs, OFETs, OMIECs and

toxic
now
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OPDs, and significant progress has been made in the field
since we last reviewed the state of the art of the field for these
materials.”"** Of particular interest for these devices is the
end of life consideration. The degradability of these materials
is important,>® and little to no information is currently
known for these materials. Further exploration into the degra-
dation and recyclability of these materials is an essential
avenue for future research before consideration of potential
commercialisation, a topic not unique to tellurophene-based
polymers, but also the wider polymer community. This could
potentially be achieved by including stimuli-responsive degrad-
able behaviour to facilitate controlled decomposition at the
end of life."”’

Owing to the unique coordination chemistry of tellurium,
its response to reactive oxygen species (ROS), and the multiple
commercially available isotopes of tellurium, multiple exciting
avenues for next-generation materials are available for explora-
tion in diverse applications. Efforts to explore the self-assem-
bly and develop biocompatible syntheses (e.g. by making
efforts to produce water-soluble materials) will aid in this
effort. Promising applications of tellurophene-containing poly-
mers have been demonstrated in the biomedical field. This
area is nascent, however, and offers opportunity for further
investigations. Inspiration can be taken from examples already
published for tellurium polymers, small molecules and modi-
fied tellurophenes.%8%8% 142,143

Focusing efforts on their greener synthesis and safe scal-
ability will allow for exciting potential industrial applications,
enabling the future capabilities of PTes materials in a sustain-
able and environmentally conscious world.
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